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Abstract

The morphology, structural, and optical properties of porous titania layers prepared by
electrochemical oxidation of Ti foils are studied as a function of technological conditions of
preparation and post-electrochemical-oxidation thermal treatment. Ti foils were anodized in
aqueous and non-aqueous HF and H3;POy solutions by applying various anodizing conditions.
Titania nanotubes with diameters ranging from 30 nm to 250 nm with controlled length have
been prepared. The influence of thermal treatment upon the structural properties of TiO,
nanotubes was investigated by means of X-ray diffraction analysis and Raman scattering. It
was found that the as prepared samples are amorphous. As the annealing temperature in-
creases to 300°C, an anatase structure is formed. Starting from 500°C, a rutile structure is pro-
duced which coexists with the anatase structure. A complete phase transition to the rutile
structure occurs at 800°C. The luminescence from both anatase and rutile phases was ob-
served at low temperatures. The origin of luminescence bands is discussed.

1. Introduction

Titania (TiO,) is widely used as a pigment [1, 2], in sensors [3-5], electrocatalysis [6],
and Graetzel-type solar cells [7]. Titania has three polymorphs: anatase, brookite, and rutile.
All are constructed with Ti—O¢ octahedra and differ only in their octahedral linkage. In ana-
tase, four of twelve octahedral edges are shared with neighboring octahedral; in brookite,
three; in rutile, two octahedral share edges [8]. Although rutile is the thermodynamically sta-
ble form of titania, generally anatase, and occasionally brookite, crystallizes first during syn-
thesis. Anatase starts to transform to rutile at >600°C [9]. The different crystalline structures
of titania have different material properties including density, index of refraction, and cata-
lytic properties.

Recently, titania also gained interest as a material used in photonic band gap crystals for
the visible spectrum of light due to its high index of refraction (e = 2.9) [10] and low ab-
sorption [11, 12]. Electrochemical oxidation of Ti foils allows one to prepare a variety of po-
rous titania structures, therefore, enlarging the area of TiO, applications in optoelectronic and
photonic devices [13]. Taking into account the possibility of doping porous titania templates
with rare earth and transition metal ions and the morphology controlled light scattering prop-
erties, one can expect that luminescent materials prepared on porous TiO, templates are prom-
ising for random laser applications.
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In this work, we investigate the morphology, structural and, optical properties of porous
titania layers as a function of technological conditions of preparation and post-
electrochemical-oxidation thermal treatment. For this purpose, technological conditions for
the preparation of porous TiO; layers with controlled morphology and porosity on the basis of
Ti foils were developed.

2. Technological aspects and morphology characterization

Technological conditions for the preparation of porous TiO; layers with controlled mor-
phology and porosity on the basis of Ti foils (Aldrich) include rinsing and sonicating in iso-
propyl alcohol, drying, and anodizing. The samples were anodized in aqueous HF solutions
with various additives. Morphologies in the form of arrays of nanotubes were produced. The
optimum concentration of the electrolyte was found to be 0.5 wt %. It was found that, by ap-
plying various anodizing conditions, it is possible to control the diameter and the length of
nanotubes. The diameter of nanotubes increases monotonously from 30 to 100 nm with the
voltage increasing from 5 to 30 V at fixed treatment duration of 30 min (see Fig. 1). At the
same time, the length of nanotubes increases from 70 nm to 400 nm. The geometrical parame-
ters of the produced structures are also controlled by the duration of anodization. The increase
of the anodization duration from 3 min to 30 min at constant voltage of 10 V results in the
increase in the nanotube diameter from 30 to 60 nm and the length from 70 nm to 200 nm.

Fig. 1. TiO, nanotubes produced by etching of Ti foils in 0.5 wt % aqueous HF solutions.

A mixture of HF and H3POy4 solutions in ethylene glycol was shown to be suitable for
the preparation of TiO, nanotubes with diameters up to 250 nm and length up to 40 mm. For
this purpose, the Ti foils were treated under 120 V during 4 hours (see Fig. 2).

