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The self-organization of microspheres is one of the simplest methods for fabricating
three-dimensional(3D) photonic crystals(PhCsg, but the 3D structure of such organized
microspheres, colloidal crystals, is difficult to control. In this letter, we report a method for forming
face-centered-cubic colloidal crystals into a pyramidal shape on an anisotropically etched silicon
(100 and(110 substrate. The colloidal crystals were lifted from the substrate for observation after
thermal bonding. Free-standing colloidal crystals with a well-defined “micropyramid” shape were
obtained. This type of PhC formation is suitable for batch production as well as for handling a single
pyramid. © 2003 American Institute of Physic§DOI: 10.1063/1.1583138

Since their proposal in late 19808 photonic crystals plate should be fabricated for each microsphere.
(PhCg have been attracting interest from both basic and ap- An alternative, simple, and diameter-independent
plication points of view'* One of the characteristic proper- method for defining a crystal structure uniquely involves the
ties of PhCs is the presence of a photonic band(B&%); at  use of V-shaped grooves or pits having a specific angle, as
the PBG wavelength, propagation of photons is inhibited in-shown in Fig. 1. With an adequate angle of “V,” micro-
side the PhC structure. Using this property, control over thespheres adopt a regular organization due to the confinement
radiative property of matteffor example, the lifetime of by sidewalls. Anisotropically wet etched grooves and pits on
spontaneous emissiprould be enabled® The applications  silicon (100) substrates have been used for this purpBsk
of PhCs include microwaveguides and low-threshold lasersbecause this technique makes pits/grooves at exactly the re-

The fabrication of three-dimension@D) PhCs is one of quired angles, while it is a simple and inexpensive technique.
the most important and difficult tasks in this field. Many Sedimentation on such pits/grooves results in a fcc colloidal
methods of fabricating PhCs have been proposed and pegrystal as shown in Fig.(&), and the top surface is tetrago-
formed. Among them, the self-organization of uniform diam-nal, that is,(100) surface of fcc.
eter microspheres is one of the simpler and less expensive In the present letter, we report the growth of colloidal
methods for the fabrication of 3D PhC£hCs made by this crystals by this technique. In addition, we describe the lift off
method are called “colloidal crystals” or “artificial opals.”  of the grown colloidal crystals, and the observation of crystal

By gravitational sedimentation of microspheres with uni-surfaces. Thermal bonding of the microspheres was carried
form diameters on a flat substrate, the bottom layer of a @) (b)
colloidal crystal tends to form a hexagonal lattice. Since N
there are two possible sedimentation geometries on a hex- =

agonal lattice, the 3D crystal structure may become face cen- I g \\ ,’\\
tered cubidfcc) or hexagonal close packed, or a mixture of ‘0P ansh ’\\ \ /
both. One method for the intentional control of the 3D col- \ / />' <
loidal crystal structure involves the use of a microfabricated / \ \ /
templaté®® The template let the bottom layer of micro- \ Y, ,>' <\
spheres into a tetragonal lattice. On a tetragonal lattice, the /N K\ \ /
sedimentation geometry of microspheres is uniquely defined, \ / />“ =<
so that a 3D crystal structure is defined as fcc. This tech- \\ / -/

nique, called “colloidal epitaxy,” is a straightforward
method for fcc crystallization. However, the fabrication of 4e
templates is an expensive process requiring large-scale Ve aagh /

. .. . . - \
equipment. In addition, since the period of the microtemplate \ AW
should be equal to the diameter of the microspheres, a tem-
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out for the lift off. In addition to the pits anisotropically
etched on a Si100 substrate, we also report the use of
grooves anisotropically etched on a &0 substrate. The
scheme is shown in Fig.(). In this case, the top surface of
the colloidal crystal is a rectangular lattice with a ratio of
1:v2, which is a(110 plane of a fcc crystal. To distinguish
the two types of sedimentation, hereafter, the first fypea

Si (100 substrate, the top layer is tH&00) plane of fcc (d
crystal is referred to as the A type, and the second [@mmea

Si (110 substrate, the top layer is tH&10 plane of fcc
crystal is referred to as the B type.

For our experiments, Si substrates witli180) or (110
surface(Sumitomo Mitsubishi Silicon Co.were used, and
they were cut into about 2010 mnT pieces. The anisotropic
etching of silicon substrates was performed in 33% KOH
solution.

Polystyrene microspheres of a diameter of 1.038
(Sekisui Chem. Co.were used for most of the experiments;
in addition, microspheres of several other diameters were §
also used to prove the diameter-independent character of the |
present method. A microsphere suspension with a volume §
fraction of about 0.1%-1% were dropped onto the pits/ °
grooves. After slow evaporation of water in wet conditidfs,
organized structures of microspheres were obtained.

Since the surface of the silicon crystal is naturally cov-
ered with a hydrophilic oxide layer, the adhesion of micro-
spheres to the sidewalls occurred when the suspension wa
dropped into the pits/grooves. Such adhesion disturbed the
regular organization of the microspheres. Hence, for surface |,
modification, silicon substrates were immersed in a 2%
d|chlorod|rr_1ethyIS|Iane ethanol .solutlon pefore use, so th.aleG_ 2. SEM images of top layers of organized microsphei@s:(e) mi-
hydrophobic surfacea was obtained. In this way, the adhesiogiospheres organized in V pits etched or(Bl0) substrates(a)—(d) micro-
was greatly suppressed and the microspheres were packsgheres with a diameter of 1.038n; (a) 1x 1, (b) 2x 2, (c) 3% 3, and(d)
regularly from the bottom to the top. more than 1% 15 microspheres with a diameter of 1.0@81 organized into

a tetragonal lattice(e) Microspheres with a diameter of 320 nif) 1.038
m microspheres organized in a VV groove etched ofil$0) substrates.

