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ABSTRACT

In this work, we study theoretically and experimentally optical modes of photonic molecules—clusters of optically coupled spherical res-
onators. Unlike previous studies, we do not use stems to hold spheres in their positions relying, instead, on optical tweezers to maintain
desired structures. The modes of the coupled resonators are excited using a tapered fiber and are observed as resonances with a quality factor
as high as 107. Using the fluorescent mapping technique, we observe families of coupled modes with similar spatial and spectral shapes repeat-
ing every free spectral range (a spectral separation between adjacent resonances of individual spheres). Experimental results are compared
with the results of numerical simulations based on a multi-sphere Mie theory. This work opens the door for developing large arrays of coupled

high-Q spherical resonators.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0084815

. INTRODUCTION

Microcavities' ~ were used in various optical applications””
as well as in fundamental studies, which take advantage of the
resonance enhancement of electromagnetic field density to study
new regimes of interaction between light and matter,” " struc-
ture vibrations,”'’ sound,'"'” and even water waves.'? Coupled
resonators'* ** have also been used to study non-reciprocity,”
broadband filters,”"** modulators,”® and sensors.”” Most previous
studies of photonic molecules dealt mainly with two-resonator
structures, where thermal tuning was used to achieve the spectral
overlap required to achieve efficient optical coupling.”® Coupling
of more than two high-Q cavities’” was rare because it was diffi-
cult to achieve spectral overlap between resonances belonging to
different resonators.’” It shall also be noted that most of the exist-
ing studies were limited to two-dimensional configurations such
as disks,” rings,”” or toroids,” which could be fabricated by well-
developed planar fabrication techniques’' and convenient for opti-
cal and electronic integration. However, the planar structures are

limited in the number and the character of modes, which they can
sustain.

In this work, we fabricate and study three-dimensional struc-
tures of three or more spherical resonators exhibiting a rich
variety of optical modes. The developed approach can also be
extended to arrays of a larger number of spherical resonators
arranged in any predefined configuration such as, e.g., a body-
centered cubic (BCC) crystal lattice or an amorphous structure
with pre-designed correlation properties. Unlike previous studies
that dealt with spherical resonators positioned using a mechani-
cal clapping device like a stem®” or a pillar’® to support them, we
are using optical tweezers to maintain the desired configuration
of the constituent resonators.” The reliance on optical tweezers
allowed us to avoid significant limitations on the allowed regions
where modes can exist imposed by mechanical clapping so that
we can excite a greater number of modes with a variety of spatial
configurations.

Modes of a single sphere are highly degenerate and can be
thought of as originating from closed paths taken by a light ray
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traveling along the sphere’s great circles with different modes cor-
responding to different orientations of the plane containing the
ray trajectory. In multiple sphere systems, the spherical symme-
try is destroyed together with the degeneracy of the modes. Thus,
the modes of the photonic molecules are characterized by various
relatively complex distributions of the electromagnetic field, which
can be thought to originate from complex ray trajectories travers-
ing all participating spheres. When a coupled multi-sphere system is
excited using a tapered fiber, such as in Fig. 1, the excitation of the
resonances manifests itself by destructive interference of the incident
light with light propagating out of the resonators and are observed
as minima in the optical transmission.

We study the modes of the coupled resonators both in fre-
quency and spatial domains. In the spatial domain, we experi-
mentally map the resonances using a fluorescent mode-mapping
technique.”” " In the frequency domain, we experimentally mea-
sure the transmission spectrum of the sphere array using a tunable
laser source. The photographs of the fluorescent emission, as well
as the corresponding spectral response of our cascaded spherical
cavities, show good agreement with theoretical and numerical calcu-
lations based on the multi-sphere Mie theory.”® Unlike coupled disk
resonators where modes can only propagate along the disk’s plane,
in our experiments, we observe high-Q resonances with an electro-
magnetic field showing significant energy density in the regions of
the resonators removed from their equatorial planes [an equatorial
plane is defined as the plane in which a fundamental whispering
gallery modes (WGM) have been excited in a single resonator].
Such distributions of the electromagnetic field would originate from
a combination of so-called high-order polar whispering gallery
modes (modes whose plane of propagation is significantly inclined
with respect to the equator). Our resonators also permit coupling
between modes that propagate in different planes and exhibit many
level-crossing events.””

