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ABSTRACT

We present a colloidal crystal wire composed of thousands of connected microspheres that is fabricated by a simple dewetting process
utilizing a drain phenomenon, and we directly observe the light propagation within the wire by near-field scanning optical microscopy. The
optical properties of propagation light suggest that the propagation mechanism was attributed mainly to nanojet-induced mode coupling for
the straight propagation component and partly to whispering-gallery mode coupling within the colloidal crystal wire.

On-chip arbitrary manipulation of a light path confined to
micrometer width and extending to millimeters in length has
attracted considerable attention from fundamental research
and application standpoints.1,2 However, the prevalent tech-
niques using planar lightwave circuits require very elaborate
technology to fabricate sharp bends with micrometer-scale
curvature, such as air trench structure.3 Subwavelength
diameter semiconductor nanowires synthesized by laser-
assisted catalytic growth are ultimate waveguides for wave-
length-scale light manipulation;4 however, the handling and
assembling for lightwave circuits are still difficult. Alterna-
tively, such sharp bends with transparent substance can be
achieved by a photonic crystal concept5–7 or by micrometer-
sized resonator couplings.8–11 In the former case, precisely
defined defects can produce waveguides in photonic crystals
that enable light to be guided through sharp bends, though
this waveguide also requires very elaborate technology. In
the latter case, light propagation through the system is
attributable to the coupling between the nearest-neighbor
resonators. This type of waveguide is called a coupled-
resonator optical waveguide (CROW).8,10,11 Specifically, a
microsphere acts as a unique optical resonator.11–14 One

reason for this is that the whispering-gallery modes
(WGMs)8–14 within a microsphere have a transverse-magnetic
polarized-type mode and a transverse-electric one; in addi-
tion, the light goes around the circumference of microspheres
in the horizontal and vertical planes. Therefore, we can
expect light to be guided in an arbitrary shape by connecting
microspheres.

The most exact method for the alignment of microspheres
should be pick-and-place robotic manipulation inside a
scanning electron microscope (SEM).15,16 However, since this
bottom-up method requires the manipulation of each indi-
vidual sphere, the alignment of thousands of microspheres
extended over a few millimeters is an economically unre-
alistic process. An alternative strategy to align and connect
microspheres is a method to utilize a self-assembly phe-
nomenon in colloidal suspension.17 In a self-assembly
process, sphere-sphere interactions form an ordered structure
arranged for certain kinds of dense packing, while the
sphere-substrate interactions control the microsphere posi-
tions on a substrate. For example, utilization of the moving
meniscus on a grooved substrate is one of the practical
methods for aligning microspheres.18–20 In this technique,
microspheres in colloidal suspension regularly fall into a
micrometer-scale grooved structure. However, because some
etching processes to fabricate the grooved substrate can cause
inevitable damage to the substrate, the etching processes are
less desirable when we consider application of the CROW
to optics-electronics combined-type integrated circuits.
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Recently, a method for aligning microspheres without
grooved templates has been proposed. This promising type
of self-assembly is a dewetting process that controls the
hydrophilic and hydrophobic properties on a substrate.21,22

Since processes to control the hydrophilic and hydrophobic
properties on a surface are easier than some etching
processes, for example, hydrophobic treatment with hexam-
ethyldisilazane (HMDS) evaporation gas, we can expect to
fabricate a more complicated lightwave circuit, such as a
multiplexer or displexer, conveniently.

On the other hand, to explain light propagation through a
sequence of coupled microspheres, two mechanisms have
been proposed: one is through the resonant coupling of
WGMs,8–14 and the other is through nanojet-induced modes
(NIMs).23,24 Kapitonov et al. demonstrated propagation losses
as small as 0.5 dB per sphere in a chain of coupled
microspheres.24 However, the light path within the bundle
of chains such as colloidal crystal wire was not studied in
sufficient detail. If we fabricate the photonic structure within
chains of coupled microspheres, we can expect to add another
optical function on waveguides and lightwave circuits. In
the present study, we utilized the dewetting process to align
microspheres and observed the light propagation within the
colloidal crystal wires in detail by using near-field scanning
optical microscopy (NSOM).25–31

