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Photonic crystals based on titania with interconnected spherical voids were synthesised by replicating polystyrene microsphere

templates to study their structural and optical properties.

Photonic crystals (PCs) are of considerable interest due to
unique possibilities that they offer in having control over
photons.! PCs are predicted to exhibit a photonic band gap
(PBG), for which light within a certain frequency range cannot
propagate in any direction (full PBG) or some directions (stop-
band) inside the crystals, causing the unique properties of PCs,
such as the localization of light and the control of spontaneous
emission. Many applications of PCs have been proposed, ranging
from low-threshold lasers and high-efficient light emitting
diodes to perfect dielectric mirrors and planar waveguides.?

From the standpoint of materials science, PCs are dielectric
composites with a highly periodic structure, in which the
refractive index varies on the scale of visible light wavelength.
The key to making PCs is the requirement to synthesise an
ordered dielectric lattice of materials with a high refractive
index contrast n,/n;, where n, and n; refer to the high and low
refractive indices in the structure.! For this reason, PCs made of
ordered spherical voids in titania are of great interest since TiO,
possesses both a high refractive index (~2.5-2.9, depending on
the crystalline phase?) and low absorption in the visible region.
Moreover, according to theoretical calculations for PCs consisted
of close-packed air spheres in a high dielectric material, full
PBG should appear at a refractive index contrast, which is
very close to that in titania PCs.* Even though the full PBG
was not experimentally demonstrated for titania PCs, their
optical properties were successfully used, for instance, for con-
trolling the dynamics of spontaneous emission from quantum
dots® and increasing the conversation efficiency of photoelec-
trochemical cells.

Apart from several promising techniques, such as co-sedi-
mentation of latex microspheres and ultrafine titania colloidal
particles,” atomic layer deposition® and X-ray lithography,’
a sol-gel method is usually considered as the simplest route
towards titania PCs.%19-18 In this method, a colloidal crystal
composed of silica or latex monodisperse microspheres is
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Figure 1 Schematic diagram for fabricating titania PCs. See the text for
details.

used as a template; interstitial voids between the spheres are
infiltrated with alkoxide precursors of TiO,''-16 or a titania
sol;1718 after gelation, the initial spheres are selectively removed
by an appropriate method. Here we report the preparation and
optical study of PC films based on titania; angular transmission
measurements allowed the estimation of the effective refractive
index of PCs and the refractive index of a titania framework.

Titania PCs were prepared using a templating technique
similar to that described previously!® for the synthesis of
PCs made of ordered spherical voids in silica (Figure 1). For
template preparation, monodisperse polystyrene microspheres
with an average diameter of 440 nm and relative standard
deviation less than 5% were synthesised by the emulsifier-free
emulsion polymerization of styrene using potassium persulfate
as an initiator.2? Colloids were centrifuged and re-dispersed
in distilled water by ultrasonication. Colloidal crystal films
made of polystyrene microspheres were prepared by the
vertical deposition method.?! Glass microslides were thoroughly
cleaned and immersed in a ~1vol% aqueous suspension of
microspheres; the temperature of film growth was 45 °C [Figure
1(a)]. The samples were left undisturbed until the growth of
films was completed. Finally, colloidal crystal films were
annealed at 110 °C for 10 min to improve their mechanical
stability. A scanning electron microscopy (SEM) image (LEO
Supra VP 50 instru-ment) of the film reveals the close-packed
arrangement of polystyrene colloids (Figure 2).

The reaction mixture for infiltrating colloidal crystals was
prepared by diluting reagent-grade titanium(IV) butoxide (TBT)
with absolute ethanol in a ratio from 1:10 to 1:2. Colloidal
crystal films were vertically dipped into the reaction mixture so
that the lower edge of the film was 1 or 2 mm beneath the
surface of the liquid. Driven by capillary forces, the liquid filled
the interstitial space of the film. When using a viscous reaction
mixture with a high TBT content, the films were covered with

Figure 2 SEM image of a colloidal crystal film made of 410 nm poly-
styrene microspheres.
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Figure 3 XRD patterns for titania synthesised by the hydrolysis of TBT

and annealed at 400, 600 and 800 °C for 1 h. Squares and circles indicate
anatase and rutile peaks, respectively.

glass microslides to facilitate the lift of the liquid [Figure 1(b)].
After that, the samples were dried in air for 24 h (the auxiliary
microslide was carefully removed, if used), resulting in the
hydrolysis of TBT by air moisture. Up to five infiltration—
drying cycles were used to incorporate more material into the
template voids.

In order to determine the optimal temperature for the heat
treatment of the samples, a preliminary experiment on the
annealing of hydrolysed TBT was performed. TBT was mixed
with an excess of distilled water; the hydrated titania sol was
paper-filtered and dried in air. Specimens of about 0.5 g were
annealed in the temperature range 400-800 °C with a 100 °C
step for 1 h. The phase composition was studied by X-ray
powder diffraction (XRD) using a DRON-3M diffractometer
with filtered CuKa radiation. Selected XRD spectra for titania
annealed at 400, 600 and 800 °C are shown in Figure 3. The
XRD spectrum of a sample annealed at 400 °C can be attributed
to crystalline anatase, which persists at 500 °C. A polymorphic
transformation from anatase to rutile is observable at 600 °C,
since the corresponding XRD spectrum represents the peaks of
both phases, and completed at 800 °C.

