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Photoactive europium doped titanium dioxide (Eu:TiO,) thin films were grown by a matrix assisted pulsed
laser evaporation technique. TiO, and Eu cation-adsorbed TiO, nanoparticles (NPs) sols were used as
starting materials. The sols were synthesized by a colloidal sol—gel route. In order to obtain solid targets,
the sols were cooled down until solidification in liquid nitrogen. The irradiation of the solid targets was
performed in a controlled oxygen atmosphere using an UV KrF* (A = 248 nm, tpywpm = 25 ns, v = 10 Hz)
excimer laser source. The NPs were transferred and deposited onto solid substrates placed in the front
of the frozen targets, forming continuous thin films. The as-grown undoped and Eu:TiO, thin films were
submitted to post-deposition thermal treatments. The surface morphology, crystalline structure, and
chemical composition of the thin films were characterized by field emission scanning electron
microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. Functional optical properties of
the films investigated by UV-VIS-NIR
photoluminescence as a function of dopant concentration in the TiO, host and annealing temperature.
A direct correlation was established between the processing conditions, films structure, chemical
composition and oxidation states studied both at the top surface and in-depth as well as their functional,
optical properties. Eu doping induces a blue-shift of the absorption edge with respect to the as-grown
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Eu* ions in the visible spectral range. The samples treated at the highest annealing temperature are
characterized by strong photoluminescence emission, high transmittance in the VIS-NIR spectral
regions, and high refractive index.
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decomposition, high light-conversion efficiency, and low cost."
Its practical applications include solar and electrochemical

1. Introduction

Titanium dioxide (TiO,) is a wide band-gap semiconductor,
which has been intensively investigated during the few last
years due to its exceptional properties such as high hardness,
corrosion resistance, non-toxicity, bio- and chemical inertness,
mechanical stability, high resistance to photo-induced
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cells, gas sensors, optical waveguides, bio-medical products, or
photocatalysts for polluted water and air treatment, by the
degradation of organic compounds.*”® Lanthanide ions doped
semiconductor metal oxide nanoparticles (NPs) are investigated
for optoelectronic applications, including phosphors for
lighting, flat panel displays, lasers, markers in biology, optical
amplifiers, or solar cells.*'® Moreover, it was reported that
lanthanide ions improve the photocatalytic efficiency of TiO, due
to band gap reduction.’** Among lanthanide ions, Eu*" is one of
the most studied, due to its sharp emission band in the visible
spectral region, attributed to the D, — F; (i = 0, 1, 2, 3, 4)
transitions.>*®

For most of the industrial applications colloidal NPs ob-
tained by solution-based chemical methods must be immobi-
lized onto solid substrates in form of highly adherent structures
or thin films. Different deposition procedures are currently
used to this purpose, as doctor-blading, dip-coating, or screen-
printing.**** However, these techniques in most cases do not
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lead to the growth of continuous thin films with uniform
thicknesses across the deposited area. Moreover, they do not
allow for a precise control of the thickness of the deposited
layers. These are serious inconveniences which hamper the
integration of the films in optical and optoelectronic devices. In
this work the growth through laser techniques of Eu:TiO, thin
films from aqueous Eu cations-adsorbed TiO, nanoparticulate
sols is reported. Owing to numerous advantages, laser-based
deposition methods could become an alternative to conven-
tional deposition methods. Among them stands the short pro-
cessing time, control of the quantity of the transferred material
through the number of the subsequent laser pulses applied for
the irradiation of the targets, multilayer synthesis avoiding
solvent incompatibilities, and good adherence of the layers.'®
Additionally, our previous results revealed that the films’
chemical composition and stoichiometry, and thus their func-
tional, optical, electric, and catalytic properties can be easily
adjusted through the MAPLE process parameters as the pres-
sure as well as nature of the reactive gases in the irradiation
chamber.'”2° Moreover, in contracts to solvent-based chemical
methods, laser technologies allow for the development of
composites and multilayers bearing simultaneously various
functionalities, as e.g. optical, catalytic, or magnetic properties.

