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We report on the coherent coupling of whispering gallery maé&Ms) in a photonic molecule

formed from two melamine-formaldehyde spherical microcavities coated with a thin shell of
light-emitting CdTe nanocrysta{®dCs). 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 microsphere2@4 American Institute of Physics
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I. INTRODUCTION coupled photonic atoms may be called a “photonic mol-
ecule” (PM) (Ref. 5 and can be employed in order to ma-

In recent years the modification of electromagnetic . late phot i the mi ter lenath e | |
modes in solid spherical microcavities has been of great in'Pu'ate pnotons in the micrometer ‘ength sca'e. In analogy
the formation of molecular electronic orbits, the tight

terest both for studies of fundamental optical properties and~ " L ) .
binding approximation provides two combinations for the

for the potential applications? Extending the ideas of the xImation . ; , .
linear combination of atomic orbitals approach to the C|assiglectromagnet!c field in a system of mteractg_gs micro-
cal wave case, it was shown that Mie resonances of singlgPheres: bondingBN) and antibondingABN) states. ™ Ex-

microspheres play the same role as the atomic orbitals in theerimentally, the coupling of the photon modes of individual
electronic casé.FoIIowing the analogy with quantum me- microspheres in the PM can cause a narrow resonance of a
chanics, three integers, |, and m, describing whispering photonic atom to split into two modes of lower quality factor
ga”ery modquGMs)’ Correspond to the angu'ar, the ra- (Q)6 This phenomenon has been C|eal’|y demonstrated in a
dial, and azimuthal quantum numbers, respectively. The sp&ystem of two square, photonic dots coupled by a narrow
tial distributions of WGM can be described using the eigen-channel in a dye-stained bisphere systei®and in chains
functions of the vector wave equation for an electromagneti®f polymer-blend microparticles.

field in the sphereby direct analogy with the orbitals of the Detailed consideration of coherent mode coupling also
electron bound in the hydrogen atom as deduced from thegveals the possibility of lifting the degeneracy in the PM
Schrodinger equation. This approach has enabled small dwith respect tan indices® For the case of off-axis incidence,
electric spheres to be considered as “photonic atdtfigtls  the modes originating from coupling of WGMs with differ-
well known that the resonant internal field of a sphericalentm numbers contribute differently to the measured signal,
cavity is not completely confined to the interior of the mi- resulting in a number of small peak® resonancesetween
croparticle. Depending on the size of the microsphere, théhe upper and lower peaks of=+1. Although theoretically
evanescent field can extend into the surroundings up to predicted, this phenomenon has not been experimentally ob-
couple of micrometers. It was recently recognized that theerved thus far.

partial delocalization of Mie resonance states is of great im-  |n this paper we have studied the WGM structure in the
portance because it suggests a possibility for coherent coghotoluminescencéPL) spectra of interacting spherical mi-
pling between WGMs of two adjacent spherical particlescrocavities formed from melamine-formaldehydéF) latex
with closely matched sizes. Such a system of coherentlyyicrospheres coated with a thin shell of CdTe nanocrystals
(NCs) under different excitation conditions. We report on the
dElectronic mail: yury.rakovich@tcd.ie observation of two major features unique to strong coupling
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between the photonic states of the two spherical microcavi- , [ TE'
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 sharf@ 5 T, - 1E,,
peaks (full width at half maximum=0.3-0.5 nm was de- d

I ™, [} ™,
tected in the PL spectra of the PM, which can be interpreted-g o ™,, M \/\ ™, TE,
15, "/\../\

as a result of the removal of the WGM degeneracy with 3

ity

respect tan due to the difference in symmetry of the PM and ‘g 2 R -
the single microsphere. ‘é »
= af TE!, TE,,
Il. EXPERIMENT ™, [MA:,
. . . . 2t ™ ™, g