(a

Figure 2 shows scanning electron microscGpEM) im-
ages of microspheres organized in the V pits/grooves on §T
substrates. Figures(@-2(c) show the growth of colloidal
crystal in the V pit on a S{100) substrate. Only one micro- and kept at a certain temperature for 3 min and cooled natu-
sphere is found on the first bottom layer; on the second antglly. To determine an optimum temperature for obtaining
third layers 2< 2 and 3x 3 microspheres are arranged into a sufficient bonding strength without disordering the colloidal
tetragonal lattice, respectively. Figuréd® shows the top cCrystal structure, transmission spectra were measured after
layer of large-scale crystal, where more tharkl% micro-  thermal treatment and mechanical perturbation. The me-
spheres form a tetragonal lattice. These images prove that tigé@anical perturbation was performed by dropping a small
A-type sedimentation has occurred in the V pit as expectecamount of methanol onto the colloidal crystal. Colloidal
In the manner of these 1.038n microspheres, microspheres crystals of 220 nm microspheres grown in transparent glass
of 320 nm[Fig. 2(e)] and 220 nm(not shown diameters cells were used for this experiment, which has been previ-
were also regularly ordered in the V pits. This result confirmsously proven to show a deep PBG at 500 HrAs seen in
the diameter-independent character of the present method.Fig. 3, the colloidal crystal bonded at 90 °C shows the most

B-type sedimentation in the V grooves on a (&0 significant PBG effect at 500 nm after perturbation. Hence,
substrate was also observed. Figu(® 8hows a B-type ar- thermal bonding was carried out at 90 °C, and the colloidal
rangement of microspheres. As seen, the microspheres ageystals were then lifted off using adhesive tape.

arranged into a ¥2 rectangular form. In this case, however, Free-standing colloidal crystals lifted off from V pits/
the fabrication of a large-scale colloidal crystal was not aggrooves were observed by SEM. Figur@4shows a colloi-
easily performed as that of the A type. dal crystal of 1.038um microspheres grown in a V pit of

For the observation of the pyramidal shape of colloidalabout a 15um side length. A well-ordered “micropyramid”
crystals, the microspheres should be lifted off from the Vstructure is clearly seen. The structure has a sharp apex,
pits/grooves. However, the bonding between microspheres iharp edge lines, and flat surfaces similar to the “cleaved”
too weak to maintain its crystalline structure through thesurfaces of atomic crystals. The surfaces of the “pyramid” is
lift-off process. To avoid this problem, the organized poly-formed of hexagonal lattice of microspheres. The top view
styrene microspheres were thermally bonded, that is, heatd&ig. 4(b)] also indicates a well-ordered organization of mi-
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100 rrrrfrrrrrrrr T a well-defined edge line, which corresponds to the bottom
[ ] line of the groove, is evident.

80 £ While the fabrication of V pits/grooves was carried out
R through a simple conventional method of wet etching, the
S I present method has several advantages for the fcc crystalli-
g 60 zation of microspheres. The pits/grooves are independent of
& the diameter of microspheres; this is a significant difference
x . . . .

T 40 ] compared to the microfabricated template. In addition, since
g . these colloidal crystals are fabricated on silicon substrates,
£ ] they are applicable for silicon-based optoelectronic

20 . devices'® The orientation of the colloidal crystal is predeter-

. mined by the crystallinity of the substrates.
FITTE NP =~ AP TP T B Unique characteristics and applications might be found
400 450 500 550 600 650 700 on these free-standing colloidal crystals due to the well-

wavelength (nm) defined micropyramidal shape. For example, the optical reso-

FIG. 3. Transmission spectra of colloidal crystals of 220 nm polystyreneN@nce inSid? a colloidal pyramiq is eXp_eCted to show com-
microspheres after thermal bonding and intentional perturbdtioopping  plex behavior due to the microcavity effect of each

small amount of methanplThe temperatures indicated in the figure (80 °C, microsphere and the pyramidal shape effect of the whole
90 °C, and 100 °C) show the temperature of thermal bonding. The trac%OIIOidaI crystal

indicated as “without” shows the spectrum of colloidal crystal without ther- A .
mal bonding(only perturbation was performgd In conclusion, fcc colloidal crystals were grown by the
sedimentation of microspheres in anisotropically etched pits
and grooves on silicon substrates. The colloidal crystals were
crospheres. A colloidal crystal lifted off from a V-shaped Observed by SEM after thermal bonding and after they were
groove etched on a $110 substrate is shown in Figs(c} Iif_ted off from the pit_s/grooves. Sharp apex and edge lines
and 4d) (close-up view. Again, an ordered structure was with cleaved crystalline surfaces were clearly observed. In

) . articular, colloidal crystals grown in V pits of a $100)
observed. While the structure does not have a pyramid ape;:s()ljbstrate looked like a micropyramid, and may find attractive

applications due to this well-defined shape.
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