We used in our experiments the technique called matrix
assisted pulsed laser evaporation (MAPLE), initially developed
for organic and bio-organic materials processing.”** The tech-
nique is until certain extent similar to the conventional pulsed
laser deposition (PLD), commonly used for inorganic thin films
growth. The difference between the two MAPLE and PLD is that
in MAPLE the target is a dispersion which contains the material
of interest which will be transferred to the substrate surface.
The dispersions are cooled down until solidification in liquid
nitrogen, similarly to conventional PLD targets. More recently,
besides organic materials, the transfer by MAPLE technique of
nano-entities as carbon and carbon/gold NPs composites***
SnO, NPs,*® CdSe/ZnS core-shell quantum dots,*® TiO, nano-
rods,” single- and multiwall carbon nanotubes,***** single-
and multiwall carbon nanotubes/polymer composites,***" gra-
phene oxide (GO)," TiO, NPs/GO composites,'®** or TiO,/GO/Au
ternary compounds®® was reported. In these works, the target
dispersions were irradiated by laser sources emitting in the UV
spectral range. As solvent for the preparation of the target
dispersions toluene, acetone, dimethyl sulfoxide, dimethyl
formamide, methanol, or ethyl acetate was used, with high
absorption at the wavelength of the incident UV laser radia-
tion.'*** Distilled water, transparent to the UV laser radiation
was also used as solvent matrix for the preparation of targets,
avoiding health and environmental hazards typical for organic
solvents.'*2

In the present work the laser induced transfer of TiO, and
Ew:TiO, NPs onto solid substrates by MAPLE technique using
aqueous Eu cations-adsorbed TiO, NPs colloids as starting
materials is reported. Our aim was to obtain uniform and
continuous Eu doped TiO, thin films, suitable for a large variety
of optical applications, as photocatalysis, dye-sensitized solar
cells, color displays, optical sensors, or nanoscaled optoelec-
tronic devices.*>*
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The aqueous Eu cations-adsorbed TiO, NPs sols were ob-
tained by a colloidal sol-gel route.** The as-grown thin films
were submitted to post-deposition thermal treatments. The
objective of this work was to establish a correlation between the
structure and chemical composition of the Eu doped TiO, layers
with their optical properties, as function of Eu dopant concen-
tration in the TiO, host material and post-deposition annealing
temperature. The chemical composition and Eu oxidation state
was investigated both at the top surface of the layers as well as
in-depth. The mechanisms of the photoluminescence emis-
sions in the visible spectral range, along with structural changes
induced by annealing and Eu dopant incorporation into the
TiO, host, are discussed. We demonstrate that the optical
transparency and photoluminescence properties of the layers,
key parameters for practical applications, can be modulated
through the annealing temperature and Eu dopant
concentration.

2. Experimental

Undoped and Eu cations-adsorbed TiO, NPs sols were produced
using a colloidal sol-gel route, according to the procedure re-
ported previously.* For the preparation of the sols titanium(iv)
isopropoxide (97% Sigma-Aldrich, Steinheim, Germany) was
added to a stirring mixture of deionized water (18.2 MQ cm ™,
ultrapure Milli-Q) and nitric acid (Merck, Darmstadt, Germany)
in a water : alkoxide molar ratio of 50 : 1 solution. In TiO,/Eu®*
sols, before the addition of the alkoxide, europium(m) acetate
hydrate [Eu(OOCCHj3);-xH,0, Sigma-Aldrich, Steinheim, Ger-
many]| was dissolved in the mixture of water and nitric acid to
a molar ratio Eu**/TiO, of 1, 2, and 3%, respectively. The
synthesis temperature was maintained constant during the
entire process at 35 °C. HNO; (65%, PANREAC, Barcelona,
Spain) was used as a catalyst in a molar ratio H'/Ti*" of 0.2.
The obtained NPs sols were used for the preparation of the
MAPLE targets. The sold were placed a special double wall
target holder and flash-frozen circulating liquid nitrogen
between the walls. The targets were kept frozen during the
experiments. A pulsed UV KrF* (A = 248 nm, Tgwum = 25 NS,
v = 10 Hz) COMPexPro 205 Lambda Physik excimer laser source
was used for the irradiation of the frozen targets. The experi-
ments were performed inside a stainless steel deposition
chamber. Prior to each experiment, the chamber was evacuated
down to a residual pressure of 102 Pa. And then filled with O,
at 20 Pa pressure. The targets were rotated with a frequency of
3 Hz, with the aim to avoid significant changes in their surface
morphology induced by the laser radiation. The incidence angle
of the laser beam onto the target surface was of 45°. 2000
subsequent laser pulses were applied for the deposition of each
sample. The laser fluence value on the target's surface was fixed
at 0.4 J cm™ 2. Si (100) and SiO, fused silica plates with 1 x 1 cm?
surface area were used as substrates. The substrates were
cleaned in ultrasonic bath with acetone and ethanol and placed
plan-parallel to the target surface at a separation distance of 4 cm.
During the laser deposition process, the substrates were heated at
50 °C. The as-grown films were submitted to thermal annealing

This journal is © The Royal Society of Chemistry 2017
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for 1 h in air at atmospheric pressure at temperature values of
300, 400, and 500 °C, respectively.

