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We report on the coherent coupling of whispering gallery modes(WGMs) in a photonic molecule
formed from two melamine-formaldehyde spherical microcavities coated with a thin shell of
light-emitting CdTe nanocrystals(NCs). Utilizing different excitation conditions, the splitting of the
WGM resonances originating from bonding and antibonding branches of the photonic states is
observed, and fine structure consisting of very sharp peaks resulting from lifting of the WGM
degeneracy has been detected. Time-resolved measurements showed a slight increase in the
spontaneous emission rate of NCs in a photonic molecule when compared to the spontaneous
emission rate for NCs coating a single microsphere. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1812355]

I. INTRODUCTION

In recent years the modification of electromagnetic
modes in solid spherical microcavities has been of great in-
terest both for studies of fundamental optical properties and
for the potential applications.1,2 Extending the ideas of the
linear combination of atomic orbitals approach to the classi-
cal wave case, it was shown that Mie resonances of single
microspheres play the same role as the atomic orbitals in the
electronic case.3 Following the analogy with quantum me-
chanics, three integers,n, l, and m, describing whispering
gallery modes(WGMs), correspond to the angular, the ra-
dial, and azimuthal quantum numbers, respectively. The spa-
tial distributions of WGM can be described using the eigen-
functions of the vector wave equation for an electromagnetic
field in the sphere2 by direct analogy with the orbitals of the
electron bound in the hydrogen atom as deduced from the
Schrödinger equation. This approach has enabled small di-
electric spheres to be considered as “photonic atoms.”3,4 It is
well known that the resonant internal field of a spherical
cavity is not completely confined to the interior of the mi-
croparticle. Depending on the size of the microsphere, the
evanescent field can extend into the surroundings up to a
couple of micrometers. It was recently recognized that the
partial delocalization of Mie resonance states is of great im-
portance because it suggests a possibility for coherent cou-
pling between WGMs of two adjacent spherical particles
with closely matched sizes. Such a system of coherently

coupled photonic atoms may be called a “photonic mol-
ecule” (PM) (Ref. 5) and can be employed in order to ma-
nipulate photons in the micrometer length scale. In analogy
to the formation of molecular electronic orbits, the tight
binding approximation provides two combinations for the
electromagnetic field in a system of interacting micro-
spheres: bonding(BN) and antibonding(ABN) states.5–8 Ex-
perimentally, the coupling of the photon modes of individual
microspheres in the PM can cause a narrow resonance of a
photonic atom to split into two modes of lower quality factor
sQd.6 This phenomenon has been clearly demonstrated in a
system of two square, photonic dots coupled by a narrow
channel5 in a dye-stained bisphere system7,9,10 and in chains
of polymer-blend microparticles.11

Detailed consideration of coherent mode coupling also
reveals the possibility of lifting the degeneracy in the PM
with respect tom indices.8 For the case of off-axis incidence,
the modes originating from coupling of WGMs with differ-
ent m numbers contribute differently to the measured signal,
resulting in a number of small peaks(m resonances) between
the upper and lower peaks ofm= ±1. Although theoretically
predicted, this phenomenon has not been experimentally ob-
served thus far.

In this paper we have studied the WGM structure in the
photoluminescence(PL) spectra of interacting spherical mi-
crocavities formed from melamine-formaldehyde(MF) latex
microspheres coated with a thin shell of CdTe nanocrystals
(NCs) under different excitation conditions. We report on the
observation of two major features unique to strong couplinga)Electronic mail: yury.rakovich@tcd.ie
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between the photonic states of the two spherical microcavi-
ties forming the PM. First, we have observed splitting of the
WGM resonances originating from BN and ABN branches of
the photonic states. Secondly, fine structure of very sharp
peaks sfull width at half maximum=0.3→0.5 nmd was de-
tected in the PL spectra of the PM, which can be interpreted
as a result of the removal of the WGM degeneracy with
respect tom due to the difference in symmetry of the PM and
the single microsphere.

II. EXPERIMENT

Aqueous dispersions of MF microspheres, 2.00µm in
diameter with a size deviation of 0.10µm (Microparticles
GmbH, Berlin), were combined with luminescent CdTe NCs
(Ref. 12) using a layer-by-layer deposition technique, as
described elsewhere.13,14The relatively high refractive index
snr =1.68d, high optical transparency, and thermal and
mechanical stability of MF make it ideal as a candidate for
optical applications, while CdTe NCs produce size-
dependent emission which can be tuned over a wide spectral
region. In this work the colloidal solution of CdTe NCs, with
a PL maximum at 620 nm(2.4-nm radius) and a PL quantum
efficiency of,25% at room temperature, was used for coat-
ing the MF microspheres. The small size of the MF spheres
was dictated by specific requirements for the optimal excita-
tion conditions such as matching the laser wavelength to one
of the WGM frequencies and achieving good correlation be-
tween the WGMs and the laser linewidths.2,13 Wide separa-
tion of WGM in spheres of this size13 avoids intricate band
mixing in a PM. Moreover, the moderate quality factor of
small spherical particles forming the PM(Q,102 for 2-µm-
diameter spheres13) provides better mode coupling than
would be the case for larger microspheres(Q,103 for a
5-µm-diameter7,15). To perform an experimental study of the
fine structure of coupled WGM, we proceed from the as-
sumption that a stronger coupling parameter can be of crucial
importance governing the interaction between electromag-
netic fields of two adjacent spheres.