Spherical resonators can be formed by different types of inter-
faces of materials with different refractive indices: a solid-gas,” a
solid-liquid,”” aliquid-gas,” "’ or a liquid-liquid'® interface. In this
work, we use oil droplets in water, which form an almost perfectly
spherical and smooth liquid-liquid interface, which we exploit to
confine light and actuate these droplets as micro-resonators. This
approach exploits the tendency of oil droplets, submerged in water,
to acquire a spherical shape. Furthermore, a high degree of smooth-
ness for spherical liquid-resonators significantly reduces scattering
losses, which improves the quality factors'>”* " of the resonators.
In addition, such droplets can be easily fabricated and manipu-
lated with optical tweezers,”* making them attractive for studying
ensembles of high-Q resonators. Our method is scalable to as many
droplets as needed. In fact, we can arrange any number of spheres
in various structures such as a linear chain, a circular array, or any
other structure, including 3D.

Il. EXPERIMENTAL SETUP

In our experiment (Fig. 1), we submerge oil droplets (Sigma-
Aldrich, Immersion oil, 56822-50ML, n = 1.516) in water and use
them as resonators (Methods). The realization of our optical tweez-
ers setup was inspired by the publication of Fillman.*! Droplets of
75 + 1 ym diameter are dragged, using optical tweezers,’* to form
various configurations of cascaded resonators near a tapered-fiber
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FIG. 1. Experimental setup. (a) Schematic drawing. We arrange oil droplet res-
onators next to a tapered-fiber coupler by using optical tweezers. A tunable laser
is coupled to the spheres’ ensemble via one side of the fiber, while the spectral
transmission is measured using a photodiode at the other side of the fiber. At the
same time, we film the modes by doping the water with a fluorescent material,
using a side-view camera and a top-view camera to capture the spatial distribution
of the mode while the frequency of a tunable laser sweeps through the ensemble’s
resonances. Both tapered fiber and resonators are submerged in water. The objec-
tive is wet (Nikon CFI, Apochromat NIR 60x, W), its numerical aperture is 1.0, and
its working distance is 2.8 mm. (b) A detailed drawing of our double-tweezer sys-
tem, where a gimbal mount mirror (GMM1) is used to control the position of the
first tweezers, and a GMM2 is used to control the positions of the second tweezers.
We use polarizing beam splitter cubes (PBSC) to split and combine the tweezers
beams. Overfilling the objective entrance aperture (OEA) with the entering beam
is achieved by imaging the gimbal mount mirror surface onto OEA using a 4-F sys-
tem where lenses are labeled with L1 and L2. All those factors make it possible to
manipulate submerged 100 um diameter oil resonators with 0.4 W, 532 nm (0.2 W
per tweezers) input power. We use a dichroic mirror (DM) to prevent the top-view
image acquisition camera from accepting the tweezers' light. The DM and PBSCs
also make the power efficiency of our two-tweezers system to be almost 100%.
(c) Schematic of tweezers position at the plane of interest. Beam position devia-
tion (2D), as a result of a change in spatial orientation of GMM. (open-source web
application: Ray Optics Simulation).
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coupler' ™" that brings light from a tunable laser, at 765-781 nm,

into the cascaded resonators. Input power was 1 mW, and droplets
were tested individually, using a microscope to have an equal dia-
meter to within our microscope resolution, which was 1 ym. The
spectral transmission of the sphere cluster is monitored while scan-
ning the laser wavelength through resonances by connecting the
output side of the tapered fiber to a photodiode. Coupling is at the
under-coupled regime, where transmission drops to 15%. A typi-
cal experiment, such as in Fig. 4, takes about 10 min, during which
the resonators’ ensemble did not change its optical properties. We
did not notice a spontaneous motion of the droplets. After examin-
ing one droplet configuration, we reused them by arranging them
in a different configuration. We could couple light to a resonator’s
ensemble 24 h after its fabrication, but we did not explicitly study the
aging of a specific droplet configuration. In the past, we could solid-
ify liquid droplets in polymer environments to last for years.*” We
believe similar solidification is also possible for coupled-resonator
like the ones we report here.

