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This paper demonstrates room temperature chemical vapor deposition (RTCVD) for fabricating titania inverse 
opals. The colloidal crystals of monodisperse polymer latex spheres were used as a sacrificial template. Titania was 
deposited into the interstices between the colloidal spheres by altermate exposures to water and titanium 
tetrachloride (TiCl4)vapors. The deposition was achieved under atmospheric pressure and at room temperature. 
Titania inverse opals were obtained by burning out the colloidal template at high temperatures. The filling fraction 
of titania was controlled by the number of deposition of TiCl4 vapor. The morphology of inverse opals of titania were 
investigated. The optical reflection spectra revealed a photonic band gap and was used to estimate the refractive 
index of titania.
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Introduction

Three-dimensional (3D) ordered porous structures have 
been used in a wide range of applications from optoelectronics 
to photoelectrochemistry. Specifically, 3D titania structures 
have attracted particular interest due to their unique optical 
and physicochemical properties. These properties are attractive 
for many applications, including visible photonic crystals,1,2 
chemical and biological sensors,3 tunable superhydrophobic 
surfaces4 and photochemical electrodes in solar cells.5-8

In general, the formation of 3D titania structures has been 
achieved by sacrificial templating method. In this method, 
preformed structures are used as a template for precursor 
deposition, which is followed by the removal of the template 
to reveal a 3D titania structure. The various approaches used 
to fabricate 3D templates include colloidal assembly, direct- 
writing,9 layer-by-layer photolithography,10 and multi-beam 
interference lithography.11 Among these, the self-assembly of 
colloidal particles is a novel and cost-effective approach. 
Additionally, colloidal self-assembly is attractive in that the 
lattice constants and pore size of the colloidal crystals can be 
easily controlled by changing the particle size.12,13 Meanwhile, 
deposition into 3D templates has been achieved by various 
methods, including infiltration of a precursor solution1,14-17 or 
dispersion of nanoparticles,12,18 liquid-phase deposition in a 
supersaturated precursor solution,19 and chemical vapor deposi- 
tion.20

In this paper, we present a simple titania vapor-deposition 
method, performed under atmospheric pressure and at room 
temperature, to fabricate inverse titania opals. Vapor-phase 
deposition has several advantages over deposition by liquid­
phase precursors. Specifically, it gives a more uniform and 
controlled infiltration over a large area in relatively short times. 
Recently, King and coworkers demonstrated atomic layer 
deposition (ALD) of titania using a vapor-phase titania pre­

cursor.20 They performed a precise deposition (less than 1 nm 
thickness resolution) onto colloidal silica crystals at around 
100 oC. Compared to this result, the deposition conditions used 
in the present study allow the use of polymeric opal templates. 
Therefore, control of the morphology of the inverse structures 
can be further achieved by annealing21 or etching of the poly­
meric opal templates,22 and allows fine tune of photonic band­
gap properties.

In this study, the morphology of the resulting inverse titania 
opals was characterized by scanning electron microscopy 
(SEM). The filling fraction and the crystalline phase of titania 
were measured by thermal gravitational analysis (TGA) and 
X-ray diffraction (XRD), respectively. The optical reflection 
was used to locate a photonic bandgap of the inverse titania 
opals and estimate the refractive index of the titania.

Experimental Section

Materi지s. Monodisperse polystyrene (PS) latex particles 
were synthesized by emulsifier-free emulsion polymerization 
using styrene (Showa, 98%) as the monomer, potassium per­
sulfate (Aldrich) as the initiator, potassium bicarbonate (Sigma) 
as the buffer and sodium styrene sulfonate (Aldrich) as the 
comonomer. The diameter of the PS spheres was 260 nm 士 3 
nm, measured from SEM images. Micrometer-sized PS spheres 
(1 卩m in diameter) were purchased from Interfacial Dynamics. 
These particles have sulfonate groups on the surface for electro­
static stabilization in aqueous colloids. In the later stage of 
colloidal templating, the sulfonate groups produce a strong 
adhesion between the latex surface and the infiltrated titania 
as a result of electrostatic attraction.23

Fabrication of colloidal crystal film. The PS colloidal spheres 
of 260 nm diameter were dip-coated on a fused glass substrate 
or silicon wafer. To obtain a clean hydrophilic substrate, the 
substrate was washed with an organic solvent and treated with 
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oxygen plasma. In the dip-coating, the substrate was placed 
vertically into about 5 wt% colloidal suspension and lifted at 
a speed of 0.5 卩m/s. For the colloidal crystals of the micrometer­
sized PS particles, we used an alternative to dip-coating due to 
the fast sedimentation of particles. The colloidal crystal films 
were assembled by using capillary-induced injection of the PS 
colloid into a narrow region between two glass substrates, 
which were spaced with a pre-patterned photoresist. The 
thickness of the prepared colloidal crystal films was in the 
range of around 15 pm.