The micro-PL spectra from microspheres were recorded
in a backscattering geometry using a RENISHAW micro-
Raman system(1800-mm−1 grating,.1-cm−1 spectral reso-
lution) equipped with a notch and plasma filters and a
charge-coupled device camera. The spatial resolution of less
than 1 µm was provided using a microscope with a3100
objective lens and a positioning stage. An Ar+ laser(wave-
length l=488 nm and 1.0 mW power) was used to provide
excitation. For all measurements, a polystyrene/glass sub-
strate was used and two spheres were in contact in order to
provide the maximum possible coupling.

Fluorescence lifetimes were measured using a diode la-
ser fluorescence lifetime microscope, which has been previ-
ously described.16 Briefly, the system comprised of a pulsed
diode laser(PicoQuant, LDH-400 laser head and PDL-800B
driver), emitting at 405 nm, which has been coupled to an
Olympus BX-60 microscope. The scattered excitation light
was filtered using a long-pass filter(GG 435LP, AHF) before
the fluorescence was focused onto the entrance slit of a
100-mm focal length motorized monochromator(model

9030, Sciencetech Inc., Canada) fitted with a 1200/mm line
grating. The detector was an uncooled metal package photo-
multiplier tube (model 7353, Hamamatsu) the output of
which is fed to the time-correlated single-photon counting
electronics(SPC-730 Becker & Hickl). The instrument re-
sponse function was measured using a 10-5 M DASPI
methanol solution(in a sealed 10-mm path-length quartz cu-
vette) at the same wavelengths as the microsphere decay
curves to discriminate against any monochromator timing
effects.

Decays were measured to 10 000 counts in the peak and
reconvoluted using nonlinear least-squares analysis(FluoFit,
PicoQuant), using an equation of the formIstd~oiaiexp
3s−t /tid, where ti are the PL decay times. The pre-
exponential factorsai, where taken into account, were nor-
malized to unity. The quality of the fit was judged in terms of
a x2 value (with a criteria of less than 1.3 for an acceptable
fit) and weighted residuals.

III. RESULTS

In order to analyze the spectral features of a PM, it is
first necessary to examine the PL spectra of single micro-
spheres. Two PL spectra of single microspheres, with slightly
different sizes, are shown in Fig. 1. The spectra are essen-
tially identical except for the slight overall shift of the reso-
nances. The observed spectral structure originates from cou-
pling of electronic transitions in NCs to the photon modes of
the microsphere, with PL peaks corresponding to the reso-
nant frequencies of WGMs with transverse electric(TE) and
transverse magnetic(TM) polarizations. Due to the high PL
quantum efficiency of NCs, the peaks in the PL spectra are
superimposed on a broad background signal arising from
part of the NCs emission, which does not match any WGM
of the microsphere.

In the absence of gain, the WGM resonances can be
characterized by a mode numbern (angular quantum num-
ber), mode orderl (radial quantum number), and azimuthal
mode numberm (azimuthal quantum number). The value of

FIG. 1. Emission spectra of two single microspheres with diameters of 1.98
µm (top) and 1.99µm (bottom).
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n is proportional to the circumference divided by the wave-
length of the light propagating within the microsphere, the
mode orderl indicates the number of maxima in the radial
distribution of the internal electric field, and the azimuthal
mode numberm gives the orientation of the WGMs orbital
plane. WGMs are degenerate with respect tom because of
the spherical symmetry of the sphere.

According to the Lorenz-Mie theory, mathematical con-
ditions for WGM resonances can be given as17

nrcnsxdcn8snrxd − cnsnrxdcn8sxd = 0 sTM modesd, s1d

and

nrxnsxdcn8snrxd − cnsnrxdxn8sxd = 0 sTE modesd, s2d

wherex=s2pnrRd /l is the size parameter,R is the radius of
the microsphere, andcnsxd and xnsxd are the spherical
Ricatti-Bessel functions of the first and second kind, respec-
tively.

