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This work presents the results of optical emission from Eu3+, Tb3+ and Nd3+ luminescence centers
in TiO2 thin films. Thin films were prepared by magnetron sputtering from metallic Ti-Eu, Ti-Tb,
Ti-Nd targets, respectively. Optical properties were examined by means of photoluminescence and
optical transmission measurements. The total content of dopants was analyzed using an energy
disperse spectrometer. It has been shown that doping of TiO2 thin films using selected lanthanides
results in the visible (Eu, Tb) and near-infrared (Nd) light emission, upon ultraviolet radiation.
Additionally, transparency range and optical band gap of prepared thin films were determined, in
comparison to pure TiO2.
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1. Introduction

Due to the effective emission in the visible and near infrared region, doping of
TiO2 with rare earth (RE) elements has recently attracted much attention [1–3]. For
nanocrystalline TiO2 the emission center can be formed by the surface state, such
as surface trapped state, defect state and oxygen vacancy. For fabrication of
lanthanide-doped TiO2 thin films different methods have been applied so far, including
magnetron sputtering [2, 4, 5]. Since there are not many reports about sputtering from
metallic targets, mostly powder targets are used [1, 4].

In this work, the investigations into optical emission from Eu3+, Tb3+ and Nd3+

luminescence centers in TiO2 thin films have been reported.
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2. Experimental procedure

Thin films of TiO2:Eu, TiO2:Tb and TiO2:Nd  were deposited on SiO2 and Si
substrates by the magnetron sputtering method in oxygen atmosphere from metallic
targets: Ti-Eu, Ti-Tb and Ti-Nd, respectively.

Optical transmission measurements were performed in a spectral range from
200 nm to 1000 nm. Samples were illuminated by a coupled deuterium-halogen lamp
at normal incidence. The fundamental absorption edge and optical band gap of the thin
films were determined from transmission characteristics. For photoluminescence
measurements UV argon laser with the excitation wavelength of 302 nm was used. All
samples were measured at room temperature.

Thin films of lanthanide doped TiO2 with the strongest emission lines were chosen
for investigations. Elemental analysis made using EDS (OXFORD Link-ISIS) yields
the amount of RE-dopants in the selected samples of: 0.1 at.%, 2.6 at.% and 0.3 at.%
in the prepared TiO2:Eu, TiO2:Tb and TiO2:Nd  thin films, respectively. Additional
post-annealing at 200 °C and 600 °C of TiO2:Eu and TiO2:Nd thin films,
respectively, improved their luminescence properties. From X-ray diffraction
measurements (not shown in the paper) all samples were found to be nanocrystalline
with TiO2 crystallite size less than 10 nm.

3. Results and discussion
3.1. Undoped TiO2 thin films
Optical properties of RE-doped TiO2 thin films have been investigated in comparison
to pure TiO2-anatase prepared in similar technological conditions. Transmission
characteristic of TiO2 thin film has been presented in Fig. 1a. The fundamental
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Fig. 1. Transmission (a) and photoluminescence (b) spectra of as-deposited TiO2 thin films on SiO2.
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absorption edge (λcuttoff) has found to be about 330 nm and the optical band gap energy
( ) for the allowed indirect transition has been estimated to be of 3.34 eV.

Photoluminescence of TiO2 thin films on SiO2 has been presented in Fig. 1b.
PL spectrum, measured at room temperature exhibits the broad emission band between
350 nm and 580 nm with the most intense peaks around 431 nm and 491 nm. The peak
situated at 431 nm corresponds to the emission band of self-trapped excitons of
the TiO2 nanoparticles [6]. As it has been reported by LIU et al. [7], a strong emission
at 491 nm could be attributed to the indirect recombination via defect states with
the interaction of phonons in TiO2 lattice. There are also visible two shoulders
around 371 nm and 545 nm: the peak with the center at 371 nm could be attributed to
the intrinsic emission of the TiO2 and that at 545 nm corresponds to TiO2-anatase
emission itself [8]. The origin of the broad peak with the center around 711 nm is not
known and, to our knowledge, has not been reported for TiO2 thin films so far.

