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Abstract — Crystal structure and optical properties of titanium
dioxide prepared via pulsed laser ablation of metallic Ti in
water were investigated. The ultrafine powder obtained after
drying the ablated dispersion consisted of dark blue
nanocrystalline TiO: containing anatase and rutile phases
with an average particle size of 5-10 nm. This material
exhibited an intense additional absorption in the visible
region, which is associated with the presence of a large
number of defect states, namely different types of oxygen
vacancies. The effect of heat treatment on the structural and
optical properties of TiO2 was studied.

dioxide, defect

Index  Terms titanium

photoluminescence.

state,

I. INTRODUCTION

OXIDE SEMICONDUCTOR

nanomaterials showing unique properties attract
attention of researchers. Among these materials,
nanocrystalline  titanium  dioxide (TiO;) can be
distinguished. Due to its optical properties and chemical
resistance, this wide-gap semiconductor has a sufficiently
high refractive index (2.5-2.7) and is used as a white
pigment in the manufacture of paints, coatings, plastics,
paper, inks, sunscreens, foodstuffs, and most toothpastes
[1, 2].

TiO; has a high photoactivity due to the relatively long
lifetime of photogenerated charge carriers (~ 250 ns), good
photo-stability and environmental safety. That makes this
material promising for use in photovoltaics, in gas and
moisture sensors, in water purification, self-cleaning of
various surfaces, for example, glasses, photochemical cells,
protective and functional coatings on optical elements [3].
One of the limitations of titanium dioxide using as an
optically active material, is the large width of the bandgap,
which implies only UV radiation for its photoexcitation.
Therefore, obtaining materials based on titanium dioxide
sensitized to low energy photons (visible radiation) without
losing its activity is one of the priority aims.

The literature data shows that the optical properties of
titanium dioxide significantly depend on the method of its
preparation and purification, the presence of dopant
impurities and defects, the surface state and its subsequent
treatments [4]. At present, there are active efforts applied to
develop new technologies for synthesis of materials based

ESENTLY,

on titanium dioxide that would absorb in the visible range.
Technologies of sol-gel synthesis are widespread [5,6].
Physical methods of synthesis are also of great interest, for
instance the pulsed laser ablation (PLA) method [7-9]. The
processes occurring during PLA are high-energy, which
leads to the production of a substance in a highly dispersed
and highly defective state, which certainly affects its
physical-chemical and optical properties.

II. PROBLEM DEFINITION

The spectral absorption region of titanium dioxide is
usually expanded by doping and co-doping with cations
and anions of metals and non-metals, and also by modifiers
addition witch absorb in the visible range of spectrum [10].

Pulsed laser ablation of metallic titanium in water allows
preparation of “pure” nanocrystalline titania without the
use of additional precursors. This TiO- is in a highly defect
state, and absorb in the visible range. The main objective of
this study is to identify the nature of the defect states that
increase the absorption in the visible region, as well as to
study the effect of heat treatment on the structure of TiO,
and its optical properties.

IV. EXPERIMENTAL SETUP

Nanocrystalline TiO, powders were synthesized in two
stages. At the first stage, the colloidal solution was
produced by pulsed laser ablation method of bulk targets in
water. At the second stage, the colloidal solution was dried.

Basic harmonic of the Nd:YAG laser (LOTIS TII, model
LS2131M-20) was used for PLA, with wavelength of 1064
nm and pulse energy up to 180 mJ. Pulse duration and
pulse frequency were 7 ns and 20 Hz respectively.

Metal Ti plate (99.9% pure) with dimensions of 10x25x1
mm was used as a target. In order to ensure uniform
irradiation and prevent the emergence of craters on the
surface, the target was automatically moved in the XY plane
orthogonal to the laser beam by two linear stepper motor
translation stages (Standa, model 8MT173-50). The
concentration of particles in the dispersion was controlled
on the basis of target mass loss. The setup for PLA in a
liquid is described in details in [11].
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The colloidal solution produced was dried in the air in
open glass vessels at the temperature not exceeding 60°C.
As a result, 3 grams of nanocrystalline powder were
prepared and used in further research. Some of the samples
were annealed in the muffle chamber at temperatures from
200 to 1000°C. The following identifiers were assigned to
the samples produced: TiO; TiO,200; TiO,400; TiO, 600;
Ti0, 800; TiO, 1000, respectively. For comparison P25
Degussa nanocrystalline titanium dioxide powder was
used.