Fabrication of titania inverse opals. The deposition of titania 
was achieved in a batch reactor under atmospheric pressure 
and at room temperature. Titanium tetrachloride (TiCl% Aldrich) 
was used as the titania precursor.24,25 (Caution: titanium tetra­
chloride is a very corrosive liquid. When in contact with the 
moisture in the air, it reacts to give off hydrogen chloride fumes, 
which are very toxic. Use it only with adequate ventilation and 
wear protective clothing and safety goggles.) The colloidal 
crystal film was exposed alternately to water vapor for 30 min 
and subsequently to TiCl4 vapor for 10 min. The concentration 
of TiCl4 was about 0.03 vol% in moisture-free argon gas and 
water vapor in 60% relative humidity. The sacrificial PS 
colloidal crystal templates were removed by calcinations at 
500 oC at 2 oC/min for 3 h in air.

Chaiacteiization. Thermal gravitational analysis (TGA, TA 
instrument TGA-Q500) was used to confirm the formation of 
titania inverse opals during the calcination and estimate the 
filling ratio of titania. For the images of the prepared colloidal 
crystals and their inverted structures, we used a scanning 
electron microscope (SEM, Philips XL30). Before the SEM 
imaging, all samples were coated with Au to make them con­
ductive. The SEM images were also used to estimate the size 
distributions of the PS particles and their inverted pores by 
averaging 100 - 200 particles and pores, respectively. The 
optical reflection was measured with a UV-Vis spectrophoto­
meter. The crystalline phase was examined with a powder 
X-ray diffractometer with Cu Ka radiation (XRD, Rigaku 
D/MAX-RC).

Results and Discussion

The PS particles were self-assembled into a face-centered 
cubic lattice with the (111) planes facing toward the substrate 
(Figure 1a). The dried colloidal crystal film was exposed to 
water vapor and precursor vapor in sequence. The TiCl4 vapor 
then reacted on the moistened particle surface of the colloidal 
crystal, producing titania via the sol-gel synthetic route. The 
TiCl4 was then hydrolyzed by nucleophilic attack of water 
molecules on the particle surface, and the hydrolyzed precur­
sor was transformed into titania via polycondensation. After 
titania deposition, the composite colloidal crystal film was 
calcined at 500 oC to obtain inverse titania opals. Figures 1b 
shows representative a SEM image of the inverse titania opals 
produced from the colloidal crystals of 260 nm PS spheres. 
The linear volume shrinkage was measured to be about 20%, 

15.17.26.27which is similar to previous results. , , ,
Figure 2 compares SEM images of inverse titania opals 

templated from 260 nm and 1 pm PS spheres. The magnified

Figure 1. SEM images of (a) PS colloidal crystals and (b) titania 
inverse opals.

Figure 2. SEM images of titania inverse opals prepared from the 
colloidal crystal template of 260 nm PS spheres with (a,b) single and 
(c)double deposition of TiCl4 vapor. (d) SEM images of titania 
inverse opal produced from the colloidal crystal template of 1 pm PS 
spheres with single deposition. The dotted circles indicate (a,c) 
rod-like shell and (d) conformally coated shell.

images of top-view and internal structures reveal that the 
titania layer coated on the 260 nm particles shrank into a 
rod-like morphology (Figures 2a and 2b), while the coated 
layer formed a shell in the case of 1 pm particles (Figure 2d). 
It has been found previously that inverted opals can exist as 
several different structures, including completely filled opals, 
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opal shells with air core, and skeletal opal structures with 
rod-like shells, depending on the mechanical stability of the 
coated materials and the interfacial energy between the tem­
plate and the coating materials.28,29 Moreover, the morphology 
of the shell has the effect on photonic bandgap properties. It 
has been shown that inverse opals with a dielectric shell 
possess larger photonic bandgap width than completely filled 
structures, and skeletal inverse opals have multiple photonic 
bandgaps.14,30

In the case of the present study, the difference in mor­
phology can be attributed to a partially condensed titania matrix 
and the surface tension on the matrix by the interstitial space. 
Since the deposition occurs at room temperature, the resulting 
titania contains an aqueous moiety and uncondensed hydroxyl 
groups, leaving gel-like shells. This was confirmed by TGA in 
which a 〜10% weight loss was observed at 100 oC, due to the 
esorption of the aqueous moieties and dehydration of the 
titania matrix. Therefore, the shell might be soft enough to be 
deformable. Meanwhile, for colloidal crystals of smaller spheres, 
a higher surface tension can be exerted on the gel-like coated 
layer due to higher curvature. Therefore, during heat treatment 
of the colloidal crystal of the 260 nm PS spheres, reformation 
of the shells into a rod-like morphology is likely to occur.