The surface morphology of the layers was investigated by
field emission scanning electron microscopy (FE-SEM) with
a QUANTA FEI 200 FEG-ESEM system. Their crystalline struc-
ture was investigated by X-ray diffraction (XRD) by means of
a Bragg-Brentano Rigaku Rotaflex RU-200BV diffractometer in
6-20 configuration with a step of 0.02°. The Cu K, radiation
(1.5418 A) was chosen for excitation. S-ray photoelectron spec-
troscopy (XPS) studies were performed to obtain information
about the chemical bonds between the elements both at the top
surface as well as in-depth through Ar' sputtering, with the aid
of a SPECS XPS spectrometer, based on Phoibos 150 electron
energy analyzer operated in constant energy mode. The instru-
ment work function was calibrated to give a binding energy of
84 eV for the Au 4f;), line of metallic gold. A monochromatic
X-ray source, Al Ko (1486.74 eV) was used for excitation. The
measurements were performed at 10”7 Pa residual pressure.
High resolution spectra were acquired over smaller ranges of
20 eV using 0.05 eV step at 10 eV pass energy and energy reso-
lution of 0.7 eV (FWHM of the Au 4f;/, line). The obtained data
were analyzed using SDPXPS software (version 7.0).

Optical transmission and reflection spectra of the samples
were registered with the aid of a Varian Cary 5000 UV-VIS-NIR
spectrophotometer. Spectroscopic ellipsometry measurements
were carried out in the 550-1700 nm (0.73-2.55 V) wavelength
range at incidence angles of 65°, 70° and 75° using a VASE
ellipsometer (J. A. Woollam Co., Inc.) in order to determine the
dielectric function of the films and thickness. The ellipsometric
¥ and 4 values have been fitted to obtain the complex refractive
index n = n + ik using a Cauchy function for the real part of the
refractive index (n) and an Urbach absorption tail for the
imaginary part of the refractive index (k) values. Photo-
luminescence measurements were performed using an Ar' ion
laser source (Spectra-Physics 2020-03) at 488 nm excitation
wavelength and nominal power of 200 mW. The light emitted by
the samples was collected with a Czerny-Turner type mono-
chromator (Acton Spectra Pro300i, with a diffraction grating of
1200 ¢ mm™ ' for the visible range) and detected through
a photomultiplier (EMI 9659QB-520). The signal was amplified
through the standard lock-in technique.

3. Results and discussion

3.1. Surface morphology

The FE-SEM images of as-grown undoped and Eu doped TiO,
layers are presented in Fig. 1. The surface morphology of the
undoped (Fig. 1a, b and d) and Eu doped layers (Fig. 1c, e and f)
is very similar, as can be observed in images Fig. 1b and c, and
does not change significantly after the post-deposition thermal
annealing process (Fig. 1e and f). The layers are constituted by
irregular-shaped aggregates and spherical particles with size
ranging from a few tens of nm up to hundreds of nm, uniformly
distributed over the substrate surface. The high resolution FE-
SEM images disclosed further topographical details concern-
ing the structure of the layers (Fig. 1d-f). The irregular-shaped
aggregates are formed by nanoparticles with sizes of tens and
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below tens of nm. The small, nano-sized particles are covering
also the surface of part of the large, hundreds of nm sized
spherical particles (Fig. 1f).

According to previous transmission electron microscopy
analyses, the diameters in the sols of the initial TiO, and Eu
cations adsorbed TiO, NPs which were further used as targets in
the MAPLE experiments were around 5 nm.*® The larger size and
spherical shape of the particles deposited on the substrate
surface indicate that the temperature of the initial TiO, NPs
during the laser irradiation exceeded the melting temperature,
and the particles are formed in liquid phase by coalescence.
Indeed, the melting threshold of TiO, films irradiated by an UV
KrF* excimer laser was found to be around 0.25 J cm™2,% below
the laser fluence value used during MAPLE, 0.40 ] cm >
Moreover, our numerical simulations of the temperature
evolution of TiO, NPs during laser irradiation showed that the
NPs undergo a rapid heating process, with heating rates of the
order of 10'°-10"" K s~'.* Thus, the NPs act as absorption
centers, increasing the temperature of the water matrix by heat
transfer leading to sublimation and vaporization. The water
matrix is transparent to the wavelength of the incident laser
radiation, consequently direct heating cannot take place. On
the other hand, the water matrix surrounding the TiO, NPs can
be superheated®” through rapid heating process induced by the
laser radiation, reaching its spinodal temperature, leading to
explosive boiling. The individual particles and aggregates can
be transported from the targets towards the substrate surface by
the water droplets produced in the explosive boiling process.