The size and shape of the particles produced was
examined using the transmission electron microscope
Phillips CM 12.

The crystalline structure was studied by method of X-ray
diffraction (XRD) wusing Shimadzu XRD 6000
diffractometer. The phase compositions were identified
relying on the PDF4 database. Distribution of percentage
content across phases in the sample was calculated using
PowderCell 2.4 software complex.

Optical properties of nanocrystalline powders were
examined by diffuse reflectance spectroscopy (DRS) on
Cary spectrophotometer with accessory DRA-CA-30I,
Labsphere in the wavelength range of 200-800 nm. MgO
was used as a measurement standard. Band gap was
calculated from diffuse reflectance spectra based on
absorption edge of the material [12]. The data obtained by
DRS were presented in the form of Kubelka-Munk
function:

F(R)=(1-R)*/2R.
Then the graphical dependence was drawn:
o'’ = f(hw),
a=E, -(1-R)’/2R.

The linear segment of absorption edge was extrapolated
on axis X and intersection point of the tangent line and the
axis corresponded to the bandgap.

Defect structure of the powders was studied based on
photoluminescence spectra using Renishaw inVia Raman
microscope, UK. The emission spectra were registered
upon excitation by laser radiation with A = 405 nm and a
diffraction grating of 2400 lines/mm in the range of 200-
740 nm.

IV. DISCUSSION OF RESULTS

The titanium dioxide initial sample is a dark blue
powder, which after the heat treatment at 200 and 400°C
changes its color to light gray. After annealing at 600°C it
becomes white powder; at 800°C and 1000°C it becomes
light yellow.

Transmission electron microscopy (TEM) image of the
TiO, sample is shown in Fig. 1. The material consists of
fine spherical particles with an average size of 5-10 nm,
and an insignificant number of large particles with a size of
up to 80 nm also present. Large spherical particles are
surrounded by a net of smaller agglomerated particles.

The metallic titanium target initially had a hexagonal
crystalline structure with symmetry space group P63/mmc.
After metal target ablation process the titania is amorphous.
After the heat treatment at 200°C the sample remains
amorphous, but it exhibits seeds of crystalline anatase
(tetragonal structure with space symmetry group I4/amd)
and rutile (tetragonal structure with space symmetry group
P42/mnm).

After annealing at 400 and 600°C the anatase and rutile
phases remain, and the amorphous phase does not appear in
the X-ray patterns (Fig. 2). Moreover, after annealing at
600°C the anatase is the dominated phase - 62%, and only
38% of the rutile phase presents. Also, at the temperature
increasing the intensity of the lines increases, and the half-
width of the X-ray bonds decreases.

Fig.1. TEM image of TiO,
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Fig.2. XRD pattern of TiO, after annealing

This can relate to the enlargement of the particles, and
reduction of the defect states number in the nanoparticles
surface layers. After annealing at a higher temperature the
anatase phase begins transforming into the rutile, and at
1000°C the sample consists entirely of the rutile phase. The
literature data shows that the phase transition of anatase to
rutile in titanium dioxide begins at a temperature of 450°C;
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and at 750°C a pure rutile phase is formed [13]. However,
our studies show that the pulsed laser ablation method
makes it possible to obtain more temperature resistant
anatase nanoparticles. Such thermal resistance to phase
transformations can be explained by the formation of
defects in the surface layer of nanoparticles associated with
the rapid cooling of substance during laser ablation in a
liquid.