Aqueous dispersions of MF microspheres, 2,00 in i TE “jL J\ m TE,
diameter with a size deviation of 0.10m (Microparticles i
GmbH, Berlin, were combined with luminescent CdTe NCs 550 600 650 700
(Ref. 12 using a layer-by-layer deposition technique, as Wavelength (nm)

described elsewher&*The relatively high refractive index
(n,=1.68, high optical transparency, and thermal andFIG. 1. Emission spectra of two single microspheres with diameters of 1.98
mechanical stability of MF make it ideal as a candidate for'™ (©oP) and 1.99um (bottom.
optical applications, while CdTe NCs produce size-
dependent emission which can be tuned over a wide spectr@030, Sciencetech Inc., Canadited with a 1200/mm line
region. In this work the colloidal solution of CdTe NCs, with grating. The detector was an uncooled metal package photo-
a PL maximum at 620 nrf2.4-nm radiusand a PL quantum multiplier tube (model 7353, Hamamatsuhe output of
efficiency of ~25% at room temperature, was used for coat-which is fed to the time-correlated single-photon counting
ing the MF microspheres. The small size of the MF sphereslectronics(SPC-730 Becker & Hickl The instrument re-
was dictated by specific requirements for the optimal excitasponse function was measured using a 10-5 M DASPI
tion conditions such as matching the laser wavelength to ongethanol solutiorfin a sealed 10-mm path-length quartz cu-
of the WGM frequencies and achieving good correlation bevette) at the same wavelengths as the microsphere decay
tween the WGMs and the laser linewidth Wide separa- curves to discriminate against any monochromator timing
tion of WGM in spheres of this sizé avoids intricate band  effects.
mixing in a PM. Moreover, the moderate quality factor of Decays were measured to 10 000 counts in the peak and
small spherical particles forming the P{@®~ 10? for 2-um-  reconvoluted using nonlinear least-squares analy&isFit,
diameter spheréd provides better mode coupling than PicoQuan), using an equation of the form(t)oX;a;exp
would be the case for larger microsphei@~10® for a  X(-t/7), where 7, are the PL decay times. The pre-
5-um-diametef*®). To perform an experimental study of the exponential factorsy, where taken into account, were nor-
fine structure of coupled WGM, we proceed from the as-malized to unity. The quality of the fit was judged in terms of
sumption that a stronger coupling parameter can be of crucial x* value (with a criteria of less than 1.3 for an acceptable
importance governing the interaction between electromagfit) and weighted residuals.
netic fields of two adjacent spheres.
_ The mlcro-PI__ spectra from ml_crospheres were recz_)rdeq”. RESULTS
in a backscattering geometry using a RENISHAW micro-
Raman systenil800-mm?* grating, >1-cni* spectral reso- In order to analyze the spectral features of a PM, it is
lution) equipped with a notch and plasma filters and afirst necessary to examine the PL spectra of single micro-
charge-coupled device camera. The spatial resolution of lesspheres. Two PL spectra of single microspheres, with slightly
than 1um was provided using a microscope with>xgl00  different sizes, are shown in Fig. 1. The spectra are essen-
objective lens and a positioning stage. An*Aaser(wave- tially identical except for the slight overall shift of the reso-
lengthA=488 nm and 1.0 mW powgmwas used to provide nances. The observed spectral structure originates from cou-
excitation. For all measurements, a polystyrene/glass sulpling of electronic transitions in NCs to the photon modes of
strate was used and two spheres were in contact in order tbe microsphere, with PL peaks corresponding to the reso-
provide the maximum possible coupling. nant frequencies of WGMs with transverse electig) and
Fluorescence lifetimes were measured using a diode ldransverse magnetid@M) polarizations. Due to the high PL
ser fluorescence lifetime microscope, which has been prevguantum efficiency of NCs, the peaks in the PL spectra are
ously described® Briefly, the system comprised of a pulsed superimposed on a broad background signal arising from
diode laser(PicoQuant, LDH-400 laser head and PDL-800B part of the NCs emission, which does not match any WGM
driver), emitting at 405 nm, which has been coupled to anof the microsphere.
Olympus BX-60 microscope. The scattered excitation light In the absence of gain, the WGM resonances can be
was filtered using a long-pass filt€eG 435LP, AHP before  characterized by a mode numberangular quantum num-
the fluorescence was focused onto the entrance slit of bern, mode ordell (radial quantum numbgrand azimuthal
100-mm focal length motorized monochromat@nodel = mode numbem (azimuthal quantum numbgefThe value of
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n is proportional to the circumference divided by the wave-
length of the light propagating within the microsphere, the
mode orded indicates the number of maxima in the radial
distribution of the internal electric field, and the azimuthal
mode numbem gives the orientation of the WGMs orbital
plane. WGMs are degenerate with respectridecause of
the spherical symmetry of the sphere.

