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Two-dimensional2D) titania arrays with periods of 0.8—2/m were fabricated by polymerization

of a photosensitive titanium-containing monomer film using interference photolithography. The 2D
precursor arrays were prepared by exposing a mixture of methacrylic acid, ethyleneglycol
dimethacrylate, and titanium ethoxide doped with photoinitiator to 355 nm, 15 ns pulses from a
Nd-Yttrium—aluminum—garnet laser and then rinsing with methanol. Pure titania arrays were
obtained from the precursor arrays by subsequent calcination at 575 °C. The structure of the arrays
fabricated by this method was confirmed with optical microscopy and scanning electron microscopy.
© 2001 American Institute of Physic§DOI: 10.1063/1.141541]7

Two- and three-dimension&BD) periodic arrays of di- While progress toward fabricating 3D photonic crystals
electric media with micron to submicron repeat distancedias been rapid, it has also been recognized that two-
have been investigated for fabricating photonic componentdimensional2D) photonic crystals have many attributes that
such as waveguides, filters, and switche4 A high refrac-  make them more suitable for integrated photonic circuit ap-
tive index contrast between neighboring dielectric regions iplications. In particular, the simplicity of the 2D structure
needed to efficiently control the propagation of light in thesepermits straightforward fabrication of photonic crystal
photonic crystal structures. Many techniques have been usadaveguides and microcavity lasér$, and integration with
to fabricate high-contrast periodic dielectric arrays, includingconventional passive and active optical components. These
semiconductor micromachinifig and nanoparticle directed 2D photonic crystals are typically fabricated by defining the
self-assembly*~2° periodic array in a mask using an electron beam and using

The first synthetic 3D photonic crystals were fabricatedthis mask to etch high-aspect ratio features by RIE into an
by applying conventional processes such as photolithograinderlying high dielectric constant semiconductor material.
phy, reactive ion etchin@RIE), wafer bonding, and chemical These steps are involved even though high refractive index
mechanical polishing to high refractive index semiconductomaterial can be precisely obtained. Therefore, it is desirable
materials’'°While these approaches permitted experimentato directly create 2D arrays with high refractive index by
verification of several 3D photonic structures, the sequenceombining the advantages of photopolymerization and pho-
of processing steps used to obtain the structures is quite inelithography: simple fabrication of periodic materials with
volved. Simple methods for fabricating 3D arrays were pro-high refractive index.
posed by Campbell, Marder, and Kawata using direct photo-  In this letter, we report on a simple and economical al-
polymerization. However, the refractive index of theseternative for direct fabrication of 2D dielectric arrays of 3iO
materials is not sufficient to produce crystals with photonichy photopolymerization of a titanium-containing monomer
band gaps!?"? Self-assembly of colloidal crystals is an- film. The process begins by preparing a solution that contains
other approach that has been investigated to prepare 3D pgtanium(IV) ethoxide(TE) (Aldrich), methacrylic acidMA )
riodic structures?~'#2*Using appropriate assembly condi- (Aldrich), ethylene glycol dimethacrylatéEDMA), (Ald-
tions, nanometer-scale monodisperse polymer particles gfch), and 2,2-dimethoxy-2-phenylacetophenofihotoini-
silica spheres spontaneously form well-ordered fcc periodigiator, Aldrich) components. Figure 1 shows the molecular
3D structures. Filling these structures with high refractivestructures of these compounds; the refractive indices of these
index materials such as TiO PbS, CdSe, or SpSand TE, MA, EDMA are, respectively, 1.504, 1.431, and 1.45.
chemically or thermally removing the spheres gives rise toThe TE, MA, and EDMA are mixed together in a molar ratio
an “inverse opal” replica with high contrast between the air of 2:10:5, and then the photoinitiator is added in the amount
spheres and the inorganic mateffit'®?*Among the high-  of 2 wt. % of MA and EDMA. This film is coated on a glass
index inorganic materials used in these structures, i@  substrate by spinning at about 1000 rpm under an argon at-
been most widely investigated because it has a high refragnosphere.
tive index, i.e., 2.4-2.8, is transparent in the visible region, A three-grating interference mask was used to create a
and is easily created from titanium alkoxidés® periodically modulated light intensity pattern that exposes in
a single step the titanium-containing monomer film to create

