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ABSTRACT

In this work we demonstrate the possibility of mode manipulation in systems of symmetric photonic molecules
formed by placing several microspheres in contact. We observe photonic nanojets that reflect the symmetry of
the photonic molecule, with 3 jets located at 120 degrees with respect to each other for the triangular molecule.
We also present some results showing the coexistence of whispering gallery modes and nanojets in the same
structure.
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1. INTRODUCTION

Dielectric transparent microspheres are three-dimensional spherical microcavities which provide high Q-factors
and a small mode volume leading to strong optical feedback within the cavity [1]. The optical resonances, also
called whispering gallery modes (WGMs) are caused by total internal reflection of the light at the surface inside
the sphere. As the electromagnetic field is not fully confined within the sphere, an evanescent field is present
surrounding the spherical particle, which enables unique possibilities for interaction of the optical resonances
with the surrounding medium or objects in close proximity to the cavity. Two or more microspheres close to
each other allows optical coupling of the modes between the spheres which results in a complex rearrangement
of the mode structure in the strong coupling regime similar to the electronic molecular orbitals in a chemical
molecule. This leads to the notation of photonic molecules (PMs) [2] for coherently coupled microspheres. The
optical modes in a coupled system of microcavities experience splitting into bonding and anti-bonding modes
[3]. The so called supermodes in a photonic molecule are WGMs which extend over the whole structure of the
coupled microcavities. Photonic molecule structures consisting of three or more microcavities were studied
theoretically by different groups with regards to supermodes with dramatically increased Q-factors, low laser
threshold and directional emission [4-6]. For optimal results, the structure requires a symmetric photonic
molecule with size-matched microcavities and optimised gap alignment between the spheres [7]. In our recent
studies of photonic molecules made of microspheres, we investigated optical coupling of a bi-sphere system [3].
In this present work, we studied the optical properties of symmetrically arranged microspheres with regards to
coupled resonance modes and directional narrow beam emission by means of photonic nanojets [10]. The unique
feature of nanojets is a directional beam with a beam waist smaller than the diffraction limit. We observed
strongly directed far field emission in 3-sphere, 5-sphere and 7-sphere structures, which we attribute to photonic
nanojets. The directional emission from the PM matches the symmetry of the structure. Independent of the
photonic nanojets, we investigated if WGMs develop within the multisphere structures. We observed uncoupled
modes as well as evidence of coherently coupled modes which are present in the PM.

2. EXPERIMENTAL METHOD

We carried out spectral measurements by exciting the dye-coated spheres and taking the photoluminescence
spectrum of a 3-sphere triangular PM and the 5- and 7-sphere cyclic PM. To form the symmetric PMs, the
microspheres were placed on a solid Si-wafer substrate. Due to electrostatic force between the spheres, the
microspheres aglomerate into different configurations. The microspheres used in this experiments are made of
melamine formaldehyde latex (n = 1.68) with a diameter of 5.374 um % 0.069 um according to specifications
from MicroParticles GmbH. The microspheres are coated with Rhodamine 6G fluorescence dye. The CCD
images of the emission field and the spectral measurements were taken with a commercial Renishaw micro-
photoluminescence/micro-Raman machine.

3. RESULTS AND DISCUSSION

The spectra of a single 5.374 um sphere and the coupled 3-sphere triangular structure are shown in Fig. 1. The
spectrum in Fig. la reveals the resonance peaks of the TE and TM modes of a single microsphere. Detailed
analysis of mode structure in these single microspheres is presented elsewhere [9]. The fine unsplit peaks in the
single sphere spectrum possess a linewidth of about 0.2 nm. That corresponds to a Q-factor of about Q = 2900.
The spectrum of the triangular structure is shown in Fig. 1b. The resonance mode distribution is rather complex,
mainly due to higher order modes and the size difference of the microspheres. The spectrum shows resonances
which can be assigned to modes in the single sphere spectrum. The additional resonances indicate coupled
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modes that have developed in the PM structure due to strong coherent coupling between the spherical
microcavities.
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Figure 1.(a) Spectrum of a single microsphere with a nominal diameter of 5.374 um. (b) Spectrum of a
triangular photonic molecule consisting of 3 microspheres. (c) Photonic nanojets generated by laser
illumination of a triangular photonic molecule. Inset top right: Image of the tri-sphere photonic molecule in
white light. The crosshair indicates the focus position of the laser. Inset bottom right: A merged image of the
triangular structure under laser illumination and under white light. (d) Image shown in inverse colours. Dark
colours indicate high intensities.