In detail, while scanning the optical wavelength, we film vari-
ous resonances using the fluorescent mode mapping technique,”” ™’
where the fluorescent material dissolved in water converts the res-
onating light into emission at a different color so that we can use a
filter to selectively photograph fluorescence. This fluorescent emis-
sion originates from places near the oil-water interface where both
resonating light and fluorescent material exist. The fluorescent emis-
sion is incoherent and non-directional and is, therefore, expected
to benefit higher-resolution images and more light reaching the
camera. Indeed, according to our experience, images relying on flu-
orescence are better when compared to images relying on resonant
light, which is coherent and reaches the camera in small quantities
and only from places where scatterers exist. The configuration of
the spherical resonator ensemble permits light propagation in vari-
ous planes and, hence, stands in contrast with planar configurations
such as coupled rings, where only one top-view camera is required to
image the planer modes. For this reason, we use a set of two micro-
scopes for imaging the fluorescent emission, one from the side and
the other from the top (Fig. 1). Since the fluorescent medium sur-
rounds the droplet, it is affected only by evanescent light"’ extending
from the droplets into water cladding. The fact that we image only
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q FIG. 2. Resonator quality factor. The res-
onator linewidth prior to adding fluores-
cent dye into cladding reveals a quality
factor of 28 x 10°. Droplet diameter is 75
+ 1 ym and operation is at the undercou-
pled regime where transmission drops to

d 15%.

Q =2.8-107

780.3998

light that originated from a thin layer near the oil-water interface
improves the certainty of knowing where the light originates from
and benefits the quality of the images, given that the microscope’s
depth of focus is limited.

Regarding the influence of the fluorescent material on the
optical quality—by adding a fluorescent dopant—one trades off
reduction in the optical quality factor, Q, for the ability to map the
spatial structure of the modes. In our work, we find that fluorescently
imaging the modes improves with fluorescent concentration such
that Q falls to ~10°. The typical optical quality factor, Q, for our res-
onators is Q = 10 for experiments with no fluorescent marker (see
methods, Fig. 2).

lll. EXPERIMENTAL RESULTS

We start with a five-sphere ensemble, which we call a quintet,
and fluorescently photograph one of its modes (Fig. 3). This mode
is exited using a 770 nm laser and a tapered fiber near the left-hand
side sphere, as depicted in Fig. 3. One can see in Fig. 3 that one of
the spheres exhibits stronger fluorescent radiation and that another
sphere exhibits interference fringes that are spread along its circum-
ference. We find that these behaviors are typical to our multi-sphere
ensembles and will discuss these mode shapes in more detail in what
follows.

Tapered

FIG. 3. Five spheres experiment (quintet). Fluorescent mapping for one of the
resonances. A tapered fiber coupler (not visible) is near the left sphere. In this
figure, the only constraint on the number of spheres relates to our microscope’s
limited field of view.
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We now arrange three droplets of equal size into a chain shape,
which we call a “chained trio.” Subsequently, we optically interro-
gate the chain trio, via one of the resonators, while slowly scanning
the input light at the 765-770 nm spectral band (Fig. 4). We mon-
itor the spectral transmission of the chained trio while scanning
the optical wavelength through the resonances (Fig. 4, top). At the
same time, modes are fluorescently filmed to reveal their struc-
ture [Figs. 4(a)-4(f)]. As expected, each spectral absorption line is

ARTICLE scitation.org/journal/adv

accompanied by a flash of fluorescent light at a spatial shape we
record. Together, the transmission spectrum and photographs pro-
vide a spatial-spectral signature of the ensemble’s resonances. One
can see that line widths in Fig. 4 are thermally broadened.”

The violation of spherical symmetry of individual resonators in
our coupled structures results in lifting of the degeneracy between
modes with the same orbital number 1, but different polar numbers
m (m distinguishes between modes with different inclinations with

Transmission

bl

Side view

=
2
s
)
=
n

FIG. 4. Chain-configuration experiment. (Above) The transmission spectrum of the chain where resonances are marked with (a)—(f), their repetition after one free spectral
range is marked with (a’)—(f’), and their repetition after two free spectral ranges is marked with (a’’)—(f""). The free spectral range is marked using a double-headed arrow.
(Below) Fluorescent mapping of the chain’s modes. Photographs (a)—(f) correspond to resonances (a)—(f) that as marked on the graph. The tapered fiber is marked with a
dashed line. The taper is coupled to only the left-hand side resonator (see Visualization 1 and Visualization 2 supplementary material).
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respect to the equator in individual resonators and remains a good
characteristic of the collective modes of the chain in linear chains
provided that it is defined with respect to the polar axes chosen
along the chain). This results in the appearance of a large number
of spectrally and spatially overlapping modes. This overlap between
the modes manifests as interference patterns seen along the drop’s
circumference [e.g., Fig. 4(f)].