3.2. Crystalline structure

The initial sols consist of tetragonal anatase phase and a low
amount of brookite phase TiO, or Eu cations adsorbed TiO,
NPs.** The X-ray diffractograms of the TiO, and Eu:TiO, layers,
as-grown as well as after thermal treatment, are presented in
Fig. 2.

The as-grown TiO, and Ew:TiO, layers are amorphous
(Fig. 2a). Post-deposition thermal treatment at 500 °C for 1 h
induced the crystallization of the films (Fig. 2b-d). The peaks at
25.30°, 48.04°, 53.89°, and 55.06° correspond to the (101), (200),
(105), and (211) lattice plane reflections of polycrystalline
tetragonal anatase phase TiO,, as referred in the JC-PDS 21-1272
file.*® The low intensity peaks at 27.44° and 54.32° indicate the
presence of a reduced amount of tetragonal rutile phase TiO,,
corresponding to the (110) and (211) lattice plane reflections, as
referred in the JC-PDS 21-1276 file.®® The crystallization of
divalent- or trivalent-europium containing oxide compounds
could be not detected by XRD analysis. Similarly to these
results, undoped and Eu:TiO, sols, identical to those used as
targets in the MAPLE experiments, were found to consist of
a mixture of anatase and rutile crystalline phases when heating
at temperatures higher than 500 °C.** Eu doping did not lead to
the shift of the diffractions peaks. This feature is in agreement
with other results reported in the literature for low Eu doping
levels.** Due to the high mismatch in the ion radii of Eu** and
Ti**, 0.95 and 0.68 A, respectively,* substitution of Ti** by Eu**
within the anatase lattice is difficult. Thus, Eu*" ions the most

RSC Adv., 2017, 7, 37643-37653 | 37645
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Fig.1 FE-SEMimage of as-grown (a and b) undoped TiO, thin film and (c) Eu:TiO, thin film obtained from 3% Eu®*/TiO, molar ratio colloidal sols
TiO, thin film. High resolution FE-SEM image of as-grown (d) undoped TiO, thin film and Eu:TiO, thin film obtained from 3% Eu®*/TiO» molar

ratio colloidal sols (e) before and (f) after thermal treatment at 500 °C.

Intensity [a.u.]

20[%

Fig.2 XRD patterns of TiO, thin film (a) as-grown and (b) submitted to
post-deposition thermal annealing at 500 °C for 1 h as well as Eu:TiO»
thin films obtained from (c) 1 and (d) 3% Eu**/TiO, molar ratio colloidal
sols submitted to post-deposition thermal annealing at 500 °C for 1 h.
The identifications correspond to anatase (A) and rutile (R) crystalline
phases.

probably does not occupy a crystallographic position in TiO,
and were associated to interstitial positions in the anatase
crystal structure.*

The average size of the nano-crystallites constituting the
films was estimated by the Scherrer analysis with the aid of the
formula:*

th] = 0.91/6;,1(] COoS ahkl

where A is the X-ray wavelength, 6, is the Bragg diffraction
angle, and By, is the full width at half maximum in radian of the
diffraction line of the most intense, (101) lattice plane reflection
of tetragonal anatase phase TiO,. An average crystallite size of
about 35 nm was calculated, both for the undoped as well as Eu
doped TiO, thin films, without significant dependence on the
dopant concentration level. The relatively low crystalline grain

37646 | RSC Adv., 2017, 7, 37643-37653

size could be attributed to the dependence of the phase tran-
sition temperature on the initial size of the as-grown particles.
Previous studies revealed that upon annealing the amorphous
TiO, nanoparticles undergo amorphous-anatase-rutile phase
transitions [+]. The phase transitions of TiO, nanoparticles
was found to depend on their sizes. The phase transition
temperature is substantially lower for smaller TiO, particles
and crystalline anatase phase formation takes place only at
temperatures exceeding 550 °C for particles larger than
200 nm.*”” In our experiments, the most probably the large
hundreds on nm and micrometer sized particles (Fig. 1) remain
amorphous upon thermal treatment at temperature values
below 500 °C.

3.3. Chemical composition

The chemical composition and Ti and Eu oxidation states were
investigated both at the top surface of the layers as well as in-
depth through Ar" sputtering. The high-resolution Ti 2p and
O 1s XPS spectra of the as-grown (a) TiO, and (b-d) Eu:TiO, thin
films, as well as (e) Eu:TiO, thin film annealed at 500 °C for 1 h
in air at atmospheric pressure are shown in Fig. 3. All spectra
were registered at the top surface of the films (a and b) as well as
in-depth, after 5 and 10 min Ar' sputtering (c-e).

