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A smooth TiO2 hollow-spheres array, a kind of inverse
opals, was prepared in a wide area (>1� 5 cm) in a short
time (less than 1min excluding sintering) using a spin-coat-
ing technique. A two-dimensional colloidal crystal was used
as a template. The TiO2 sintering process, especially the rate
of the temperature increase, was important to copy the perio-
dicity of the colloidal crystal structure. The electron diffrac-
tion image taken by the transmission electron microscopy
observation showed that the hollow-spheres arrays have
anatase-type crystal structure.

Self-assembled-type photonic crystals have been actively
studied. The reasons might be: the photonic crystal is very in-
teresting from theoretically and experimentally; self-assem-
bled-type photonic crystals, especially the inverse opals,1,2

can be prepared easily and inexpensively, and also easily
chemically modified.1,3–5 However, generally, the surfaces of
the structures are relatively unsmooth. The unsmooth surface
is undesirable from the viewpoint of the photonic crystal, be-
cause the unsmooth surface has less evanescent resonance.

As a method to prepare smooth surface, the layer-by-layer
method,6 especially the surface sol–gel method7 is well-
known. However, the surface sol–gel method takes a long
preparation time to form the thicker walls. For instance, to
prepare 20 nm layers, dipping must be done 60 times, i.e.,
more than five hours are necessary. Additionally, Fujikawa
and Kunitake have reported that 20% of the structure col-
lapses during the removal of the base particles.8 In this paper,
we report a spin-coating method to overcome those disad-
vantages.

Experimental

Particle Self-Assembly. An indium tin oxide substrate
(1� 5 cm, 10� cm�2) was dipped in 0.1M NaOH aqueous solu-
tion for 30min for hydrophilation. This hydrophilation was
required for the two-dimensional particle self-assembly (de-
scribed later). Polystyrene particles (0:596� 0:006mm (refered
as 0.6mm), Nanosphere� Size Standards, NIST Traceable Poly-
styrene Polymer, Polysciences, Inc.) were two-dimensionally
(2D) crystallized on the substrate. The self-assembly technique
for the preparation of 2D colloidal crystal was originally proposed
by Denkov et al.9 Due to water evaporation and capillary forces,
the particles that are suspended in water form 2D crystals on
the substrate. Details of the fabrication process have been reported
elsewhere.10 The particle suspension (�0.5mL) was injected into
a hand-made glass cell. Then, the x-axis stage, on which the sub-
strate was mounted, was translated continuously at a controlled
rate. The particles were flowed gathered at the meniscus edge
due to the capillary force, and formed particle layers on the glass
substrate. By moving the substrate as the same speed with the par-
ticles flow, we could from particle layers.

The moving rates to prepare single particle layers were 2, 4,
and 10mm s�1 for 1.0, 0.6, and 0.4mm diameter particles, respec-
tively. The temperature was 21 �C, and the ambient humidity was
62–66%. The particle assembly process was observed using a
CCD camera. Well-ordered 2D crystal with typical dimensions
of 10� 30mm were prepared.

Prevention of Mechanical Peeling. The spin-coating process
involves a horizontal centrifugal force on the sample surface. The
resulting colloidal crystal was physically adsorbed on the glass
substrate, and apt to be mechanically peeled off. To prevent the
peeling, the thermal bonding between polystyrene particles was
necessary in the case of the viscoelastic high-concentrated (over
10%) ethanol solution of titanium(IV) tetrabutoxide. The colloidal
crystals were heated at 40 �C in 30min in an incubator. The ther-
mal polymer bonding formation had been elucidated theoretically
and experimentally by other researchers.11,12

Spin-Coating. An ethanol solution (30mL) of titanium(IV)
tetrabutoxide (Wako Pure Chemical Industries, Ltd.) was deposit-
ed on the crystal by spin coating; the initial spinning rate was 500
revolutions per minute (rpm) during the first few seconds (2–20 s)
before the higher rates (over 500 rpm) for stable rotation. Due to
its high reactivity, the gelation time of titanium tetrabutoxide so-
lution depended on the atmosphere and humidity. In our experi-
mental setup, the temperature was fixed at 21 �C, and the ambient
humidity was 62–66%. The concentration, revolution rates, and
rotation times are summarized in Table 1.

Sintering. The spin-coated samples were sintered at 450 �C
for 30min in an electric oven. Titanium(IV) tetrabutoxide was de-
hydrated, and titanium dioxide (TiO2) formed during the sintering
process. The rate of temperature increase is also shown in Table 1.