Figure 4 shows a seven-mode group that repeats itself after one
free spectral range and two free spectral ranges. We denote the first
appearance of this seven-mode group using the letters (a)-(g) (Fig. 4,
top), their second appearance using (a’)-(g’), and their third one

scitation.org/journal/adv

as (2")-(g""). Mode a is separated by 1.7 nm from (a) (horizon-
tal double-headed arrow, Fig. 4, top) and 2 x 1.7 nm? from mode
(a"). This type of separation repeats itself for resonances (b)-(g).
Interestingly, this 1.7 nm separation corresponds to the free spectral
range of a single sphere. The droplet diameter corresponding to this
measured 1.7 nm free spectral range is 73 ym, which slightly devi-
ates from 75 pm measured with a microscope. Importantly, modes
(a)-(f) are not only a family in the spectral domain but also in the
spatial domain, meaning that mode “(a)” looks like modes (a) and
(@”) and so on. As for the spatial structure of each mode, in most
of the chained trio’s resonances, one sphere is photographed to be

0.8 b
C
06 |
=
Kol
[
(2]
€ 04 |
[}
C
o
}_
0.2 d e
a
0 ! !
765 766 767 768 769 770

Wavelength (nm)

FIG. 5. Triangular configuration experiment. Transmission spectrum and related fluorescent mode mapping. Formalism here is similar to the one in Fig. 4. (a)—(f) Top view,

(a1)—(f1) side view. (See Visualization 3 and Visualization 4 supplementary material).
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fluorescently brighter than the others [e.g., Fig. 4(b)], meaning that
this sphere either carries a higher intensity or that its mode is further
evanescently extending to the surrounding.

The repeating feature of the spectrum of a linear chain of
spheres was first observed in numerical simulations of Ref. 44 under
the assumption of perfectly aligned resonators. The authors of that
work found that the spectrum of a chain of spheres with an odd
number of elements (3 in our case) always contains a frequency of a
single sphere resonance, which is surrounded by resonances result-
ing from lifting the degeneracy of the whispering gallery modes with
respect to the polar number m as explained above (satellite reso-
nances). This lifted degeneracy explains the repeating pattern of the
resonance groups, coinciding with the distribution of single sphere
resonances, similar to what we experimentally observed (Fig. 4).
While the exact positions, shapes, and strengths of the satellite res-
onances depend on the inter-mode coupling, the Q-factor, and the
frequency of the single sphere resonances, these parameters do not
change much for spectrally close single-sphere resonances, explain-
ing why satellite resonances form around single-sphere peaks also
look similar.

A simple analytical analysis of a three-sphere situation in
Ref. 44 shows that for the mode corresponding to the single reso-
nance frequency, one should expect an almost zero field intensity in
the middle sphere accompanied by identical fields in two terminal-
spheres. For other modes, the middle sphere is expected to have
maximum intensity while the intensities of the first and the third
spheres are diminished. The latter distribution of intensities is seen
in Figs. 4(b) and 4(d), while the former is also manifested (Fig. 7,
top). We do see a distribution of intensities in which the second

Experimental Theoretical

©

Experimental

Theoretical

ARTICLE scitation.org/journal/adv

sphere goes “dark,” but the symmetry between the first and the
third sphere does not manifest itself. Such a behavior is explained
by the deviations of a three-sphere configuration from the strictly
one-dimensional arrangement. We have extended numerical simu-
lations of Ref. 44 to allow for the center of the third sphere to be
displaced from the line connecting the centers of the first and the
second and observed intensity distributions similar to those seen
in the experiment (details of the computations will be published
elsewhere). Some resonances include a necklace-type shape [e.g.,
Fig. 4(f), central sphere]. This shape originates from the interfer-
ence pattern between two modes with a different principal quantum
number but with resonance frequencies positioned within resonance
linewidth from each other. This phenomenon is generally referred
to as level crossing since the resonance frequencies of two modes
cross by changing a parameter.” ”” It is also common to refer
to this necklace-shaped mode as stopped light,*” since its group
velocity is zero. We found that level crossing is more abundant in
cascaded resonators when compared to a single droplet spectrum.
This level crossing abundance in coupled resonators is due to the
lifting of the degeneracy between the modes with different polar
numbers m.