The Ti 2ps/, and Ti 2p;,, lines of the Ti 2p spectra (lines I) of
the (a) undoped and (b) Eu:TiO, thin films registered at the top
surface are centered at 458.8, and 464.6 eV, respectively, corre-
sponding to the values reported in the literature for stoichio-
metric TiO,.*** In the spectra of the films submitted to Ar"
sputtering for (c¢) 5 and (d) 10 min the contribution of Ti-O
bonds of titanium suboxides can be clearly distinguished
(lines II). The lines are situated at binding energies around 1.5 eV
lower as compared to Ti-O bonds in stoichiometric TiO, and can
be assigned to Ti-O bonds in Ti,0;.**** The presence of lower
oxidation states could be attributed to the reduction of the
initial TiO, NPs during laser processing. As a consequence, the

This journal is © The Royal Society of Chemistry 2017
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Fig.3 Ti2p and O 1s XPS spectra registered at the top surface of as-grown (a) TiO, and (b) Eu:TiO, thin film obtained from 3% Eu®*/TiO, molar
ratio colloidal sols; in-depth of as-grown Eu:TiO, thin film obtained from 3% Eu3*/TiO, molar ratio colloidal sols after (c) 5 and (d) 10 min. Ar*
sputtering; (e) in depth after 5 min. Ar* sputtering of Eu:TiO, thin film obtained from 3% Eu**/TiO, molar ratio colloidal sols submitted to post-

deposition thermal annealing at 500 °C for 1 hin air.

composition of the thin films will be different in the depth as
compared to the top surface, which is fully oxidized due to air
exposure.

On the other hand, it was reported that Ar’ sputtering can
induce changes in the chemical states of transition metal
oxides, stoichiometric oxides being reduced, resulting in addi-
tional components in the XPS spectra.*> However, the intensity
of the lines was reported to increase gradually with the increase
of the sputtering time during the first 15 min,* in contrast to
our results. The peak areas corresponding to Ti suboxides
normalized to the total Ti 2p peak area are presented in Fig. 4a.

The Ay/(A; + Ay ratio calculated for the spectrum registered
after 10 min Ar' ion sputtering remains below that registered
after 5 min sputtering. As a consequence, even if Ar" sputtering
can contribute to the changes of chemical states, titanium
suboxides could be present besides stoichiometric TiO, in the
composition of the as-grown films. Moreover, the intensity of
the lines corresponding to Ti suboxides are lower in case of the

This journal is © The Royal Society of Chemistry 2017

thermally treated samples submitted to Ar" sputtering (Fig. 3€)
as compared to the as-grown counterpart (Fig. 3c) indicating
that oxidation of the sample takes place during post-deposition
annealing. Similarly, the peak area of suboxides normalized to
the total Ti content of the thermally treated sample is signifi-
cantly lower as compared to the as-grown sample.

The O 1s spectra registered at the top surface of the undoped
(a) and Eu:TiO, films (b) were deconvoluted in two lines (Fig. 3).
The main line centered at 530.2 eV (line I) is attributed to Ti-O
bonds in the stoichiometric TiO, structure.**** Eu-O bonds can
contribute to the main line in case of the Eu:TiO, thin film since
their binding energy value coincide with that of the Ti-O bonds
of TiO,.*® The smaller peak situated at 532.3 eV (line III) can be
assigned to H-O bonds of hydroxyl groups from chemically
adsorbed H,O molecules on the surface of the thin films.*” The
intensity of the line diminishes gradually in the depth of the
TiO, with the increase of the Ar" sputtering time (c and d).
Moreover, the line (II) in the spectra registered after Ar'

RSC Adv., 2017, 7, 37643-37653 | 37647
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Fig. 4 (a) Ti suboxides XPS peak areas normalized to the total Ti 2p spectra and (b) Eu®* peak area normalized to the total Eu 3ds» spectra.

sputtering (c-e) can be assigned to Ti suboxides, in accordance
with the corresponding Ti 2p spectra.

The Eu 4d spectrum of the Eu:TiO, film registered at the top
surface (Fig. 5a) is composed of four peaks, corresponding to
two different valence states (2* and 3") of Eu ions in the TiO,