Analysis. The resulting materials were observed by scanning
electron microscopy (SEM, Hitachi S5200), transmission electron
microscopy (TEM, JOEL JEM2100F), and optical microscopy

Table 1. Preparation Parameters of Smooth Hollow-Spheres
Array

Concentration
/%

Revolution
rate/rpm

Rotation
time/s

Rate of
temperature
increase/�Ch�1

2–50 300–1000 30–50 85–430
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(Olympus BX-50). The absorption spectra of the 2D crystal and
the resulting materials were measured by microscopic spectrosco-
py technique combined with a high sensitivity spectrophotometer
(Horiba Jobin Yvon TRIAX 320 and SPECTRUM-1).

Results and Discussion

Concentration of Titanium Ethanol Solution. The parti-
cle suspensions were attached on the substrate before the
beginning of the two-dimensional crystallization, and isolated
particles were adsorbed on the substrate. These isolated parti-
cles were utilized to find the best concentration ethanol solu-
tion of titanium to form the smooth surface.

The experimental parameters for the concentration change
of titanium ethanol solution were as follows; the rate of revo-
lution was 500 rpm for 20 s and then 1000 rpm for 30 s. The
rate of temperature increase after the spin-coating process
was �140 �Ch�1.

The SEM images of the isolated TiO2 shells are shown in
Supporting Information. The polystyrene spheres burned out
during the sintering process. The original particle diameter
was 0.596mm; however, the drying and sintering process
caused the diameter to shrink �510 nm (�14% shrinkage).

The TiO2 shell obtained from the low-concentration solu-
tion of titanium ethanol had a rather rough surface. For in-
stance, in the case of 2% titanium butoxide solution, 20 nm
nanocrystals formed hollow spheres, and several nanometers
slits were observed between the nanocrystals. The high con-
centration solution gave a thick wall and a smooth surface.
However, the higher concentration solution became more vis-
cous. On the contrary, in the case of the spin-coating on the
colloidal crystals, the viscous solution could not enter into
the narrow spaces between the particles. The best concentra-
tion condition to prepare the dense and flat surfaces on the col-
loidal crystals was 10%. The surface roughness was less than
2 nm observed via SEM.

Spin-Coating Speed. The spin-coating speed was also ex-
amined. Smaller revolution rate gave thicker walls of the
spheres, but the coating became irregular. Faster revolution
rate gave a uniform coating, but thinner walls formed. The
suitable condition to prepare our TiO2 shell was at 500 rpm
for 2 s following at 1000 rpm for 50 s.

Rate of Temperature Increase. The most effective pa-
rameter on the structural periodicity is the rate of temperature
increase. Both the slow and the fast rate of temperature in-
crease made the unit ellipsoidal (Figs. 1a and 1b). The results
revealed that the balance between the coalescent rate of poly-
styrene particles and the sintered rate of metal butoxide is
important to form a spherical unit.

Our polystyrene particle melted at 100 �C and completely
combusted at 300 �C. The covered titanium tetrabutoxide un-
derwent a sol–gel transition and became a titania amorphous
gel at lower temperature, and the amorphous gel became ana-
tase at around 450 �C. The slow rate of temperature increase
caused the titanium butoxide to be sintered after the polysty-
rene deformation to elipsoids (Fig. 1a, schematic image).
The anatase TiO2 nano-crystals formed on the polystyrene
elipsoids, and then consequently formed into hollow elipsoids
(Fig. 1a). In the case of the fast rate of temperature increase,
the titanium butoxide was simultaneously sintered with the

polystyrene combustion (Fig. 1b, schematic image). Thus,
loose hollow elipsoids formed as the same as the fast rate of
temperature increase (Fig. 1b).

Smooth Hollow-Spheres Arrays. The best balance of
polystyrene deformation and titanium sintering gave us smooth
spherical arrays (Fig. 2). 600 nm particles and 10wt% tita-
nium butoxide ethanol solution were used. The revolution rate
was 500 rpm for 2 s, followed by 1000 rpm for 50 s. The best
rate for the temperature increase under these conditions was
�140 �Ch�1. The titanium-coating procedure took less than
3min. This coating process time was about 0.001 times in
comparison to the layer-by-layer method’s. No structure col-
lapsed during the removal of base particles. Basically, the
spin-coating method overcomes the disadvantages of the lay-
er-by-layer methods under the best conditions.