Also, with the increasing number of resonators, more modes
are available to overlap, making the spectrum of the resonances
almost continuous. To understand this phenomenon, one just needs
to notice that with an increasing number of resonators, the spec-
tral interval between modes with orbital numbers I and 1 + 1 must
be filled with N(21 + 1) (N here is the number of resonators)
distinct modes, which have finite spectral widths and, therefore,
strongly overlap resulting in the observed interference patterns and

Theoretical

Experimental

Experimental Theoretical

FIG. 6. Experimental results and their corresponding simulation for a triangular shape. Note the 0 shaped resonances [(b) and (d)], the flower shapes originating from level
crossing (c), and the fact one sphere is sometimes brighter than the others [(a) and (b)] (see Visualization 5 and Visualization 6 supplementary material).
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quasi-continuum of resonances. From a practical view, this ability
to resonantly respond to white light*” can be used in the future
for white light sources that are as bright as lasers. Such techno-
logical ability to provide white light from a single-mode fiber is
challenging, particularly in the case of a continuous wave (CW)
source. We also experimentally studied spectra and spatial distri-
bution of the intensity for a system of three resonators arranged in
an equilateral triangle shape. Furthermore, we carried out numerical
simulation of this configuration (Fig. 6) and compared the results of
the simulations with the experimental results (Fig. 5).

The triangular arrangement of the resonators differs from the
linear chain by its symmetry: while the linear chain preserves an
axial rotational symmetry around the line connecting the centers
of the resonators so that all modes of the chain can be character-
ized by a “polar” quantum number m, the triangular arrangement
has only discrete symmetry of an equilateral triangle, so that the
modes of this configuration are combinations of whispering gallery
modes (WGM) with different “polar” numbers. The total number of
modes is the same as in the linear case, but since the spectral widths
and mutual positions of the resonances are different, the number of
observed resonance peaks is also different. The actual experimental
configuration of the resonators deviates from the ideal symmetri-
cal form, but certain experimentally observed intensity distributions
are pretty close to those generated in the computer simulations
[e.g., Figs. 6(a) and 6(c)]. The overlap between different modes is
as significant in this case as in the linear one, so the formation
of interference patterns resulting from simultaneous excitation of

Experimental Theoretical
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2
2
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FIG. 7. Experimental results and their corresponding simulation for a chain shape.
Note the fact one sphere is sometimes darker than the others [(a) and (b)]. The side
view theoretical results presented here as flattened sphere surfaces, with vertical
axis: 0 to 7 and horizontal axis: 0 to 27. (see Visualization 7 and Visualization 8
supplementary material).
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different modes with almost the same frequencies (level crossing)
is as abundant.

Our simulations of both linear and triangular photonic
molecules (Figs. 6 and 7) were conducted using generalized multi-
sphere Mie theory in the so-called resonant approximation. This
approximation neglects to couple between single sphere resonances
characterized by different orbital numbers 1 and different polariza-
tions. This approximation might miss the occasional quasi degener-
acy of the resonances with different orbital numbers, but it captures
the main features of the spectra of the multi-sphere configura-
tions, as can be seen from the comparison of our calculations with
experimental results.

In conclusion, we cascade spherical resonators to construct
ensembles of cavities. The resonator ensembles have families of
modes, with each family member repeating itself every free spectral
range while maintaining its spatial and spectral shape. Despite their
relatively large mode volume, such arrays can combine gain’ and
an almost continuous spectrum (Fig. 4) that might impact spectrally
continuous emitters for applications where white light is needed to
come from a single-mode fiber. Our work is scalable to large ensem-
bles made of many high Q cavities, that one can solidify** upon
need.

SUPPLEMENTARY MATERIAL

See the supplementary material for a system stability check,
using one droplet resonator and completing the full range scan of
765-781 nm, that we first perform. If there is no drift over the
scan time, we start the experiment by measuring the Q-factor of
one droplet to represent the hole batch. Droplets used in cascaded
configurations were chosen against known reference to have similar
diameters of 75 + 1 ym. Droplets were tested individually, using a
microscope, to have an equal diameter within our microscope reso-
lution of 1 ym. The laser input power used during the scan is 1 mW.
Coupling to well-coffined modes can be considered critical. The
fluorescent dye used in our experiment is ADS780WS, which has
absorption and emission peaks at 780 and 813 nm, respectively. Our
longest experiment took 2 h during which the droplets did not move
and the spectrum was repeatable. In the past, we were solidifying
liquid droplets in polymer environments to last for years.*?

Submerged oil droplet material: Sigma-Aldrich, Immersion oil,
56822-50ML, n = 1.516.

Fluorescent dye: Adsdyes—American Dye Source, ADS780WS.
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