3. Raman scattering and XRD analysis

The influence of thermal treatment upon the structural properties of TiO, nanotubes was
investigated by means of X-ray diffraction analysis and Raman scattering. The analysis of
Raman spectra (Fig. 3) demonstrates that the as prepared samples are amorphous. As the tem-
perature of annealing increases to 300°C, an anatase structure is formed. Starting from 500°C,
a rutile structure is produced which coexists with the anatase structure. A complete phase
transition to the rutile structure occurs at 800°C.
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Fig. 2. TiO, nanotubes produced by etching of Ti foils in a mixture of HF and H3;PO, in ethyl-
ene glycol.
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Fig. 3. Raman spectra of TiO, nanotubes Fig. 4. XRD pattern of TiO, nanotubes an-
as-grown (/); annealed at 300°C (2), 600°C (3), nealed at 500°C.
700°C (4).

Anatase is tetragonal, with two TiO2 formula units (six atoms) per primitive cell. The
space group is Dg,'"° (I4/amd). The 18-dimensional reducible representation generated by the
atomic displacements contains the zone-center (k=0) modes: 3 acoustic modes and 15 optical
modes. The irreducible representations corresponding to the 15 optical modes are 14, + 145,
+ 2Bjg + 1By, + 3E, +2E,. Three modes are infrared active, the 4,, mode and the two E,
modes. The B, mode is silent. The remaining six modes corresponding to symmetrles A +
2By + 3E, are Raman actrve The Raman shift for these phonons 1s 514 cm’ for the Aj,
mode; 399 cm™ and 514 ¢cm’! for the Big modes; 144 cm’! , 197 cm’ "and 639 ¢cm™! for the E,
modes [14] Therefore the Aj, and one of the By, rnodes overlap. The two E, modes at
144 cm™, 197 cm™ are outside of the range of measured Raman shlfts

The rutile structure of titania belongs to the space group Day'* with two TiO, molecules
per unit cell [15]. The cations are located at sites with D, symmetry and the anions occupy
sites with C,, symmetry. The Ti-ions are surrounded by six oxygen ions at the corners of a
slightly distorted octahedron, while the three Ti-ions coordinating each oxygen ion lie in a
plane at the corners of a nearly equilateral triangle. According to the factor group analysis,
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there are fifteen optical phonon modes with the irreducible representation as given in [16].
There are four Raman active modes with symmetries Big, Eg, A1, and Bo,. The Raman shift
for these phonons is 143 cm™ for the Bi, mode, 447 cm™ for the E, mode, 612 cm™ for the
Ajg mode, and 826 cm’! for the By, [17]. The By, mode at 143 cm’ and the By, mode at
826 cm™ are outside of the range of measured Raman shifts.

The XRD analysis corroborates the Raman data. The XRD pattern of TiO, nanotubes
annealed at 500°C (Fig. 5) demonstrates the coexistence of anatase and rutile phases.

4. Characterization of light scattering properties

The photonic strength of the scattering medium is defined in terms of the transport
mean free path l;, which is the average length required to randomize the direction of propaga-
tion of the light by scattering. A small value of I, corresponds to efficient scattering or high
photonic strength. The transport mean-free path is given by l; = po, where p is the density of
scatterers and o is the transport cross section [18].

To characterize the photonic strength of the samples, the transport mean-free path [; is
deduced from enhanced backscattering EBS measurements [19]. EBS refers to an increase of
the reflected intensity from a disordered multiple-scattering sample at exactly the backscat-
tering direction. This increase is due to interference of waves propagating along time-reversed
optical paths.

The EBS measurements were performed with a He:Ne laser as light source (A =
633 nm). The measured angular dependence of the backscattering TiO, samples with mor-
phologies illustrated in Figs. 1 and 2, respectively, is shown in Fig. 5.
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Fig. 5. The measured angular dependence of the backscattering for TiO, samples with the mor-
phology illustrated in Fig. 1 (curve /) and Fig. 2 (curve 2).