Based on these results, we heated the titania—polystyrene
composite up to 500 °C at a rate of 1 Kmin~! and annealed it
for 1h to remove the polystyrene template and thus obtain a
porous anatase framework (Figure 1). Even though the refractive
index of rutile is higher than that of anatase, we used the
temperature of 500 °C because the ordering of a porous titania
framework can be affected by recrystallization of TiO, at a
higher temperature. !

The SEM observations demonstrate that better samples were
obtained when using highly diluted solutions of TBT and a
relatively small number of infiltration—drying cycles. The use of

Figure 4 SEM images of porous titania frameworks covered with a solid
oxide film. The samples were obtained from 1:5 TBT/ethanol reaction
mixtures using three and five (in the inset) infiltration—drying cycles.

(b)

Figure 5 SEM images of a titania PC film: (a) top surface and (b) cross-
section.

viscous reaction mixtures results in slow infiltration, despite the
auxiliary glass microslide. The optimal number of infiltration
cycles depends on TBT concentration in the reaction mixture.
Further dipping of the titania—polystyrene composite into a
reaction mixture results in the formation of an oxide film on
the top surface of the colloidal crystal (Figure 4).

The SEM images of the porous titania sample (TBT/ethanol
ratio of 1:5; two infiltration—drying cycles) are shown in
Figure 5. The image of the top surface demonstrates that the
spherical voids in the oxide framework have a hexagonal
arrangement, inherited from the colloidal crystal [Figure 5(a)].
The average center-to-center distance between the spherical
voids is 370 nm. Since the average size of polystyrene micro-
spheres used for the template preparation was 440 nm, the
sample shrinkage due to the removal of volatile components
(mainly water and carbon oxides) can be estimated as 16%. The
cross-sectional SEM image was taken to show that the film
consisted of about 10 close-packed layers of spherical voids
[Figure 5(b)].

According to Zakhidov et al.,*! two situations are possible
when templating a colloidal crystal. The complete filling of
the voids with a reaction mixture was referred to as volume
templating, while partial filling, when the liquid precursor covers
only the surface of colloidal spheres, was termed as surface
templating. The latter results in the formation of a porous
framework, which can be interpreted as a system of inter-
connected hollow spheres.?! Such hollow anatase spheres can
be observed in the SEM pictures of disordered regions of titania

Figure 6 SEM images of hollow titania microspheres at different magni-
fications.
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Figure 7 The transmission spectra of titania PC films measured at dif-
ferent angles of incidence 6; from bottom to top: 6 =0, 5, 10, 15, 20, 25 and
30°. Spectra have the same coordinate range and were shifted vertically for
the sake of clarity. In the inset: the plot of A2 vs. sin20 (where A is the
wavelength of the minimum of transmission and 6 is the angle of
incidence) and the linear fit to the experimental data.

PC films (Figure 6), suggesting that the filling of the template
void volume with a reaction mixture was not complete.

Since the thickness of the titania PC films was only several
micrometers, it was possible to characterise them by optical
transmission spectroscopy. The spectra were measured in
the wavelength range 200-1100 nm using a Perkin-Elmer
Lambda 35 double-beam spectrophotometer. The transmis-
sion spectra recorded at different incident angles 6 with respect
to the normal to the sample are shown in Figure 7. Each
spectrum represents a pronounced drop in transmission, cor-
responding to the stop-band in the <111> direction.??2* The
position of this minimum shifts to shorter wavelengths with the
incidence angle obeying the Bragg—Snell law

A = 2d\nZ; — sin?0),

where A is the wavelength of radiation in a vacuum, d is the
interplanar spacing and n. is the effective (average) refractive
index of a titania—air medium. The effective refractive index
can be determined from the A? vs. sin?0 plot (see the inset in
Figure 7) because a linear fit to the experimental data has a
gradient of —4d? and an intercept equal to 4d?nZ;. The
calculated value of ngy is about 1.40. The effective refractive
index can also be expressed as

Regp = Nyir foir + N1i0,(1 = fai)»

where n,, = 1 and nyyo, are the refractive indices of air and
titania, respectively, and f;. is the volume fraction occupied by
spherical voids in a PC structure. For an ideal close-packed
structure, f;, = 0.74 resulting in ny, equal to 2.54. This value
is in a good agreement with the refractive index of anatase
(2.48-2.56%), even though the actual value of f;;. is higher than
0.74 because the titania framework is surface templated.

Thus, we reported the synthesis of titania PC films by a sol-
gel method. The thickness of these films is less than 15 layers
of close-packed spherical voids, which makes the samples
transparent to light, but still allows exhibiting PBG properties.
The titania PC films obtained are of potential interest for
doping with various luminescent materials like quantum dots’
and compounds of rare-earth elements.?
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