host. Both valence states are doublets, Eu 4d5,, and Eu 4d;,, and
are centered at 128.3 and 133.6 eV for Eu®" (lines I), and at 136.4
and 141.5 eV for Eu®" (lines II).***® Similarly, the Eu 3ds,
spectrum of the film (Fig. 5a) contains contributions from both
the Eu”" and Eu®" ions, situated at 1125.1 eV (line I) and
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Fig. 5 Eu 4d and Eu 3ds> XPS spectra of as-grown Eu:TiO, thin film obtained from 3% Eu®*/TiO, molar ratio colloidal sols registered (a) at the
top surface and in-depth after (b) 5 and (c) 10 min Ar* sputtering; Eu:TiO, thin film obtained from 3% Eu®*/TiO, molar ratio colloidal sols
submitted to post-deposition thermal annealing at 500 °C for 1 h in air registered at (d) the top surface and (e) in depth after 5 min. Ar* sputtering.
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1134.7 eV (line II), respectively.*® Both the Eu 4d and Eu 3ds,
spectra indicate that the relative contribution of the Eu*" as
compared to the Eu®" state is more significant, the Eu**/Eu**
ratio calculated from the integrated peak areas of the Eu 3ds,
line being around 1.5. The co-existence of bivalent and trivalent
contributions could be attributed to the different environments
on the surface as compared to the bulk, called “surface valence
transitions”, resulting in the formation of higher oxidation
states, or to the formation of mixed valence states during the
films growth process.* The Eu 4d and Eu 3d5,, spectra recorded
in depth after 5 (Fig. 5b) and 10 min (Fig. 5¢) Ar" sputtering are
completely different as compared to the top surface, the Eu**
contribution being dominant over Eu®*". The spectra do not
change significantly with the increase of the sputtering time
indicating that the presence of lower oxidation states cannot be
attributed entirely to the Ar’ sputtering process.

The quantification of the peak areas A; corresponding to
Eu®" normalized to the Eu 3ds,, A; + Ay; peak areas, shows that
the Eu®" content of the samples is slightly below after 10 as
compared to 5 min Ar" sputtering (Fig. 4b). Very similar results
were reported in the scientific literature for Eu oxide nano-
layers coated on TiO, particles* and Eu implanted SrTiO;
single crystals,”” submitted to Ar" sputtering. Thus, the reduc-
tion processes induced by Ar* sputtering could contribute to the
formation of additional Eu*" states.

After thermal treatment performed at 500 °C in air, the
relative intensities and total areas of the lines corresponding to
the Eu®* ions increase as compared to those of the Eu®" ions,
both in case of the Eu 4d as well as Eu 3ds/, spectra registered at
the top surface of the sample (Fig. 5d). Indeed, an Eu*'/Eu®*
ratio of around 2.4 was calculated from the integrated peak
areas of the Eu 3ds/, line, significantly higher than the value of
the same sample before thermal annealing. These features
indicate that oxidation from Eu®" to Eu’" takes place on the
surface of the films during the annealing process. After 5 min
Ar" sputtering, the relative contribution of the lines corre-
sponding to the Eu®>" state become preponderant (Fig. 5e),
similarly to the spectra recorded below the top surface in case of
the as-grown samples (Fig. 4b). However, the peak areas Ay
corresponding to Eu** normalized to the total Eu 3ds, peak
areas, A; + Ay, was higher in case of the annealed as compared to
the as-grown sample (Fig. 4b).

3.4. Optical properties

3.4.1. UV-VIS-NIR spectroscopy. The UV-VIS-NIR trans-
mission spectra of the as-grown and thermally treated TiO, thin
films at 300, 400, and 500 °C in air at atmospheric pressure for
1 h are presented in Fig. 6. In the inset to Fig. 6, one can observe
that the as-grown samples are opaque, having a dark-gray color,
and become white-transparent after thermal treatment. The
high absorption of the as-grown sample in the visible-NIR
spectral range can be attributed to the presence of Ti sub-
oxides, in good agreement with the XPS analyses (Fig. 3a-c).
Even though the top surface is fully oxidized, titanium sub-
oxides are present besides stoichiometric TiO, in the bulk
composition of the films. Following thermal treatment, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 UV-VIS-NIR transmission spectra of TiO, thin films, as-grown
and thermally treated at 300, 400, and 500 °C. The inset shows
photographs of the samples before and after thermal treatment.

transmittance of the films increases gradually with the increase
of the annealing temperature to 300, 400, and 500 °C due to
oxidation reactions which take place during the annealing
process, reducing the amount of Ti suboxides in the composi-
tion of the films. Indeed, according to XPS data, the intensity
(Fig. 3) and area (Fig. 4) of the lines corresponding to Ti sub-
oxides in case of the thermally treated samples submitted to Ar"
sputtering are reduced as compared to the as-grown
counterparts.

The UV-VIS reflection spectra of the as-grown and thermally
treated pure and Eu:TiO, thin films are shown in Fig. 7a. The
reflectance in the visible spectral range of all samples increases
after thermal annealing at 500 °C with around 20% for the Eu
doped samples and around 50% in case of the pure TiO, films.

In order to obtain further information concerning the
absorption edge of the samples, the Kubelka-Munk function,
F(R) was calculated:*

F(R) = (1 — R’I2R) (1)

where R is the reflectance of the samples. The indirect band gap
of anatase TiO, was determined from the slope of the function
[F(R) x hw]"* (Fig. 7b) plotted against the incident photon
energy, iv. The band gap of the samples was estimated as being
the photon energy value where the slope corresponding to the
linear increase of the functions intersects the energy axis.