Figure 1 shows a schematic illustration of the capillary
cell for fabricating a colloidal crystal wire by a dewetting
process. The capillary cell was simply constructed by a
single-line grooved substrate and, horizontally to the sub-
strate’s left, a glass coverslip. The first important point of
the present process is that the groove structure serves not as
a template but as a drain for the dispersion medium. A certain

amount of the colloidal suspension was dropped onto the
terrace of the substrate immediately adjacent to the coverslip
from the opposite side of the supporting stage, and capillary
action then drew the suspension into the cell itself. The gap
between the substrate and coverslip was completely filled
with suspension (Figure 1a). After that, the interface of
suspension moved slowly due to the suspension drain. Note
that the driving force is not the evaporation of dispersion
medium in the capillary cell but the evaporation at the groove
that is not covered with coverslip (Figure 1b). The utilization
of drain phenomena is different from that in the process used
in ref 22. In addition, since a part of the suspension is drained
from the edge of the groove earlier (Figure 1d), the
meniscuses, as indicated by yellow arrows, are then ap-
proached parallel to each other at the vicinity of the groove
(panels c and e of Figure 1). As a result, a constricted region
of suspension is formed where the microspheres are further
condensed and self-assembled. The other important point
in this process is the control of the hydrophilic and
hydrophobic properties of the capillary cell. The hydro-
phobic substrate prevents the spread of the meniscus by
gravitational force. On the other hand, the coverslip and
the bottom of the groove structure are hydrophilic (Figure
1d). This feature holds the suspension on the substrate until
the last stage of the dewetting process and maintains a
uniform speed in the draining of the dispersion medium.
After the dispersion medium is drained completely, the
colloidal crystal wire remains.

To understand the light propagation within the colloidal
wire in its entirety, we observed it by conventional optical
microscopy. Figure 2a is a schematic diagram of the
experimental setup. The light source used is the luminescence
emitted from dye-doped fluorescent microspheres, which
were illuminated and excited by violet light (λ ) 406 nm)
through the optical fiber probe of an NSOM, as depicted in
Figure 2b. The light propagation can be visualized from the
scattering in the vertical direction. On the other hand, for
the measurement of the propagation light spectrum at a
microsphere, observation by the guide-collection mode
NSOM technique is more convenient.28–30 The schematic
diagrams of the experimental setup and the light propagation
are depicted in panels c and d of Figure 2, respectively.

Figure 3a shows a typical SEM image of the colloidal
crystal wire. This wire extends straight to a length of about
40 spheres or more. In addition, the microspheres included
in the wire are closely connected to each other. The width
of the wire is influenced by the process conditions. The most
effective parameter is the gap between the coverslip and the
substrate.22 In other conditions, the microspheres build to
monolayer (Figure 3b) and three layers with a pyramid-like
cross section (Figure 3e). Panels c and d of Figure 3 show
colloidal crystal wires which have closed-packed and tet-
ragonal-pyramid structures, respectively. Panels f and g of
Figure 3 are optical microscope images of a colloidal wire
taken with and without the background white-light illumina-
tion, respectively. The vague isosceles triangle appearing near
the bottom of Figure 3f is the shadow of the optical fiber
probe, which is out of focus. These images reveal a

Figure 1. Fabrication of a colloidal crystal wire by the dewetting
process. (a-c) Illustration of the novel fabrication technique used
to fabricate the colloidal crystal wire. The technique is described
in detail in later. The dewetting process proceeds from (a) to (c).
(d) Profile scheme of a horizontal capillary cell. Since the bottom
of the groove is hydrophilic, the suspension liquid does not retract
from the substrate until the last stage of the dewetting process. (e)
Plan-view scheme of (d). The movement of meniscus indicated by
the yellow arrows is parallel to the groove structure in its vicinity
and forms a constricted area of colloidal suspension liquid in which
the microspheres are condensed during self-assembly.
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luminescent microsphere on the edge of the bottom layer.
Figure 3g shows that the luminescence emitted from it
strongly propagates to the upper layer along two directions
in which the microspheres are aligned straight. Figure 3h
shows the plan-view schematic illustration of the colloidal
wire and the light paths within it. In horizontal directions,
though light can propagate to the directions across and
parallel to the wire, light cannot propagate to the diagonal
directions because the wire has a tetragonal lattice structure
and the microspheres do not make contact with each other.
On the other hand, we should note that the light propagated
to the microspheres at the opposite side in the second layer;
in other words, the light climbs down the pyramid. Moreover,
part of the light propagates parallel to the wire. This suggests
there is some scattering or bending of light within the
microsphere in the top layer.