According to the Lorenz-Mie theory, mathematical con-
ditions for WGM resonances can be giveri’as

N () Ph(NX) = Pn(NX) () =0 (TM modes, (1)

PL intensity (arb. units)

and

X)) = Yn(ex) () =0 (TE modes, 2) 500 s25 550 5'I1s . al)o . 6;5 6;0 . 6;5

wherex=(27n,R)/\ is the size parameteR is the radius of Wavelength (nm)

the microsphere, andy,(x) and y,(x) are the spherical _ N _ _ _

Ricatti-Bessel functions of the first and second kind respecEIG. 2. Micro-PL spectra of a PM comprising two interacting spheres, with

. ! excitation and detection at three different positions along its longitudinal

t'Vely- . ) . axis. Insets show microscope images of the PM with the crosshairs indicat-
Solving Egs.(1) and(2) and comparing the results with ing the excitation-detection position. Background PL has been subtracted in

the spectral positions of the WGMs in the experimental PLall the spectra presented in order to show more clearly the WGM structure.

spectra, we can identify the indexesndl! (Fig. 1) for each

mode and estimate the relative size of the sphere. Note thatﬁa

shift in positions of WGMs can be clearly seen between the elds of the spheres is expected to be maximum in the di-

- . . Tection parallel to the PM axis, when some of the WGM
spectra in Fig. 1. From our calculations, we have determined . L :
. L . S orbitals lie in the same plaﬂdﬂowever, the observed redis-
that this shift is a result of a difference in size of only 14 nm

: tribution of intensity between the components of WGM
between the two microspheres.

To investigate the propagation modes in interactinquUbIe structure clearly demonstrates the propagation of the

spherical microcavities, we have measured PL spectra by ?:1 a|FC)>|:l/|g thﬁ EM ang possg:u_llty oI_WT\_/etlength SW,':Ch”;g
scanning a sample along the longitudinal axis of the P N » WhiCh can be used In optical Interconnection de-

using excitation/detection geometry as presented in Schem@ces: Clearly, the spectral position and the separation be-
1 tween components of the double PL structgee, for ex-

Lo ample, spectral region of 'ﬁEmodes in Fig. 2can be easily
Excxtat.lon controlled by selecting microspheres of appropriate size.
Detection Even with weak evidence of intermode coupling in the
PM obtained from the steady-state PL spectrum, we can ex-
Objective 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
QQ examined the time-resolved intensity decay of single and
il N coupled spheres using the single-photon counting technique.
In both cases decay curves were found to be com(ax
3), indicating a number of widely spaced decay times. At
SCHEME 1. Experimental geometry for scanning PM along least three decay times were needed to achieve a reasonable
the longitudinal axis. fit to the data, with decay times ranging from 1.3 to 15 ns
For a given excitation and detection configuration, weand from 0.6 to 8.7 ns for single spheres and PM, respec-
did not observe any new peaks in PL spectra of the(Pid.  tively. It was predicted theoreticaflyand demonstrated
2) as compared to that of single sphetEg. 1) except for experimentally”**that the coupling of the photon modes in
weak broad features on the long-wavelength wings of thé PM can cause a narrow resonance of an individual micro-
TMI, and TM;, modes[indicated by arrows in Fig.(®)].  Sphere to split into two modes of lower quality factor, imply-
These peaks are weak evidence of intermode coupling iing a larger linewidth and smaller photon lifetime. Although
PM. The pronounced double structure, with the intensity disat first glance our experimental data show the same behavior,
tribution dependent on the excitation positigfig. 2), is just  the observed difference in lifetime is too big to be explained
a result of superposition of the uncoupled WGM of indi- by a mode coupling effect alone. We have also observed
vidual microspheres. In this case, the scattered or emittethore than a tenfold increase in the PL decay times of the PM
field from one microsphere is the additional incident field forwith increasing detection wavelength from spectral position
another microsphere with intensity decreasing as the excitazorresponding to the TM mode to spectral region of the
tion spot moves farther away from the contact point. TheTMi2 mode (Fig. 3, curve 3. This increase of lifetime is
lack of strong intermode coupling in this configuration is notmuch higher than that observed for a planar film of close-
surprising because the coupling between electromagnetigacked NCgRef. 18 or for a single microsphere. We be-