We controlled the film thickness by the number of TiCl4 

and water vapor depositions. A single deposition consists of 
two exposures of both water vapor and precursor vapor. With 
the colloidal crystals of 260 nm PS spheres, the coated titania 
layer had a thickness (diameter of cylindrical wall) of about 
60 nm after the first deposition (Figures 2a, 2b). One additional 
deposition increased the thickness to 80 nm (Figure 2c); 
however, after this deposition, the samples were almost com­
pletely covered with the film and no subsequent increases in 
the film thickness were measured. The average growth rate 
was about 30 nm per deposition. More precise deposition 
might be achieved by decreasing the exposure time and the 
concentration of the precursor vapor. Meanwhile, inverse
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Figure 3. Optical reflection spectra of colloidal crystals and their 
replicas of titania inverse opal. The peaks and optical images at 
wavelengths of around (b) 430 nm and (a) 630 nm were measured 
from the colloidal crystals of 260 nm PS spheres and their titania 
inverse opals, respectively. The optical microscope images were 
viewed around 3 mm2.

titania opals with 70 nm thickness were produced from the 
colloidal crystal template of 1 gm PS spheres after the second 
deposition, as shown in Figure 2d.

The optical reflection images and optical reflection spectra 
of the colloidal crystals and their inverse replicas were also 
measured, as shown in Figure 3. The inset figures (a and b) 
show the colors reflected by the PS colloidal crystals and their 
titania replicas. Our colloidal crystals and titania inverse opals 
exhibit a bright iridescence in reflected light due to the optical 
diffraction by the crystal multilayer. Because the (111) plane 
of colloidal crystal is parallel to the substrate, the reflection 
spectra at normal incidence represents the stop band in the r- 
L direction in the Brillouin zone.31 The peaks appear at around 
620 nm for the colloidal crystals and at 430 nm for the titania 
inverse opals. This shift is because the size of air spheres was 
shrunk relative to the size of the original PS spheres during 
heat treatment and the volume fraction of the air cavity was 
increased in the inverted structure, resulting in lowering the 
average refractive index. The refractive index of titania can be 
estimated from Bragg’s diffraction law using the reflection 
peak wavelength (430 nm), the interplanar spacing (175 nm 
measured from SEM image), and the filling ratio of titania.18,27 
The filling fraction of titania is around 8% to 10% as estima-
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Figure 4. The reflection peaks measured at different angles corre­
spond to the dots within the photonic band diagram.
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ted from the TGA data with densities of 3.84 g cm-3 for anatase 
titania and 1.05 g cm-3 for PS spheres. Therefore, by use of 
Bragg’s law, the refractive index of titania was estimated to be 
2.6 士 0.1, which confirms the anatase phase from XRD 
measurement. (see Supplementary Information, Figure S1).

Moreover, the spectra were measured in different directions. 
When the crystal film was rotated around its vertical axis 
parallel to the sample growth direction, the diffraction plane 
moved from the L point toward the U point in the Brillouin 
zone.31 We measured the an이e-resolved specular measure­
ments with the internal angle of an incident beam varied 
between of 0o and 18o. As the incident beam was tilted, the 
reflection peak position shifted from 630 nm to 580 nm for the 
PS colloidal crystals and from 435 nm to 417 nm for the titania 
inverse opals. In Figure 4, the experimental data are super­
imposed on the photonic band diagram. We found that the 
pseudogap toward the U point is wider and more flat in the 
case of titania inverse opals and the reflection peaks are located 
within the four lowest-energy band frequencies.

Summary

We fabricated inverse titania opals via chemical vapor deposi­
tion into a polymeric colloidal crystal template. The chemical 
vapor deposition was achieved at atmospheric pressure and 
room temperature and produced a uniform and controlled 
coating of titania over a large area. The thickness of the coated 
layer increased with the number of titania precursor (TiCl4) 
exposures. Moreover, we found that the moieties remaining 
after low temperature deposition produce a soft shell on the 
templates that can reform into a rod-like morphology during 
heat treatment, due to the surface tension. The titania inverse 
opals have a filling fraction of 8 - 10% and exhibit an anatase 
phase without the loss of ordered macropore arrangement with 
a refractive index of 2.6 士 0.1. The an이e-resolved reflection 
exhibits a photonic band structure in different crystal orienta­
tions. Our.
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