In addition to X-ray diffraction, Raman spectroscopy is
an effective tool for studying the phase composition.
Raman spectra of titanium dioxide are sufficiently well
studied [14, 15]. The Raman spectra are shown in Fig. 3.
Spectra of nanocrystalline powders are consistent with the
general form of the anatase modes [16]. In this case, the
anatase phase is also well identified for initial amorphous
for XRD samples.
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Fig.3. Raman spectra of TiO, samples before and after annealing

The most intense band in the 144-146 cm’' region
corresponds to the Eg mode; the less intense bands in the
region of 200, 398, 513 and 637 cm! are the Eg, Blg, Alg
and Eg modes of the anatase, respectively [15]. Also, the
presence of the rutile phase in the Raman spectra of the
samples is noticeable, the intensity of rutile modes
increases with increasing of the annealing temperature.
Modes in the region of 236 (Blg), 446 (Eg), and 610 (Alg)
cm’! correspond to rutile [17-18]. After annealing at 800
and 1000 °C the rutile modes dominate in the Raman
spectra, that consistent with the XRD data. It should also be
noted, that amorphous mods of titanium dioxide in the
Raman spectra were not found [19]. The spectrum type of
TiO; indicates that the sample is in the crystalline form.
Comparing the XRD and Raman spectroscopy data, it can
be concluded that the initial sample consists of very small
crystallites having only a short-range order.

Optical properties of powders were examined by the
diffuse reflection method. From ultraviolet-visible (UV-
vis) spectra shown in Fig.4 it can be seen that all the
samples have additional absorption in the visible range.

The initial TiO> powder (without annealing) shows most
intensive absorption. Differences in the absorption spectra
are observed both in the UV range - shifting of the
absorption edge, and in the visible range - an increase in
absorption. The shifting of the absorption edge for TiO»
800 and TiO, 1000 samples is related to the anatase/rutile
phase transition, and the predominance of the rutile phase
in the samples. The decrease of the absorption edge is
associated with a significant enlargement of the particles
during annealing. The increase in absorption in the visible
range can be due to both the presence of defect states and
the presence of a metallic Ti. However, according to XRD
data metal Ti was not found in the sample composition.
Consequently, the increase in absorption in the visible
region of the spectrum is due to the presence of different
nature defective states. The main types of crystal lattice
intrinsic defects of TiO, are various types of oxygen
vacancies (F, F™ and F?* centers), interstitial Ti** and Ti*"
ions, and also the crystallographic shift planes, whose
relative concentration depends on the oxygen defect
conditions [20]. It should be noted that after annealing of
the samples, the number of defect states in the structure
decreases, and additional absorption intense decreases
(curves of TiO, 400 and TiO, 600 in Fig. 4). On UV-vis
spectra of the samples TiO, 800 and TiO, 1000, an increase
in absorption in visible region can be seen again, and
samples become a light yellow. Typically, titanium dioxide
in any modification is a white crystal that turns yellow
during the heated, and turns white again upon cooling.
Therefore, in this case, there is an assumption that during
the PLA and high-temperature annealing the crystal lattice
is restructured with a change in the number of oxygen
atoms. However, this statement requires additional studies.
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Fig.4. Diffuse reflectance spectra of TiO, before and after annealing:
(1) TiOy; (2) TiO,200; (3) TiO,400; (4) TiO, 600; (5) TiO, 800;
(6) TiO, 1000; (7) P25 Degussa.

At the absorption edge of samples, the bandgap were
calculated, and its values are presented in Table I
According to the literature data the band gap of the anatase
is 3.2 eV and of the rutile — 3.0 eV [11].
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TABLE ]
VALUES OF BANDGAP AND PARTICLES AVERAGE SIZE

Sample Bandgap, eV Particle size, nm
TiO, 2.88 10
Ti0,200 2.90 14
TiO, 400 2.95 14
TiO, 600 2.96 24
TiO, 800 2.98 98
Ti0,1000 3.05 455

The decrease in the bandgap value for materials prepared
via pulsed laser ablation is associated with the presence of
a different nature defect states in the bandgap of TiO; that
lay higher in energy than the 2pO levels forming TiO,
valence band. Thus, defect levels blur a clear boundary of
the valence band, and “narrow” the bandgap. Additional
levels existence appears as additional absorption in the
visible region of the spectrum. For TiO, 800 and TiO> 1000
samples the calculated bandgap coincides with the
literature data for the rutile phase.

