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Observation of nanojet-induced modes with small
propagation losses in chains of coupled
spherical cavities
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Nanojet-induced modes (NIMs) and their attenuation properties are studied in linear chains consisting of
tens of touching polystyrene microspheres with sizes in the 2—10 um range. To couple light to NIMs we used
locally excited sources of light formed by several dye-doped fluorescent microspheres from the same chain of
cavities. We directly observed the formation and propagation of NIMs by means of the scattering imaging
technique. By measuring attenuation at long distances from the source, we demonstrate propagation losses
for NIMs as small as 0.5 dB per sphere. © 2007 Optical Society of America
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Waveguides can be created in photonic microstruc-
tures using different optical phenomena such as total
internal reflection in layered structures, photonic
bandgaps in photonic crystal waveguides, and tight
binding between high- quality (@) cavities in coupled
resonator optlcal waveguide® structures. Recently it
has been argued® that spherical or cylindrical cavi-
ties arranged as a linear chain provide optical trans-
port due to two different mechanisms: (i) tight
b1nd1ng 4 between whispering gallery modes
(WGMs), (ii) coupling occurring as a result of focus-
ing produced by cavities operating as a series of pe-
riodically coupled microlenses. In the latter case each
mlcrosphere produces a focused spot termed the
“nanoscale photonic jet,” 56 with elongated shape and
subwavelength lateral size. In a chain of spheres
such nanojets result in periodic modes, called
nanojet-induced modes (NIMs) in this Letter.
Experimentally, strong coupling’ between WGMs

and their band structure effects®® have been ob-
served in systems of supermonodispersive cavities se-
lected using spectroscopic characterization. In size-
mismatched bispheres and in the chains of
disordered cavities, WGM-related optical coupling
was observed’ by use of evanescently coupled dye-
doped spherical cavities pumped above the lasing
threshold for WGM peaks.

The properties of NIMs are very different from
WGMs since they are not resonant modes and be-
cause of the radiative nature of photonic nanojets.
The NIMs, however, are not well studied at present.
Some properties of tightly focused beams were stud-
ied in the case of single immersion lens, and some
nonresonant optical transport phenomena were ob-
served in coupled submicrometer spheres1 however,
the existence of NIMs has not been clearly demon-
strated previously.
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In the present work we directly observed NIMs and
studied their properties in very long chains consist-
ing of several tens of polystyrene spheres with sizes
in the 2—10 um range. To couple light to these modes
we used emission of several dye-doped fluorescent
microspheres excited below the lasing threshold for
WGMs locally inside the chains. By directly observ-
ing a series of photonic jets at the shadow side of
multiple spheres, a characteristic feature of NIMs,
we demonstrate that the fluorescence from the source
is gradually converted into NIMs away from such a
source. We demonstrate less than 0.5 dB per sphere
propagation losses for NIMs.

Linear arrays of monodispersive (~3% size disper-
sion) polystyrene spheres (Green Fluorescent, Duke
Scientific Corp.) with refractive index n=1.59 and
mean diameters 1.9, 2.2, 2.9, 5.0, and 10.1 um were
deposited on glass substrates by using a technique of
self-assembly directed by microflows of water suspen-
sion of spheres as illustrated in Fig. 1. In thlS
method the “pinning” points forming p1pehke flows™
are nucleated by the spheres of larger size. In the
course of water evaporation 5 these flows gradually
shrink, reaching the size of an individual sphere in
cross section, causing the formation of long chains of
touching spheres.

The synthesis was monitored and the samples
were optically characterized with a fluorescent (FL)
inverted IX-71 Olympus microscope. The beads were
internally doped with green FL dye (emission max at
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Fig. 1. Optical images of sections of chains of polystyrene
spheres with mean diameter (a) 1.9 and (b) 10.1 um.
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508 nm). The FL excitation was provided in the range
460-500 nm. An excitation spot with adjustable size
was formed by the spatial filter, and it was focused on
the chain of spheres with a 60X objective (NA=0.9).
The distribution of the intensity was relatively uni-
form within the excitation spot and with very steep
terminations at the edges of the spot, thus allowing
the creation of a built-in source of light formed by
several pumped spheres inside the chain.

The intensity of excitation was well below the
threshold for lasing WGMs. Under these conditions
only a small fraction (not more than a few percent,
since the beads are dye doped throughout the vol-
ume) of the total FL intensity is coupled to WGMs,
and most of the intensity is emitted into radiative
modes with a broad (500—570 nm) spectrum. A part
of this intensity is coupled to modes propagating in
the chain away from the source. These modes can be
visualized with a microscope due to the scattering in
the vertical direction. The images were registered by
CCD video camera with variable exposure time and
12 bit dynamic range.

The formation of NIMs is demonstrated in Fig. 2.
The source was formed by exciting several spheres
inside the 2.9 um chain, as illustrated in Fig. 2(a).
Light propagation in the unexcited part of the chain
results in efficient focusing and scattering in tiny vol-
umes close to the touching points of the neighboring
spheres, visible as bright spots in Fig. 2(b). It should
be noted that the propagation is associated with
gradual narrowing of such bright spots with increas-
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Fig. 2. Visualization of NIMs in a locally excited chain of
2.9 um spheres. (a) Image obtained with the background
white-light illumination. Three spheres (left) are pumped.
(b) Same chain imaged without background illumination
due to propagation and scattering of light originating from
the FL source. To display weak intensities we used a color
bar (0-900 counts). The maximum intensity from excited
spheres (to the left from the 0 mark) is about 3500. (c)
Cross-sectional FWHM of bright spots measured in unex-
cited spheres perpendicular to the chain.

ing distance from the source as illustrated in Fig.
2(c). The narrowing of bright spots is most pro-
nounced in the first decade of spheres adjacent to the
source, where one can expect a mode conversion into
NIMs with corresponding mode conversion losses to
occur. As shown in Fig. 2(c), beyond the first decade of
spheres the transverse size of these bright spots ap-
pears saturated at the level of ~0.7 um, which repre-
sents the resolution limit of our setup. The actual
size of photonic jets formed by n=1.6 spheres with
sizes of several wavelengths should be even smaller
according to theory.>® An increase of the jet intensity
in the end cavity takes place due to stronger scatter-
ing caused by the increased index contrast at the last
interface of the chain.