aAuthor to whom correspondence should be addressed: electronic maitD dielectric colurr_ms_or air voids by phOFC'pO'ymeri_Zation-
ickl@psu.edu The photopolymerization process results in a negative tone
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FIG. 1. Molecular structures of compounds us&:titanium(IV) ethoxide
(TE); (b) methacrylic acid (MA); (c) ethylene glycol dimethacrylate
(EDMA); (d) 2,2-dimethoxy-2-phenylacetophenoriBhotoinitiatoy. TE,
MA, and EDMA were mixed in a molar ratio of 2:10:5 in ethanol, and then
Photoinitiator was added to the mixture in the amount of 2 wt % of MA and
EDMA.

structure, with the titanium-containing polymer remaining in
the regions where the light intensity is high. The interference
mask was prepared by etching 4 mm long, 4 mm wide grat-
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ings with a 4um period into a Cr layer that was deposited
onto an optically flat soda lime mask plate. As shown in Fig

(b) Photopolymerization

FIG. 2. Schematic illustration of the fabrication process for 2D arrégs:
grating photomask; grating period iswn, (b) exposure of the film; the film

FIG. 3. (a) Optical microscope image of the titanium-containing polymer.
‘(b) Optical microscope image of the photoresi&f) Optical microscope
image of the titania 2D array after calcinatioil)—(e) Scanning electron
microscope image of the titania 2D array after calcinatiéhOptical mi-
croscope image of air voids in titania dielectric medium.

2(a), dielectric columns were defined by positioning the
sample where the three first-order diffraction beams from
each of the gratings overlap. According to Berger’s method,
this grating will result in a periodic array of dielectric col-
umns with a repeat distance of 2.6n.2*

The titanium-containing monomer film was photopoly-
merized by exposing it to Nd:yttrium—aluminum—garnet
(YAG) pulsed laselSpectra Physics GCR-13 Nd:YAG, 15
ns pulse durationradiation at 355 nm, 2 mWi/ctfor 7 min
under an argon atmosphere as shown in Fig). Next, the
film was rinsed with methanol for 90 s to remove the unir-
radiated material, and 2D arrays of the patterned titanium-
containing polymer were obtained as shown in Fi¢c).2
Figure 3a) shows an optical-microscope imag@lympus
BX60MF) of the resulting polymer arrays, indicating that the
period of the columns is 1.am.

For comparison purposes, 2D arrays made of a photore-
sist (SU8, MicroChem Corp.were also fabricated by means
of the same optical setUpig. 3(b)]. In this case, a regular
2D structure with a period of 2.am, which is equivalent to
the period of the original light distribution created in the
film, is observed” Therefore, it is reasonable to conclude
that shrinkage occurred in the fabrication process of the
titanium-containing polymer dielectric columns. It is well
known that titanium ethoxide is highly reactive with mois-
ture in air, and that titanium dioxide is the product of the
hydrolysis reactiod®>~?’ This process substantially reduces
the volume and is the most likely cause of the shrinkage
observed here. Imhof and Pine reported that the shrinkage of
titanium gels reaches about 53%in addition, in the prepa-

was located at the position where three beams of the first-order diffractioggtion of 3D mesoporous polymer replicas from silica colloi-

from each of the gratings overlap. The interference of the three beamaal crystals it has been shown that shrinkage of approxi-
causes the hexagonal distribution of light, and give rises to photopolymer- o o . . .
ization there andc) 2D arrays obtained after rinsing the sample with metha- mately 60% in linear dimensions occurs when EDMA is used

nol.

as the monomée? The combination of these two factors can
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e structures can be fabricated by preparing suitable grating
20l —— EDMA masks since the structure created is dependent on the inter-
R T T T MA ference pattern of light on the film. In fact, even with the
—_— TE . .
151 —— Mixture same mask, we have observed that 2D air voids are formed
2 in the regions of the sample where the interference pattern is
< 40l created by zeroth-order and first-order diffractions from the
mask [Fig. 3(f)]. Furthermore, it is possible to fabricate
05t much finer structures by the use of gratings with smaller
- dimension and pitch and the shrinkage inherent in the fabri-
0.0 : : : = : cation process.
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