Photoluminescence (PL) provides more information
about the nature of defective states. In Fig. 5 the
photoluminescence spectra of materials at the excitation
wavelength of 405 nm are presented.
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Fig.5. Photoluminescence spectra of TiO, before and after annealing

Generally, the interpretation of the photoluminescence
spectra of titanium dioxide registered at room temperature
is rather complicated, because of the low intensity of PL.
However, we succeeded in registering sufficiently intense
PL spectra. Analyzing them, we can obtain information on
the electronic structure and distribution of electronic states
in the samples. All materials presented in Fig. 5, exhibit
wide photoluminescence band in the 450-740 nm region.
TiO, 200 sample has the highest photoluminescence
intensity. The PL band with a maximum at 470 nm
(2.64eV) belongs to indirect bandgap and surface
recombination processes. In addition, this band can also be
attributed to excitons localized on TiOg octahedra [21]. The

photoluminescence band with a maximum at 531 nm
(2.33 eV) can be attributed to oxygen vacancies with two
trapped electrons, so-called F-centers. The intense band
with a maximum at 592 nm (2.09 eV) belongs to the
presence of oxygen vacancies with one trapped
electron - F'-center [22]. Also in the region of 600-680 nm
it is possible to observe charge carrier transfers associated
with defective states in titanium dioxide. These states
nature is still under discussion. The PL band with a
maximum in the region of 702 nm (1.77 eV) can be
attributed to oxygen vacancies with two trapped electrons,
that is, to F?*-centers. The centers mentioned above, so-
called color centers, usually affect the intensity of
photoluminescence [23]. With increasing of oxygen defects
number, the number of photo-excited electrons traps on the
surface increases. These traps capture photo-induced
electrons, and prevent hole-electron recombination. This
increases the lifetime of the charge carriers. Note that the
narrow peaks appeared in the PL spectra of some samples
in the 690 nm region are the overtones of intense Raman
modes belonging to rutile (Fig. 3).

After annealing the PL intensity of the samples
decreases, which can be correlated with a decrease in the
number of defects in TiOsstructure. At the same time, in
the infrared range (longer than 700 nm) new bands appear.
Their intensity increases with increasing of the annealing
temperature. The limitations of the Raman microscope do
not allow examination of the photoluminescence in the
long-wave region. These studies are planned in the future.
Note that the band of long-wavelength photoluminescence
correlates with the appearance of additional absorption
(yellow color) in samples annealed at 800 and 1000°C.

VI. CONCLUSION

The possibility of preparing a nanocrystalline highly
defect titanium dioxide powder by pulsed laser ablation of
a bulk metallic Ti target in water and further drying is
demonstrated. The initial TiO, is a dark blue powder
consisted of crystallites with an average size of 5-10 nm.
According to XRD data and Raman spectroscopy, the
material is nanocrystalline and consists of phases of anatase
and rutile. Also it should be noted that this method of
preparation allows obtaining nanoparticles with anatase
phase more resistant to temperature effects.

Optical properties study show that the material has an
intense absorption in the visible region of the spectrum.
This additional absorption is due to the presence of defects
of various nature in the structure of TiO,, namely, different
types of oxygen vacancies. (F, F* and F**-centers). These
F* and F?" defect states can act as traps captured
photoexcited electrons, that increases the charge carriers
lifetime and prevents their recombination. It was found that
with an annealing temperature increase, the number of
defective states decreases. This affects the absorbtion
intensity in the visible region, and also affects the color of
the samples.
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Thus, the method of pulsed laser ablation allows to
obtain nanocrystalline titanium dioxide witch absorb light
in the visible range of spectrum. This material can be used
in creation of devices for photovoltaics, photochemical
cells, coatings on optical elements and for photocatalytic
cleaning using the sun as an energy source.
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