To study propagation losses in such chains we
found the maxima of the intensity of nanojet images
and plotted them for sequential spheres along the
chains, as illustrated in Fig. 3. All data are normal-
ized on the intensity of the maximum observed in the
first sphere that is not excited (position 1 in Fig. 2).
Different attenuation curves in Fig. 3 represent cases
with different numbers of spheres excited in the FL
source region. The attenuation curves in Fig. 3 dis-
play a series of dependencies that are more compli-
cated than a single exponent. In the first several
spheres the mode conversion losses are the dominant
factor of attenuation, as is evident from the maximal
slope of the attenuation curves in this region. Attenu-
ation per sphere decreases with increasing distance
from the excited area due to the spatial filtering of
modes passing through the array of microlenses.
Since the formation of nanojets is nearly completed
after the first decade of spheres, as can be seen from
Fig. 2(c), the losses measured in more distant spheres
become indicative of the propagation losses for NIMs.
By comparing the curves in Fig. 3, it is seen that the
larger the number of spheres that was used in the
source region, the less attenuation we can detect at
long distances from such extended sources. This be-
havior originates from the superposition of contribu-
tions of individual spheres comprising such extended
source, as illustrated in Fig. 3(a).

To extract light attenuation parameters from the
experimental data in Fig. 3 we employed a semi-
empirical double-exponent fitting function:

I=1;10"%1AN 4 1,1070-182N (1)

where I; and I, are intensities of two exponential
components, 3; and B, are their attenuation levels
per individual sphere (in dB), and N is the propaga-
tion distance expressed in number of spheres. Al-
though this model is only an approximation to the
shape of the decay curves in Fig. 3, it has a transpar-
ent physical meaning. The first exponent can be as-
sociated with mode conversion losses occurring in the
first several spheres, whereas the second exponent
provides an estimate of the propagation losses for
NIMs at much longer distances from the source.

In Fig. 4 we show attenuation levels B; and B, for
two exponential components and their relative decay
amplitudes I,/ 3; and I,/ Bs, representing the amount
of light scattered by a given channel. The data for
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Fig. 3. Intensity maxima of scattered light measured in a

sequence of nonexcited spheres along the chain. The data
are normalized on the intensity of the first maximum (po-
sition 1 in Fig. 2). The size of the spheres in chains: (a) 1.9,
(b) 2.9, (¢) 10.1 um. Different curves represent cases with
different number of excited spheres in the FL source re-
gion. The red curve in (a) is the simulation of 10 spheres
source as a superposition of 10 consecutively shifted at-
tenuation curves measured from a single sphere source.

o 1.0 —03 — sphere size:
~~ LA A x na AAAA

~ osf @ Tg.gié’f T e 19um
Y 0 5 10 15 20 25

%_ 0.0 Q L Sphere number ]

qw; 0.5F (b) T e 22um
E 00 :) I L

2 ost ©) T ® 29um
® \ .

> 0.0 g i

8 05F ( ) O 5.0 pm
8 g I

o 00 . !

2 s (®

£ o05f Q10.1 m
g kg I ( "
® 00 ' T 10

Attenuation, B, and B, (dB per sphere)

Fig. 4. Fit parameters of double-exponential model [Eq.
(1)] found in the case of a single sphere excited in chains of
spheres of the following sizes: (a) 1.9, (b) 2.2, (¢) 2.9, (d) 5.0,
and (e) 10.1 um. The horizontal axis represents attenua-
tion per sphere B; (solid rhombs) and By (empty circles) for
two exponential components. The vertical axis displays
relative decay amplitudes I;/8; and I3/ B35 of these compo-
nents. The inset in (a) shows weighted residuals (WR) of
the fit.

chains with sphere sizes in 1.9—10.1 um range are
summarized in Fig. 4 for the case of a built-in source
of light formed by a single excited sphere. For all
studied chains the strong initial light loss in the vi-
cinity of the FL source is characterized by attenua-
tion parameters B; which are of the order of several
dB per sphere. Further propagation of NIMs is found
to occur with significantly lower attenuation g,
(=1 dB per sphere). It is interesting to note that our
experimental data exhibit a decrease of light attenu-
ation for both exponential components for smaller
spheres. For the chain formed by 1.9 um spheres the
NIMs propagation losses drop to a level of 0.48 dB

per sphere. The level of NIMs losses in our samples is
determined by structural imperfections such as
slight deviations from the coaxial alignment of cavi-
ties. Further experimental and theoretical work is re-
quired to reveal the intrinsic radiation loss of NIMs.

The reduced attenuation observed for smaller
spheres can be explained by the increasing focusing
strength of spherical microlenses with sizes of the or-
der of a few wavelengths (\) compared with larger
spheres. In the limit of geometrical optics (sphere di-
ameter exceeds several tens of \) the index of refrac-
tion of sphere must be equal to 2 to provide the maxi-
mum intensity of focused light at the “shadow”
surface of a sphere. It has been demonstrated®® that
with a decrease of the diameter to a few A\ the re-
quired value of the refractive index drops to 1.6,
which is very close to the refractive index of polysty-
rene.
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