The full width at half maximum W of the EBS cone is directly related to the transport
mean free path l.. For a nonabsorbing and semi-infinite sample, this relation is I; = 0.7A(1-
R)2nW [20], where R is the angular and polarization-averaged internal reflection at the sam-
ple boundary. The determined value of the transport mean free path is 2.8 um and 0.6 pm for
TiO, samples with morphologies illustrated in Fig. 1 and Fig. 2, respectively.

The experiment shows that the transport mean free path decreases with the increase in
the average dimensions of pores, indicating therefore the increase in the photonic strength.
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5. Photoluminescence study

Photoluminescence (PL) was excited by 351 nm line line of an Ar" SpectraPhysics laser
and analyzed through a double spectrometer at room temperature. The resolution was better
than 0.5 meV. The samples were mounted on the cold station of a LTS-22-C-330 cryostat.
Figure 6 presents the PL spectra of TiO, nanotubes annealed at different temperatures. The
temperature dependence of a sample annealed at 500°C is shown in Fig. 7. The luminescence
from both anatase and rutile phases is observed at low temperatures (10 K). For samples an-
nealed at temperatures up to 400°C, the luminescence measured in the spectral range from
370 to 500 nm is dominated by the near bandgap emission from the anatase phase, which in-
cludes two narrow lines at 371 nm (3.34 eV) and 372 nm (3.33 eV) followed by several pho-
non replicas with a phonon energy of 50 meV. The luminescence of samples annealed at
temperatures above 700°C comes from the rutile phase and it consists of a near bandgap
emission band at 402 nm and a wide blue band with the maximum around 423 nm al low
temperatures. The near bandgap emission is quenched with increasing temperature, while the
blue band is persistent up to room temperature, it being red-shifted by increasing temperature.
Both phases contribute to the low temperature luminescence in samples annealed in the tem-
perature range from 400°C to 600°C, the room temperature luminescence being always de-
termined by the rutile phase.
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Fig. 6. PL of TiO, nanotubes annealed at Fig. 7. PL of TiO, nanotubes annealed at
different temperatures. 500°C measured at different temperatures.

As concerns the nature of the observed PL bands, previously two sharp lines peaking at
3.31 and 3.37 eV have been observed in the near bandgap PL spectra of anatase titania [21].
These lines were interpreted as defect-trapped-exciton related, although the free-exciton ori-
gin of the 3.31 eV peak was also argued. Apart from this possible nature of the PL lines at
3.34 eV and 3.33 eV observed in our samples, their relation to free-to-bound transitions can-
not be excluded. A band at 402 nm and another one at 439 nm have been previously observed
in the cathodoluminescence spectra of rutile phase TiO, [22]. The low-temperature photolu-
minescence spectrum of rutile TiO, was found to comprise a peak at 3.031 eV (409 nm),
which was attributed to 2p,, dipole-allowed second-class excitonic transitions [23]. A band
was observed at 450 in the cathodoluminescence spectra of polycrystalline rutile at room
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temperature [24]. Previous studies report the presence of shallow traps or deep defect levels
associated with the presence of oxygen vacancies which are formed in reduced or oxidized
rutile crystals and films [25, 26]. The energies of the shallow traps range from 0.27 to 0.87 eV
below the conduction band. Taking this into account, one can suggest that the PL band ob-
served at 402 nm is excitonic, while the band at 423 nm in our rutile samples, as well as the
previously observed cathodoluminescence bands at 439 nm and 450 nm, can be attributed to
free to bound electronic transitions involving traps below the conduction band.

Conclusions

The results of this work demonstrate the possibility of preparing porous titania tem-
plates with controlled morphology and crystallographic structure. The morphology is con-
trolled by the technological conditions of electrochemical oxidation of Ti foils, while the
crystallographic structure is controlled by the conditions of thermal treatment. Titania nano-
tubes with diameters ranging from 30 nm to 250 nm with amorphous, anatase, or rutile struc-
ture can be produced. The low temperature luminescence of the produced templates is
dominated by excitonic emission and PL bands related to free to bound transitions.
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