To evaluate the light propagation through nearest-neighbor
microspheres in succession, we observed a longer wire.
Panels a and b of Figure 4 are optical microscope images of
the wire taken with and without the illumination, respectively,
as in panels f and g of Figure 3. SEM observation (data not
shown) revealed that the colloidal wire consists of two layers,
and the structure is a tetragonal-pyramid lattice as shown in
inset of Figure 4a. Figure 4a shows that there is a luminescent
microsphere in the upper layer of the colloidal wire, and
Figure 4b shows that the luminescence emitted from it
propagates parallel to the wire. The line profile of green light
intensity along the upper layer is shown in Figure 4c. This
profile indicates that the luminescent light propagates to the
sphere at a distance of 44 µm (22 spheres; indicated by B)
from the original luminescent sphere. To study propagation
loss through the colloidal crystal wire, we found the maxima
of the intensity and calculated the dependence of attenuation

as in ref 24. The attenuation curve fits well to a double-
exponential function

I ) 10-0.1�1NI1 + 10-0.1�2NI2 (1)

where I1 and I2 are intensities of two exponential components,
�1 and �2 are their attenuation constants per individual sphere
(in dB), and N is the propagation distance expressed in the
number of spheres.24 In Figure 4c, �1 and �2 are about 1.8
and 0.4, and these are comparable to the results within an
individual straight line (�1 ≈ 2.0 and �2 ≈ 0.5).24 From this,
the NIMs coupling is the most likely mechanism of the
straight component of light propagation through the colloidal
crystal wire. In addition, �2 ) 0.4 (dB/per individual sphere)
is equal to �2 ) 2.0 (dB/10 µm). When we use the colloidal
crystal wire as a waveguide, this value is between that of
CdS nanowire (1.0 dB/10 µm) and InGaAs-based waveguide
(2.3 dB/10 µm).4

Figure 4d shows the spectrum of the propagation light
taken at point A by means of the guide-collection-mode
NSOM technique (Figures 2c and 2d). The spectrum plotted
by the blue line is that of propagation light, and that in red
is the luminescence spectrum of fluorescent microspheres
dispersed in water for reference. The spectrum plotted by
the red line shows the spectrum of the dye itself. The
spectrum of propagation light shows periodic peaks, and
indicates that there are some resonance structures within the
microspheres.9–11 This result suggests that the resonance of
WGMs should also be associated with the mechanism of light
propagation. Chen et al. have calculated optical transport
through a bent chain of microspheres by means of the
generalized multiparticle Mie theory, which includes NIM
and WGM couplings.9 They revealed that efficient WGM
coupling can take place even across the abrupt direction
change of 90°. Though the quality of microspheres in this
article is not so good for propagation by WGM coupling,12

Figure 2. Observation of light propagation. (a) Experimental setup for observation by conventional optical microscopy. The excitation light
is illuminated from an optical fiber probe that has an aperture at its apex. (b) Schematic illustration of emitted light propagation in (a). The
luminescence emitted from the fluorescent microsphere propagates in succession through its nearest nonfluorescent neighbors. (c) Experimental
setup of guide-collection mode NSOM. (d) Light propagation in (c). In guide-collection mode, the propagated light is collected through a
fiber probe.
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the “quasi”-WGM coupling between detuned spherical
cavities should make broad spectral transmission as predicted
by Kanaev et al.10 Therefore, WGM coupling should fulfill
an important role for light propagation at the bending point
within the colloidal crystal wire.

In conclusion, the dewetting process developed in the
present study successfully provided a very long colloidal
crystal wire composed of thousands of microspheres in close
contact with each other on a plain substrate. The propagation
mechanism was attributed mainly to NIM coupling for the
straight propagation component and partly to WGM coupling
at the bending place within the colloidal crystal wire.