The calculated band gap value for the undoped TiO, sample
submitted to thermal treatment at 500 °C was found to be about
3.1 eV (Fig. 7b), similar to the values reported in the literature
for anatase phase TiO,.*" In contrast, rutile belongs to the direct
band gap semiconductor metal oxides category. Its indirect
band gap is very similar to its direct band gap, reported at
around 3.0 eV.*>** However, the dominant crystal phase in our
samples was anatase TiO, with a very low amount of rutile TiO,
(Fig. 2b-d).

Lower band gap values were calculated for the Eu doped
samples as compared to pure TiO,, around 2.7 eV. Interstitial
Eu doping was reported to produce lattice deformations and
formation of vacancies, leading the most probably to impurity
states in the band gap of TiO,.** The effect of rare earth
elements doping of TiO, was investigated by theoretical first-
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Fig. 7 (a) UV-VIS reflection spectra of TiO, and Eu:TiO, thin films as-grown and thermally treated at 300, 400, and 500 °C; (b) [F(R) x hv]*?
versus hv curves of the TiO, and Eu:TiO5 thin films thermally treated at 500 °C.

principles density functional calculations in (ref. 55-57). It was
found that Eu doping leads to band gap reduction of TiO,, due
to the formation of impurity energy levels and new energy states
inside the band gap of TiO, leading to band gap narrowing, in
good agreement with our results. Furthermore, the presence of
rare earth elements influences the positions and widths, as well
as the density of states of both the conduction and valence
bands of TiO,.>*™”

3.4.2. Spectroscopic ellipsometry. The refractive index and
thickness of the as-grown and annealed samples were deter-
mined from the experimental spectra of the ellipsometric
angles, ¥ and 4. To this aim, the obtained data were fitted
using a two-layer model and a substrate, Si (100) in this case.
The film has been modeled with a Cauchy function for the real
part of the refractive index (n) and an Urbach absorption tail for
the imaginary part of the refractive index (k) values. Since the
films show a high roughness we have included a top surface
layer that has been modeled as an effective medium (EMA)
composed by a 28% of Cauchy type material and a 72% of
voids.* The calculated real refractive index (n) values are rep-
resented in Fig. 8 as a function of wavelength both for the as-
grown as well as annealed Eu:TiO, thin films. The refractive
index values of the as-grown sample are low, around 1.82 at
550 nm wavelength. The values do not vary significantly with the
Eu dopant concentration and are close to that reported in the

1,92
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1,84 1
c
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M
] 3e
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Fig. 8 Calculated refractive index values as a function of wavelength
for the as-grown and annealed Eu:TiO, thin films obtained from 1%
Eu®*/TiO, molar ratio colloidal sols.
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scientific literature for as-grown amorphous TiO, layers
deposited by electron beam evaporation.” Moreover, it has been
reported the preparation of thin films of Er:TiO, (ref. 15) and
Eu:TiO,,* via electrophoretic deposition starting from the same
sols as those used for the MAPLE depositions. The refractive
index values were found to be slightly higher, between 1.95 and
2.1, which could indicate that the films prepared by MAPLE
have lower density.

The increase of the refractive index at 550 nm to around 1.91
after thermal treatment can be attributed to the densification
and crystallization of the layers and formation of anatase phase
TiO,, as indicated by XRD results (Fig. 2). The refractive index in
the 550-1700 nm spectral range is similar or still slightly below
the values reported in the literature for crystalline TiO, thin
films,**®* or bulk anatase TiO,.%® The observed increase of the
diffuse reflectance (Fig. 7a) might indicate that densification
and crystallization of MAPLE deposited thin films is not
complete after annealing at 500 °C. Indeed, refractive index
values around 2 at 550 nm wavelength were reported for
samples annealed at temperatures between 300 and 450 °C.>***
In contrast, higher refractive index values, of around 2.3, were
reported for TiO, thin films grown by atomic layer deposition.*?
Post-deposition annealing lead to the formation of anatase
phase TiO, layers with refractive index values around 2.45 for
the highest, 600 °C annealing temperature.®

3.4.3. Photoluminescence. Fig. 9a shows the photo-
luminescence spectra of the as-grown Eu:TiO, thin films as well
as those annealed at 300 and 500 °C. In the case of the as-grown
sample, a wide band emission over the whole visible spectral
range is observed, due to the significant absorption of the
samples in the visible spectral region, as observed also through
UV-VIS-NIR spectroscopy (Fig. 6). The absorption is related to
defects as oxygen vacancies and presence of Ti suboxides, as
indicated also by XPS results (Fig. 3a—c). The peaks character-
istic for the Eu®" emissions are present in the spectra of the as-
grown samples, assigned to the electronic transitions between
the exited *Dy level to "F; levels (i = 0, 1, 2, 3, 4), known as “intra-
f shell transitions”.***”