Solving Eqs.(1) and (2) and comparing the results with
the spectral positions of the WGMs in the experimental PL
spectra, we can identify the indexesn and l (Fig. 1) for each
mode and estimate the relative size of the sphere. Note that a
shift in positions of WGMs can be clearly seen between the
spectra in Fig. 1. From our calculations, we have determined
that this shift is a result of a difference in size of only 14 nm
between the two microspheres.

To investigate the propagation modes in interacting
spherical microcavities, we have measured PL spectra by
scanning a sample along the longitudinal axis of the PM
using excitation/detection geometry as presented in Scheme
1.

SCHEME 1. Experimental geometry for scanning PM along
the longitudinal axis.

For a given excitation and detection configuration, we
did not observe any new peaks in PL spectra of the PM(Fig.
2) as compared to that of single spheres(Fig. 1) except for
weak broad features on the long-wavelength wings of the
TM13

1 and TM14
1 modes[indicated by arrows in Fig. 2(b)].

These peaks are weak evidence of intermode coupling in
PM. The pronounced double structure, with the intensity dis-
tribution dependent on the excitation position(Fig. 2), is just
a result of superposition of the uncoupled WGM of indi-
vidual microspheres. In this case, the scattered or emitted
field from one microsphere is the additional incident field for
another microsphere with intensity decreasing as the excita-
tion spot moves farther away from the contact point. The
lack of strong intermode coupling in this configuration is not
surprising because the coupling between electromagnetic

fields of the spheres is expected to be maximum in the di-
rection parallel to the PM axis, when some of the WGM
orbitals lie in the same plane.7 However, the observed redis-
tribution of intensity between the components of WGM
double structure clearly demonstrates the propagation of the
light along the PM and possibility of wavelength switching
in the PM, which can be used in optical interconnection de-
vices. Clearly, the spectral position and the separation be-
tween components of the double PL structure(see, for ex-
ample, spectral region of TE14

1 modes in Fig. 2) can be easily
controlled by selecting microspheres of appropriate size.

Even with weak evidence of intermode coupling in the
PM obtained from the steady-state PL spectrum, we can ex-
pect corresponding modification of the emission lifetime
when compared with that of a single microsphere. To obtain
further insight into the recombination dynamics in PM, we
examined the time-resolved intensity decay of single and
coupled spheres using the single-photon counting technique.
In both cases decay curves were found to be complex(Fig.
3), indicating a number of widely spaced decay times. At
least three decay times were needed to achieve a reasonable
fit to the data, with decay times ranging from 1.3 to 15 ns
and from 0.6 to 8.7 ns for single spheres and PM, respec-
tively. It was predicted theoretically6 and demonstrated
experimentally5,7,11 that the coupling of the photon modes in
a PM can cause a narrow resonance of an individual micro-
sphere to split into two modes of lower quality factor, imply-
ing a larger linewidth and smaller photon lifetime. Although
at first glance our experimental data show the same behavior,
the observed difference in lifetime is too big to be explained
by a mode coupling effect alone. We have also observed
more than a tenfold increase in the PL decay times of the PM
with increasing detection wavelength from spectral position
corresponding to the TM13

1 mode to spectral region of the
TM12

1 mode (Fig. 3, curve 3). This increase of lifetime is
much higher than that observed for a planar film of close-
packed NCs(Ref. 18) or for a single microsphere. We be-

FIG. 2. Micro-PL spectra of a PM comprising two interacting spheres, with
excitation and detection at three different positions along its longitudinal
axis. Insets show microscope images of the PM with the crosshairs indicat-
ing the excitation-detection position. Background PL has been subtracted in
all the spectra presented in order to show more clearly the WGM structure.
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lieve that optical feedback via the WGM of spherical micro-
cavities can provide an increased probability of energy
transfer to the emitting species.19 Therefore, in our case the
observed dependence of lifetime on detection wavelength
can be attributed to enhanced energy transfer between NCs
of different sizes in a photonic molecule, providing faster
decay time when compared with single microsphere PL re-
sponse measured at the same detection wavelength.

As predicted in Ref. 7, controllable alignment geometry
of the PM is crucial in order to observe the strong coupling
between the spheres. The signal from the coupled micro-
sphere modes is expected to be more pronounced when the
incident light propagates parallel to the longitudinal axis of
the PM. In order to control the alignment of the spheres
constituting PM we utilized a polystyrene substrate contain-
ing a three-dimensionally ordered array of pores of,5 mm
in size prepared through a thermocapillary convection.20 The
surface layer of the substrate contains an array of open mi-
crowells of 3- to 5-µm depth. Only one pair of the 2-µm
microspheres can be accommodated within each microwell,
and the axis of the PM is close to the surface normal. In the
experiments detailed here, MF/CdTe microspheres were de-
posited on top of the porous substrate and then manipulated
into position with a tapered optical fiber tip attached to a
mechanical translation stage. Schematic excitation and detec-
tion geometry and microscope image of the PM in the well
are presented in Fig. 4.