Methods. Sample Fabrication. The groove structure
(Figure 1) used to drain the dispersion medium from the
colloidal suspension was fabricated by a reactive ion etching
process after photolithographical patterning on a 4-µm-thick
aluminum/20-nm-thick chromium film grown on a glass
substrate. The groove width was 6 µm. The coverslip of
horizontal capillary cells depicted in panels a-c of Figure 1

was fixed using acrylic adhesives on the supporting stage
across the groove structure. The gap between the coverslip
and the substrate was less than 100 µm. The coverslip was
cut to a few millimeters in width and restricted the colloidal
suspension within narrow limits. The colloidal suspension
was obtained from Duke Scientific Corp. (Palo Alto, CA).
The suspension contains microdispersed polystyrene micro-
spheres (2.001 ( 0.025 µm in diameter, 1.1% variation
coefficient, with a density of 1.05 g cm-3 and refractive index
of 1.59 at 589 nm). The fluorescent microspheres were also
made of polystyrene and were green-dyed with a wavelength
emission maximum of 508 nm. The mean diameter of the
fluorescent microspheres was nearly equal to that of the
nonfluorescent microspheres. The fluorescent microspheres
were combined with the nonfluorescent microspheres by
mixing the two suspensions at a mixing ratio of 1:400. The
mean diameter of the microspheres was certified by the
National Institute of Standards and Technology (NIST). All
dewetting processes were performed at room temperature (22

Figure 3. Scanning electron microscope images of colloidal crystal wires and light propagation within it. (a-d) Typical SEM images of
the colloidal crystal wires. (a) The microspheres are aligned nearly straight over a length of 80 µm. The colloidal crystal wire is composed
of four lines of aligned microspheres and extends about 2 mm beyond the left of this micrograph. The groove structure is shown on the
upper left side of the micrograph. To increase the wire length, a glass coverslip was set at an angle of 10° from the groove. (b) The
microspheres are aligned in a line. (c, d) Closed-packed lattice and tetragonal-packed lattice of microspheres, respectively. (e) SEM image
of the colloidal crystal wire consists of three layers. It has a pyramid-like cross section. (f, g) Optical microscope images of the colloidal
crystal wire taken at the same region with and without the background white-light illumination, respectively. The structure of the colloidal
wire shown in these images is the same as shown in Figure 3e, but the region is not the same. (h) Plan-view schematic illustration of the
colloidal wire and the light path within it. The green luminescence light does not propagate to the microsphere in the top layer indicated
as Point A.
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°C). The humidity was kept above 40% and under 60% by
using a cover case. In this condition, evaporation is slower

than that observed under the condition of ref 22 (in which
the humidity was 33%). The typical contact angle between
Al2O3 and water is 30° although that between SiO2 and water
is 8°. In addition, the contact angle between aluminum and
water is 92°.

Observation of Light Propagation. The scattered light,
which is a part of the propagation light shown in panels f
and g of Figure 3 and panels a and b of Figure 4, was
collected by a long-working-distance objective lens (SLWD
L Plan 50×, Nikon Corp., Tokyo, Japan) and was detected
by a conventional digital camera. To excite fluorescent
microspheres, the 406-nm laser light from a GaN-based
semiconductor laser diode (Neoark Corp., Hachioji, Japan)
was illuminated using an optical fiber probe fabricated from
a multimode optical fiber by melting and pulling techniques
(Nanonics Imaging Ltd., Jerusalem, Israel). The nominal
aperture size was 200 nm. One reason this probe was chosen
is that it can illuminate only one sphere through the small
aperture at its apex; the subwavelength spatial resolution of
NSOM derives its origin from this small aperture. Addition-
ally, the fiber probe can dramatically suppress the scattering
light because the difference in the refractive indices between
the sphere (polystyrene, 1.59) and the fiber probe (silica glass,
1.49) is smaller than that between the sphere and air. If the
violet light is directly incident to the fluorescent microsphere
by the objective lens, the scattering light from the micro-
sphere becomes too strong for the luminescence that
propagates through the colloidal crystal wire to be observed.
The fiber probe was bent, and equipped with the NSOM
(MultiView 1000, Nanonics Imaging Ltd.)31 as a cantilever.
The distance between the probe and the specimen was kept
constant by a tapping-mode feedback system. The intensity
profile indicated in Figure 4c was plotted using the green
component extraction from Figure 4b.
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