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Growth of Highly Ordered Colloidal Crystals Using Colloidal crystal film
Self-Assembly at Liquid—Liquid Interfaces
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A photonic crystal (PhC) | type of optical material Fluorinaed solvent
pnotonic crysta ( )IS a hew type of oplical materia Figure 1. Schematic illustration for fabricating highly ordered three-

in which the refractive index changes periodically with gimensional colloidal crystal films on a flat hydrophilic substrate utilizing
periodicities on the order of the wavelength of the light. PhCs floating droplets containing self-assembled colloids formed at ligliggiid

can have interesting optical properties, including the possi- nterfaces.
bility of exhibiting a photonic band gap (PBG) for a certain
range of photon energiés-or the past decade, PhCs have
attracted enormous interest from both fundamental and
practical points of view because they offer unprecedented
opportunities for the miniaturization and integration of optical
devices?® To date, numerous applications have been pro-

forces at the meniscus of a colloidal solution and a substrate
to draw colloids into close-packed arrays, is uséfdf.In
this approach, a substrate is immersed vertically into a
suspension containing monodisperse spheres. As the solvent
evaporates, the surface of the liquid slowly travels down the
srs1ubstrate, coating it with spheres that can assemble into a
techniques such as photolithography, electron-beam lithog- ighly c_rystallme_ a_rrangement. Similar colloidal crystals_ can

. L . be obtained by lifting the substrate out of the suspension at
raphy, self-assembly, multiphoton polymerization, and inter- : . :

a constant speed instead of relying on the evaporation of

i 9
ference lithography- . . the solvent, so-called “dip-coating®. However, to obtain
Self-assembly of colloidal crystals offers a simple and | . L s .
. . : . high-quality films, the lifting speed must be slow, which
inexpensive route to three-dimensional (3D) PRATY AT . )
leads to long crystallization times. In addition, precise control

However, they typically contalp a high Qensny of defects of both temperature and humidity is required in the convec-
such as stacking faults, vacancies, and dislocations. Crystal-

. L ; .~ tive assembly. In this communication, we report a novel
line quality is among the most important parameters in o . .

L . . . approach to achieving a highly ordered colloidal crystal.
determining the performance of colloidal crystals in optical . . o .
applications. Until now, therefore, much effort has been made OUr @pproach is shown schematically in Figure 1. First,
to improve the quality of the crystals using convenient droplets of an aqueous suspension containing monodisperse

methods. Convective assembly, which uses the capillary "€gatively charged polystyrene (PS) microspheres are de-
posited on the surface of a fluorinated solvent (hydrochloro-
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Figure 2. Photograph of our dip-coating method utilizing floating droplets
containing polystyrene microspheres (466 nm in diameter) on fluorinated
solvent. The droplets move readily to the surface of an immersed hydrophilic
glass substrate and coalesce at the surface.

Figure 3. SEM images of colloidal crystal films on flat glass utilizing
floating droplets containing polystyrene microspheres (466 nm in diameter)
on fluorinated solvent: (a) low-magnification surface image, (b) high-

Communications

80
60

40

Reflectance/%

0

0

500

400 600 700 800 900 1000 1100

Wavelength/nm

Figure 4. SEM images and optical reflection spectra of colloidal crystal
films on flat glass grown by (a) a conventional dip-coating method and (b)
our novel method at a lifting speed of Oudn/s, with assembly from
polystyrene microspheres with a diameter of 466 nm.

ordered structures. The thickness of the film can be controlled
by simply changing the concentration of suspension. How-
ever, this method does not work for silica particles because
the density of silica is larger than that of water, so the silica
particles sediment during the deposition. If a fluorinated

magnification surface image, and (c) cross-sectional image. The thicknesssolvent with high vapor pressure (volatile solvent) is used,

of the layers is~10 um.

mobile and rapidly achieve an equilibrium assembly. That
is, liquid—liquid interfaces are considered to be a very useful
field for the self-assembly of colloidal particles. Subse-
quently, the floating droplet within which the colloidal

particles may be well-ordered is transferred from the solvent

surface onto a hydrophilic flat substrate using a dip-coating
technique® The floating droplet will move readily to the
surface of an immersed hydrophilic substrate. During the

deposition, the particles can be rearranged by the capillary

forces at the meniscus of the colloidal solution and the
substrate, leading to a more well-ordered structure.
In the present work, glass was used as a hydrophilic

substrate. Figure 2 shows a photograph of our dip-coating

method utilizing floating droplets containing polystyrene

microspheres (466 nm in diameter). The floating droplets
move immediately to the glass substrate and coalesce at th
surface, as shown in Figure 2. The water of the droplets di
not completely evaporate during the deposition. Figure 3
shows SEM images of the colloidal crystal film on flat glass

substrates fabricated by the method described above. Highly

ordered three-dimensional colloidal crystal arrays with a
thickness o~10 um are clearly observed over a large area.
The crystalline quality is apparently better than that of the
colloidal crystal film prepared by a conventional dip-coating
method at a lifting speed of 02an/s, as shown in Figure 4.