It is well known that the °D, — ’F, transition is an electri-
cally allowed transition (electronic dipole transitions), and it is
very sensitive to the surroundings of the Eu*" ions.”” On the

contrary, D, — ’F; transition is magnetically allowed

This journal is © The Royal Society of Chemistry 2017
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submitted to thermal treatment at 300 and 500 °C; (b) ratio of the peaks areas of the °Dg — “F; and °Dg — F, transitions.

(magnetic dipole transitions) and is almost not influenced
by the surrounding TiO, host.** Consequently, the ratio of
°Dy — ’F, and °D, — ’F; emission lines areas provides infor-
mation concerning the TiO, host, i.e. the surrounding defects
and disorder around the Eu®** ions.** Thus, in order to quantify
the Eu®* photoluminescence emission, the asymmetry ratio was
calculated:

R = 4,C°Dy — 'F2)/4,°Dy — 'F)) (2)

where A; and A, are the areas of the peaks belonging to the
°Dy— 'F, and °D,— ’F, transitions, respectively. The results are
presented in Fig. 9b. As can be observed, both the intensity of
the peaks corresponding to the electronic transitions between
the excited °D, level to F; levels as well as the asymmetry ratio
increase with the increase of the Eu doping concentration.
After thermal treatment at 300 °C and further up to 500 °C,
the intensity of the wide band emission decreases, due to the
reduction of the number of defects, diminishment of the
amount of Ti suboxides, and the phase transition in the TiO,
host from amorphous to crystalline, as revealed also by XRD
analyses (Fig. 2a and b).**” The reduction of the wide band
emissions is accompanied by the enhancement of the D, — 'F;
allowed transitions (i = 0, 1, 2, 3, 4) of the 3" oxidation state of
Eu in good agreement with our XPS investigations. The relative
intensities and total area of the lines corresponding to the Eu*"*
ions increase as compared to the Eu®" ions both in the Eu 4d as
well as the Eu 3ds, XPS spectra (compare Fig. 5a and d).
Moreover, the TiO, nanocrystallites formed upon annealing was
reported to act as sensitizers, through the absorption of the
excitation energy.®®*”° The absorption is followed by relaxation

This journal is © The Royal Society of Chemistry 2017

to defect states of TiO, and subsequently transferred to Eu**
ions. This effect was reported to be characteristic for semi-
crystalline TiO, matrices.®® For fully crystallized anatase TiO,
matrices, the intensity of the Eu*" luminescence emissions was
found to decrease.®® This effect could explain the slight decrease
of the asymmetry ratio of the 1 mol%. Eu:TiO, thin film
annealed at 500 °C (Fig. 9b). However, higher Eu doping
concentration can inhibit the crystallization process™ and thus,
improve the luminescence properties. Indeed, the lumines-
cence emission and asymmetry ratio of 2 and 3% Eu:TiO,
samples annealed at 300 and 500 °C are significantly higher as
compared to those of the 1% Eu:TiO, thin film (Fig. 9a and b).
These features are in good agreement with our XRD results. The
intensity of the anatase TiO, lines decrease gradually with the
increase of the Eu doping concentration in the TiO, host
material (Fig. 2b-d).

4. Conclusion

TiO, and Eu:TiO, thin films were prepared by MAPLE method.
TiO, NPs and Eu cations-adsorbed TiO, NPs sols synthesized
using a colloidal sol-gel route were used as starting materials.
The sols were cooled down until solidification and used as
targets in the MAPLE deposition process. The as-grown films
were submitted to post-deposition thermal treatments at
temperatures ranging from 300 to 500 °C, for 1 h in air, at
atmospheric pressure. The optical properties of the films were
correlated with the structure and composition studied both at
the tops surface as well as in-depth, as a function of Eu doping
concentration in the TiO, host as well as annealing tempera-
ture. The thin films containing the highest Eu concentration
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and treated at the highest temperature are translucent in the
visible spectral region, have higher refractive index and signif-
icantly improved photoluminescence emission. These features
can be attributed to the oxidation reactions as well as
amorphous-crystalline phase transitions which take place
during the annealing process. Due to their outstanding optical
performance, high transmittance in the VIS-NIR spectral
regions, high refractive index, and intense luminescence, the
synthesized films are suitable for integration in optoelectronic
devices or as photocatalysts in environmental applications
owing to their low density and significant surface roughness.
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