3.2. TiO2:Eu3+ thin films
From optical transmission measurements (Fig. 2a) the position of the fundamental
absorption edge, similar to undoped TiO2 (Fig. 1a), was found to be about 330 nm.
Although, doping with Eu 0.1 at.% did not make any essential changes in transmission
characteristic as compared to pure TiO2, there is a band gap widening from 3.34 eV
to 3.5 eV due to Eu doping. The transparency of Eu-doped TiO2 thin films is in a range
of about 80%. 

PL spectra, measured at room temperature, show a dominating strong red
luminescence corresponding to 5D0–7F2 transition at ~617 nm and ~623 nm.
The remaining emissions are visible at 565 nm, 596 nm and 715 nm, and they
correspond to the intrashell transitions between the first excited state 5D0, and the 7F0,
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Fig. 2. Transmission (a) and photoluminescence (b) spectra of TiO2:Eu (0.1 at.%) thin films deposited
on SiO2 (a) and Si (b), additionally annealed at 200 °C.
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7F1, 7F4 levels [2, 9]. The strong splitting of 5D0–7F2 transition indicates that Eu3+ ions
existing in at least two different structural environments differ from each other in
the symmetry.

3.3. TiO2:Tb3+ thin films
Optical transmission study has shown a slight red shift of the fundamental absorption
edge of  TiO2 after Tb-doping at the amount of  2.6 at.% (Fig. 3a). Also, the transparency
of the thin film decreased.

This photoluminescence experiment shows broad unresolved spectra with
dominating green luminescence at 545 nm (Fig. 3b)  corresponding to the intra-4f
5D4–7F5 transition of Tb3+. Other remarkable emissions visible in the spectrum are
positioned at 431 nm, 491 nm and 619 nm. They can be attributed to the transitions
between 5D3–7F4, 5D4–7F6, 5D4–7F3, respectively [6, 10]. 

According to the literature [3], Tb3+ ions embedded in TiO2 need an excitation
energy higher than that of TiO2 defect states and thus sensitized luminescence for
terbium in TiO2 was rarely observed. The reason of effective green photoluminescence
in our samples may be that the Tb3+ emission centers are mainly excited through
the photon absorption of TiO2 host and the energy transfer process directly from
the conduction band of the TiO2 to Tb3+ ions without relaxation to defect states of
titania [10].

3.4. TiO2:Nd3+ thin films
Optical transmission measurements (Fig. 4a) show the position of the fundamental
absorption edge at 320 nm (Fig. 1a).  The optical band gap was found to be about
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Fig. 3. Transmission (a) and photoluminescence (b) spectra of as-deposited TiO2:Tb (2.6 at.%)  thin films
on SiO2.
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3.47 eV what indicates band gap widening which is often observed in the case of
nanostructured materials.

The prepared neodymium-doped thin films exhibit characteristic Nd3+

photoluminescence with the strongest broad near-IR luminescence bands between
875 nm and 930 nm, corresponding to 4F3/2–4I9/2 transitions (Fig. 4b). The emission
band is composed of four peaks centered at 882 nm, 895 nm, 912 nm and 925 nm [5].
In the spectrum the weaker emission at about 825 nm could be also observed.

4. Conclusions

RE-doped nanostuctured titania prepared by co-sputtering of metallic RE-Ti mosaic
target has been found as an excellent host for trivalent Eu3+, Tb3+ and Nd3+ rare earth
ions. Due to the strong UV light absorption in the intrinsic band gap of titania
nanocrystallites, followed by the relaxation to surface-defect states, an efficient energy
transfer to the crystal field states of the Eu3+ and Nd3+ rare earth ions could occur and
a strong red and near-IR luminescence was observed, respectively. The observed green
photoluminescence from Tb3+ emission centers is mainly due to the energy transfer
directly from the excited TiO2 host to Tb3+ ions without relaxation to defect states of
titania. 
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Fig. 4. Transmission (a) and photoluminescence (b) spectra of TiO2:Nd (0.3 at.%) thin films deposited
on SiO2, additionally annealed at 600 °C.
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