-
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FIG. 3. Time-dependent PL intensity decays of a single CdTe/MF micro- Wavelength (nm)

sphereg(1) and a PM with detection wavelengih=590 nm(2) and the PM

with detection wavelengthh=650 nm (3). Results of three-exponential FIG. 5. Comparison of PL spectra of a PM accommodated in a micro-

analysis of decay curves are shown by thick lines. well (top) and PL spectra of noninteracting microsphefasttom). Arrows
indicate the coupled modes.

lieve that optical feedback via the WGM of spherical micro-

cavities can provide an increased probability of energy  The WGM structure in the PL spectra of single micro-
transfer to the emitting specié$Therefore, in our case the spheres was found to be practically unaffected by the mi-
observed dependence of lifetime on detection wavelengtiroporous substrate, except for a very small broadening of
can be attributed to enhanced energy transfer between NGge WGM resonance lines. This can be understood by taking
of different sizes in a photonic molecule, providing fasterinto account the difference in size between the microspheres
decay time when compared with single microsphere PL reang the microwell, and the interaction between the microwell
sponse measured at the same detection wavelength. walls and the microsphere is sufficiently small that e
As predicted in Ref. 7, controllable alignment geometryy,gjue of the WGM is essentially preserved.

of the PM is crucial in order to observe the strong coupling Figure 5 shows the PL spectrum of a PM accommodated
between the spheres. The signal from the coupled microp a microwell and the spectra of the individual microspheres
sphere modes is expected to be more pronounced when thgior to being manipulated into the microwell. The presented
incident light propagates parallel to the longitudinal axis ofp| spectra clearly revealed two major features unique to

the PM. In order to control the alignment of the spheresgiong coherent coupling between the photonic states of the
constituting PM we utilized a polystyrene substrate containy,q microspheres forming the PM. First, the appearance of

ing a three-dimensionally ordered array of pores\cg%jii)‘ “M " the two satellitegindicated by arrows in Fig.)5can be in-

in size prepared through a thermocapillary convectiothe  ygrpreted as a result of the formation of BN and ABN orbitals
surface layer of the substrate contains an array of open mj, the PM(Ref. 5 with the “ABN” peak observed at a lower
crowells of 3- to 5um depth. Only one pair of the @ \yayelength than the “BN” one. The high PL efficiency of
microspheres can be accommodated within each microwelyre NCs and coupling of the electronic transitions of NCs
and the axis of the PM is close to the surface normal. In thg ihe resonances of PM allows us to detect the BN and ABN
experiments detailed here, MF/CdTe microspheres were deso0hes in a wide spectral regiB20—-600 nm. Secondly.

posited on top of the porous substrate and then manipulateéine can clearly see a number of narrow pe@ksesonancas

into pos.ition with a tapered optical fiper tip at_tached to a rouping in the spectrum for the PM on the short-wavelength
mechanical translation stage. Schematic excitation and de’[egl—de of the TE and TM resonances, which are due to the

tion geometry and microscope image of the PM in the We”presence o+ +1 components.

are presented in Fig. 4. The number of experimentally observed peaks increases
with the angular mode number both for TE and TM modes
and is very close to the value, although never in excess of
n (Fig. 5). It was found that the spacing between theeso-
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 micropafticie by
deformation of a microsphe?é?24 The first effect can be
ruled out because of the extremely small size deviation in
2) b) our samples. In the second case, lifting of degeneracy should
be observed for all WGM without exception. This is in con-
FIG. 4. Excitation and detection geometriesand microscope image of the ~ {rast to our case, when resonances have been only ob-
PM in the microwell(b). The cross indicates the excitation position. served in the region of ABN modes of PM, where the effect
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