The SEM (Fig. 2a, inset) and TEM (Fig. 2b) images show
the smooth spherical arrays were composed of several nano-
meter-sized crystals. The reflected optical microscopic image
of the hollow-spherical monolayer showed a red color because

b) 

a) 

Fig. 2. SEM image (a) and TEM image (b) of ultra-smooth
inverse opals. Rate of temperature increase was 143
�Ch�1. The electron diffraction is shown in inset (b).

Fig. 1. SEM images of smooth hollow-sphere arrays (top
view). Rate of temperature increase is 86 �Ch�1 (a) and
430 �Ch�1 (b). The schematic images of the influences
of the rate of tempearture increase on the structures form-
ing (cross section) are shown bottom.
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of the high periodicity in the optical range (see Supporting In-
formation). The analysis of the electron diffraction patterns
(Fig. 2b, inset) revealed that they were TiO2 anatase crystals,
which is favorable as a photocatalyst.

Absorption Spectra. The absorption spectra of the 2D
colloidal crystal of 0.6mm polystyrene particles and the hol-
low-sphere array are shown in Fig. 3. The peaks in the range
from 570 to 750 nm were not due to the Bragg diffraction; with
a the 0.6mm particle’s periodicity, Bragg diffraction at the
L-point should be observed around 1.4mm.13

Miyazaki and Ohtaka have calculated of the particle-assem-
bled-type photonic crystal.14 The calculation for an isolated
sphere of refractive index n ¼ 1:6 with a diameter of 0.6mm
should show two marked whispering gallery (WG)-mode reso-
nances of l ¼ 2 and 3 at 742 nm (normalized frequency ! ¼
ð

ffiffiffi

3
p

=2ÞðD=�Þ ¼ 0:7) and 565 nm (! ¼ 0:92), respectively. D
is the lattice constant. From Fig. 3, we confirmed that the
transmittance dips are related to the WG modes at 750 and
560 nm in the spectrum of the 2D colloidal crystal.

The transmittance of the TiO2 hollow-spherical arrays was
extremely low under 400 nm, because the titanium dioxide ab-
sorbs ultra-violet light (<380 nm) (Fig. 3). Let us discuss the
another dip around 500–650 nm. Miyazaki’s calculation uses
polystyrene particles in air, and so, it cannot be applied to
our titanium hollow-spherical arrays directly. However, the
hollow-spherical array also had a periodic structure in the
optical wavelength scale; thus, it should have the same optical
phenomena with the 2D colloidal crystals. Generally, the WG
mode is caused by a confined photon in a sphere, which is
composed of a higher-refractive index material than the one
of the ambient. Thus, normal inverse-opals, which has a lower
refractive index than the ambient ones, do not have the WG
modes. However, in our hollow spherical arrays, the titanium
oxide ‘‘shell’’ might be able to confine a photon as a leaky
WG modes in the sphere (as Fig. 2). Tentatively, we applied
Miyazaki’s calculation to the shrinked diameter, 0.51mm.

If our hollow-spherical array had the leaky WG modes, the
modes would be observed around at �630 nm (! ¼ 0:7) and
�400 nm (! ¼ 0:92). There is a possibillity that the leaky

WG mode was included on the broad dip in the range of
500–650 nm. Apart from these leaky WG modes, it was calcu-
lated that the near-field resonance between particles should be
observed at 512 and 501 nm for 0.51mm 2D array.15 There is
also a possibillity that the near-field resonance mode was in-
cluded in the broad dip between 500 and 650 nm in the trans-
mittance spectrum. The authors think that the smooth surface
of our hollow-spherical array might cause those evanescent
resonance modes.

Summary

We have reported a simple and rapid preparation method of
smooth hollow-spherical arrays which can bring the evanes-
cent wave resonance. The titanium-coating procedure took less
than 3min, and the surface roughness was less than 2 nm. The
rate of temperature increase was important. This hollow-spher-
ical array was composed of anatase-type TiO2 crystals, which
are attractive as a photocatalyst. The investigation to find the
suitable conditions for the multilayers of colloidal crystals
should be continued.

The authors thanks to Ms. H. Takemoto, Ms. Kaoru Ito, and
Ms. Sayori Yagi for their valuable helps. This work is support-
ed by the Ministry of Education, Culture, Sports, Science and
Technology (417).

Supporting Information

SEM and optical images. This material is available free of
charge on the web at: http://www.csj.jp/journals/bcsj/.
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Fig. 3. Transmission Spectra of 600 nm particle colloidal
crystal (gray line) and hollow-sphere array (black line).

1228 S. Matsushita et al. Bull. Chem. Soc. Jpn. Vol. 80, No. 6 (2007)