The directional emission of a triangular PM is shown in Fig. lc. The laser is focused 7 um above the Si-substrate
in the z-direction centred in the crosshair as shown in the top inset of Fig. 1c. The defocused beam allows
coupling of the laser light into the whole structure, as the high-NA (NA =0.9) objective results in strong
divergence of the focused beam. The position of the focus was adjusted for optimal coupling as monitored with
the CCD camera. The bottom inset in the left image of Fig. 1c shows a merged image of the triangular structure
in white light and the laser illuminated image. The overlapped image shows the position where the emission
developed within the triangular PM is located. As the focus position of the laser and the focus plane of the CCD
camera in the micro-photoluminescence setup cannot be adjusted separately, the image of the emission is not
exactly in focus. Still, the image quality is sufficient to determine details in the scattered emission. The radii of
the individual spheres are about 8A. According to calculations based on Mie-theory [10], a sub-A nanojet on the
surface of a microsphere can be obtained from spheres with a radius of about R = 5\ and a refractive index of
n=1.6. The images in Fig. lc,d clearly show directional emission from all three microspheres at the outer
surface of the individual spheres in the structure. Most remarkable are the emission spots with high intensity
located near the surface of the spheres (see bottom inset). The inverted colour image in Fig. 1d also brings out
features of the internal intensity distribution within the PM. The observed intensity pattern shows similarities to
field calculations carried out in [10, 11]. Our experiment shows that the PM consisting of three symmetrically
arranged microspheres can distribute a single excitation beam into three well-defined directional beams.

The spectrum of the 5-sphere ring PM structure is shown in the bottom graph of Fig. 2b in comparison with
the spectrum of the single sphere (Fig. 2a). Also in comparison with the 3-sphere triangular spectrum (Fig. 1b),
we observe a rearrangement of the modes. Instead of narrow resonances, broad uneven-shaped peaks develop.
There are no sharp peaks which can be assigned to modes of the single sphere spectrum.

As Fig. 2c shows, the 5-sphere ring emits 5 nanojets at each sphere surface symmetric to the shape of the
PM. In this structure, the laser is focused in the crosshair 6.5 um above the Si-substrate. The reflections of the
nanojets on the substrate appear at around a distance of 3 to 4 um from the microspheres. Each sphere also
shows the bright intensity spot at the surface from where the photonic nanojets emerge outwards symmetric to
the structure.

Fig. 3b shows the spectrum of the 7-sphere PM structure in comparison with the spectrum of the single
sphere (Fig. 3a). The broad peaks are more pronounced and smoother in shape. The peaks possess a linewidth of
about 2 nm. That means that the Q-factor is about one magnitude smaller than in the single sphere modes. Due to
the size disorder of all 7 spheres, the linewidth is altered by inhomogeneous broadening as a result of the
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overlapping resonances. The individual modes are also broadened as a result of the direct contact between the
spheres. The more spheres are arranged in a PM, the more contact regions between the spheres occur and as
aresult, a lowering of the Q-factor of the optical resonances takes place. The most interesting feature of the
7-sphere system is that the modes are evenly spaced across the spectrum, indicating clearly that coherent mode
coupling within the photonic molecule is indeed occurring.
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Figure 2. (a) Spectrum of a single microsphere with a nominal diameter of 5.374 um. placed on a Si-wafer

substrate. (b) Spectrum of a 5-sphere cyclic photonic molecule. (c) 5-sphere ring photonic molecule
without a sphere in the centre. (d) Image shown in inverse colours.
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Figure 3. Spectrum of a single microsphere (a) and 7-sphere cyclic photonic molecule (b). (c) Image of 7-sphere
cyclic photonic molecule in white light. (d) Image shown in inverse colours.

The illuminated structure is shown in Fig. 3c and Fig. 3d. In agreement with the photonic molecules shown
above, we observed nanojet emission from each of the outside spheres. The reflection of the nanojet beams on
the Si-substrate shows a round and less elongated shape compared with the 5 microsphere PM. The most
outstanding feature of this structure is the field intensity within the PM. The detected light forms a hexagonal
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shape with a strong resemblance to the electron cloud distribution in a chemical benzene molecule. The structure
was illuminated in the centre with a defocused beam 8 wm above the substrate. Spectral analysis of the scattered
light should reveal if the illuminated PM develops strong optical coupling between the spheres.

Studies of the spectral data of photonic benzene based on coupled defects in a photonic crystal were carried
out by Lin [12] and Sievenpiper and co-workers [13]. The molecule orbitals are similar to the anti-bonding and
bonding modes in coherently coupled microcavities. Calculations for photonic benzene [12] reveal a frequency
spectrum similar to the m-molecule orbitals and the o-molecule orbitals in the chemical molecule. The optical
resonances show non-degenerate and degenerate modes in the spectrum of the coherently coupled resonators
[13]. Spectral analysis of our 7-sphere structure could clarify if the hexagonal intensity distribution is related to
supermodes.

4. CONCLUSIONS

In conclusion, the spectral analysis of the scattered light revealed WGMs in the spectrum attributed to
overlapping uncoupled modes and the formation of broad peaks, indicating coherent coupling between the
spheres of the PM. We have demonstrated directional emission from symmetric PMs of various shapes which we
attribute to the formation of photonic nanojets. The PMs were illuminated perpendicular to the molecule plane
with a defocused laser beam. Remarkable far-field emission was observed in these symmetric PM structures
including a photonic benzene-like structure. The directed emission suggests the possible use of these photonic
structures as a beam splitter with a number of ports corresponding to the number of spheres arranged in the
photonic molecule. Photonic nanojets may allow coupling of light from the PM into other photonic micro- or
nanostructure such as coupled resonant optical waveguides or nanostructures such as nanocoaxial cables [14],
which are sub-wavelength optical waveguides. This would be possible not only with sub-wavelength spatial
accuracy, but also with extremely high intensities in comparison with conventional sub-wavelength coupling
techniques using scanning-near-field optical microscopy (SNOM)-tips.
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