By optimizing the droplet densities, we may obtain more

(25) Adachi, H.; Watanabe, T.; Yoshimura, M.; Mori, Y.; SasakiJpn.
J. Appl. Phys2002 41, L726.

the preparation time of the samples could be shorter than
that of the conventional dip-coating method because the
surface of the liquid travels down the substrate faster because
of the rapid evaporation of the solvent (The colloidal crystal
shown in Figure 3 was fabricated using a volatile fluorinated
solvent, AK-225% from Asahi Glass Co., Ltd.). Figure 4
shows SEM images and the optical reflection spectra of a
colloidal crystal film prepared by the conventional dip-
coating method and our novel method. A well-ordered
structure is clearly observed for our sample. In addition, a
strong reflection peak is clearly observed for both samples,
but the peak height is greater for our sample than for the
film fabricated by conventional dip coating, although the film
thickness is almost the same, indicating that our colloidal
crystal film more ordered. The reason why the reflectance
of the samples is much less than 100% may be attributed to

éjefects and drying cracks of the colloidal crystdl¥ Here,
d it is also found that the stop band is slightly blue-shifted

from a peak position estimated from the Bragg equaltfon.
Further investigation is necessary to clarify this.
Furthermore, this method can be applied for coating both
sides of a substrate with different colloids with a single step,
which cannot be achieved by the conventional dip-coating
method. Placing droplets of PS spheres with a different
refractive index or size on each side of the substrate leads
to both sides being simultaneously coated by different

(26) http://www.agc.co.jp/english/chemicals/gas/e_solvents/e_225_2.html

(27) Vlasov, Y. A.; Deutsch, M; Norris, D. Appl. Phys. Lett200Q 76,
1627.

(28) Lee, Y. J.; Pruzinsky, S. A; Braun, P. @pt. Lett.2005 30, 153.
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In summary, we have reported a novel approach for
fabricating highly ordered three-dimensional colloidal crys-
tals by transferring the floating droplets within which the
colloidal particles are ordered onto a hydrophilic flat substrate
without the need of special experimental conditions such as
a temperature gradiefit.The ordered colloids are formed
by self-assembly at the liquidiquid interface. This method
is a very effective and convenient approach for fabricating
Colloid A Colloid B highly ordered colloidal crystals quickly using a very small

\ / amount of colloidal suspension. This approach will open new
ways for fabricating materials based on colloidal crystals as
well as applying the colloidal photonic crystals to optical
devices.

- - The glass substrates were cleaned with a 5% HF(aq) solu-
tion. They were then rinsed with deionized water and dried
under a flow of nitrogen gas. After the treatment, the contact
angles of water on the substrates were beléwife hydro-
philic glass substrate was immersed vertically into a fluori-
nated solvent. Afterward, droplet§ a 2 vol % aqueous
suspension containing monodisperse polystyrene (PS) micro-
spheres whose surface is terminated by sulfate and carboxyl-
ate groups were deposited on the surface of the solvent. All
the experiments were carried out with about @0 of
. . . droplets for a 1.5 cmx 2.0 cm size glass substrate (The
400 800 600 700 B0 500 1000 1100 size of each droplet was about 2 mm). PS microspheres with

Wavelengthinm a diameter of approximately 240 and 466 nm (Interfacial
Dynamics Co., Portland, OR) were used. After a few minutes,
the immersed glass substrate was withdrawn at a lifting speed
of 0.2 um/s to lift the floating droplets out of the solvent,
yielding colloidal crystal films. The same procedure was
performed using various solvents. The fluorinated solvents
we used in the present study were AK-225, which is a blend
of CRCFR,CHCLL, and CRCICFRCFHCI (Asahi Glass Co.,
Ltd.; density, 1.6 g/crhat 25°C; surface tension, 16.2 mN/
m; vapor pressure, 37X 10° Pa at 25°C),?and Fluorinert
FC-77, which is a perfluorocarbon (3M; density,1.78 gicm
40 S0 60 70 80 00 1000 1100 at 25°C; surface tensiony13 mN/m; vapor pressure, 5.62

Wavelengthinm x 10° Pa at 25°C).2°
Figure 5. Schematic illustration of both sides coating a hydrophilic flat The surface morphology of the films was examined using

substrate with different colloids( refractive indexgd,, diameter of micro- SEM (Hitachi S-4700 field-emission Scanning microscope)
sphere). The optical reflection spectra of a glass coated with different sizes '

of polystyrene microspheres (diameters of 240 and 466 nm). Vis—near-IR spectroscopy was carried out using a micro-
spectrometer consisting of a reflecting-light microscope
. . . . Zeiss Axiovert 1 with ligh I linear
colloidal crystal films. The fluorinated solvents are suitable (Zeiss Axiove t 135) with light output coupled to a linea
photodiode array spectrometer (Control Development, Inc.,

for this purpose because it is easier to separate floating . . ) e
droplets onto both sides than other solvents because of itsSOUth Bend, IN) via an optical fiber. A £00.25NA objec

. ; . . _“tive was used in combination with a 1@@n pinhole placed
lower surface tension. Figure 5 shows a schematic illustration . . . , S .
of this process and the optical reflection spectra of the sampledlreCtIy In front of the optical fiber, resulting in a nominal
with 240 and 466 nm PS colloidal crystal films on either spot size of 1um. All spectra were referenced to a silvered

side of the glass substrate. When the light comes from themlrror.

240 nm PS side, two reflection peaks are clearly observed. Acknowledgment. We thank Prof. Paul Braun for helpful

In contrast, when the light comes from the 466 nm PS side, discussions. We are grateful to Frederic Seitz Material Research
one peak is observed. This is because the shorter wavelengthaboratory of University of lllinois at Urbana-Champaign for
light is scattered more strongly by 466 nm PS colloidal the use of their facilities (SEM Hitachi S-4700).

crystals than by the smaller-sized ones. This observation ;0615525

suggests that the 240 nm reflection peak can be switched by
simply rotating the substrate. (29) http://www.parallax-tech.com/images/physical.pdf
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