The WGM structure in the PL spectra of single micro-
spheres was found to be practically unaffected by the mi-
croporous substrate, except for a very small broadening of
the WGM resonance lines. This can be understood by taking
into account the difference in size between the microspheres
and the microwell, and the interaction between the microwell
walls and the microsphere is sufficiently small that theQ
value of the WGM is essentially preserved.

Figure 5 shows the PL spectrum of a PM accommodated
in a microwell and the spectra of the individual microspheres
prior to being manipulated into the microwell. The presented
PL spectra clearly revealed two major features unique to
strong coherent coupling between the photonic states of the
two microspheres forming the PM. First, the appearance of
the two satellites(indicated by arrows in Fig. 5) can be in-
terpreted as a result of the formation of BN and ABN orbitals
in the PM(Ref. 5) with the “ABN” peak observed at a lower
wavelength than the “BN” one. The high PL efficiency of
CdTe NCs and coupling of the electronic transitions of NCs
to the resonances of PM allows us to detect the BN and ABN
branches in a wide spectral region(520–600 nm). Secondly,
one can clearly see a number of narrow peaks(m resonances)
grouping in the spectrum for the PM on the short-wavelength
side of the TE and TM resonances, which are due to the
presence ofmÞ ±1 components.

The number of experimentally observed peaks increases
with the angular mode number both for TE and TM modes
and is very close to then value, although never in excess of
n (Fig. 5). It was found that the spacing between them reso-
nances and their intensity decreases significantly when ap-
proaching the long-wavelength limit. It should be noted that
a similar effect in the case of a single microsphere can be
caused by a nonspherical shape of the microparticle21 or by
deformation of a microsphere.22–24 The first effect can be
ruled out because of the extremely small size deviation in
our samples. In the second case, lifting of degeneracy should
be observed for all WGM without exception. This is in con-
trast to our case, wherem resonances have been only ob-
served in the region of ABN modes of PM, where the effect

FIG. 3. Time-dependent PL intensity decays of a single CdTe/MF micro-
sphere(1) and a PM with detection wavelengthl=590 nm(2) and the PM
with detection wavelengthl=650 nm (3). Results of three-exponential
analysis of decay curves are shown by thick lines.

FIG. 4. Excitation and detection geometries(a) and microscope image of the
PM in the microwell(b). The cross indicates the excitation position.

FIG. 5. Comparison of PL spectra of a PM accommodated in a micro-
well (top) and PL spectra of noninteracting microspheres(bottom). Arrows
indicate the coupled modes.
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of uncoupled WGM is minor. Furthermore, we have ana-
lyzed values of spacing betweenm resonances depending on
the eccentricity of single microspheres using the approach
proposed in Ref. 21. We found these values to be totally
irreconcilable with our experimental data throughout the en-
tire spectral region.

The deconvolution of the line shape of them resonances
of the PM using Lorenzian functions reveals the most re-
markable experimental fact: theQ factor of m resonances
in the spectra of the PMs,2000d (and therefore lifetime,t,
of a photon in the resonant modes) exceeds theQ value
s,800d and photon lifetime of individual spheres across the
whole spectral region. This fact, along with the estimated
value of BN/ABN splittings,6–8 nmd, implies a possibility
for the development of new PM-based photonic devices such
as an optical delay line with controllable spectral and tem-
poral tunability, which can be highly useful for a variety of
applications in optical communication systems.

It is well known25,26 that microcavity-induced energy-
transfer rate depends on a number of parameters such as the
length of the cavity, the positions of donor/acceptor, the po-
larization of dipoles, and the quality factor of the cavity
modes which are in resonance with the electromagnetic field
emitted by the excited dipoles. It is conceivable that the
higherQ factor ofm resonances observed in steady-state PL
spectra of the PM causes an increase in the strength of
dipole–dipole interaction and correspondingly an enhance-
ment of the PL decay rate in comparison to that of the single
microsphere.

IV. SUMMARY

We have experimentally investigated the optical modes
in a PM fabricated from two spherical microcavities coated
with a thin shell of CdTe NCs. The observed lifetime in-
crease is attributed to enhanced energy transfer between NCs
of different sizes in a PM. PL spectra clearly reveal two
major features unique to strong coherent coupling between
the photonic states of the two microspheres forming the PM:
the splitting of the WGM resonances originating from the
BN and ABN branches of the photonic states and the fine
structure of very sharp peaks resulting from lifting of the
WGM degeneracy with respect to the azimuthal index. Our
observation of coherently coupled modes in the PM accom-
modated in a microporous matrix shows the possibility of
engineering new high-Q devices with strong photon confine-
ment.
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