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A series of terbium doped TiO- (TiO,:Tb>*) nanophosphors (NPr) were synthesized by the solution com-
bustion method with varying the concentration of Th>*. The X-ray diffraction results confirmed that the
polycrystalline tetragonal structure of TiO, NPr was formed. The X-ray photoelectron spectroscopy and
electron paramagnetic resonance measurements confirmed the presence of oxygen and Ti®* defects.
The blue emission from the TiO,:Tb®>* NPr was tuned when the concentration of Tb3* was varied.
These TiO,:Th>* NPr have potential applications as sources of blue light in light emitting devices.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) is one of the most important
nano-materials, which have attracted attentions due to its unique
properties. TiO, is a very interesting UV absorbing material not
only from a scientific point of view but also due to its technological
applications in dye sensitized solar cells, pigments, dielectric mate-
rials in capacitors, etc. [1-3]. TiO, has also been one of the most
investigated engineering materials during the recent decades,
especially in the area of energy and environmental applications.
The momentum of this research and its historical development
has been significantly impacted by two milestone research reports
in 1972. In 1972, Fujishima et al. reported the finding of photocat-
alytic splitting of water on a TiO, electrode under ultraviolet (UV)
light [3-5]. The discovery of this phenomenon spurred a tremen-
dous amount of research related to TiO, photocatalysis including
solar fuels and environmental remediation. Secondly, and also in
1972, Tributsch demonstrated the idea of a dye-sensitized solar
cell (DSSC), fabricating a chlorophyll-sensitized zinc oxide (ZnO)
electrode to convert visible light radiation into an electric current
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by charge injection from the excited dye molecules into the wide
band gap metal oxide [3-5]. Although in this first DSSC concept
report the author used ZnO, not TiO,, as the wide band gap semi-
conductor but TiO, was soon to become the most popular wide
band gap semiconductor material for later DSSCs, mainly due to
its better photostability. Considering the relatively wide band gaps
(3.0 eV for rutile and 3.2 eV for anatase) [6], high refractive indices
(n=2.52 for anatase phase and n = 2.76 for rutile phase) and lower
phonon energy (<700 cm ') [7], TiO, is a good candidate to be used
as the host material of rare earth (RE) in order to excite RE ions effi-
ciently and to yield intense luminescence. There has been a large
uncertainty over the band gap energies for both rutile and
anatase. Most studies agreed, however, that the optical absorption
edges correspond to an indirect band gap, whereas a symmetry-
forbidden direct gap lies close in energy [8]. Optical absorption
studies suggested the opposite nature of exciton states
(self-trapped or free) in anatase and rutile. For rutile, resonant
measurements demonstrated the strong exciton—-phonon interac-
tion by observing a sharp resonance in the phonon scattering effi-
ciencies. For anatase, however, no resonant Raman study has been
reported at the fundamental absorption edge. Electron-phonon
interaction plays a crucial role in the carrier transport in TiO,
through phonon-assisted polaron hopping as well as through scat-
tering of carriers by optical phonons [8]. Photoluminescence (PL)
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spectroscopy is an important technique for studying the properties
of semiconducting nano-particles based systems, because of its
ability to investigate carrier recombination processes and energy
level distributions. The later ability is especially useful investigat-
ing a variety of applications of TiO, nanophosphors (NPr). In fact,
spatial and energetic distribution of intra-gap defect states influ-
ences the performances of TiO, in luminescence, photocatalysis
and solar energy conversion, by limiting recombination and carrier
transport [9-12]. However, it is worth noting that the interpreta-
tion of the PL process in TiO, nanostructures is relatively difficult.
The diverse nature of the excitonic states associated with the dif-
ferent TiO, crystal phases (self-trapped excitons (STE) in anatase
and free excitons in rutile) [13], leads to different excitonic PL
emission bands [14,15]. The recurring green PL band, which is a
signature of TiO, NPr, is commonly attributed to both STE recom-
bination and surface radiative recombination [16-18]. These pro-
cesses give very similar spectra and, owing to this similarity, the
analysis of the green TiO, luminescence still remains a complicated
task. Furthermore, other emission bands lying in the blue [19], red
[20], and near-infrared (NIR) [21] range of the optical spectrum
have been reported in TiO, nanocrystals. Different hypotheses have
been proposed to explain the origin of these various emission
bands, but there are still some controversies. TiO, has also demon-
strated the possibility to be a good sensitizer to absorb primary
excitation energy and transfer it to RE dopant ions.
Semiconductors doped with RE elements such as Eu, Er, Tm, and
Tb have been intensively pursued because of their important appli-
cations in optoelectronics as emitters at visible wavelengths [22].
There are two main factors leading to the stable and sharp lumi-
nescence in RE elements: one is that the 4f orbital of RE ions is
shielded by the outer 6s, 5p and 5d orbitals, which weakens its
coupling with the surrounding ligands; the other is that the f-f
transitions are parity forbidden, resulting in small absorption cross
sections [23]. The initial efforts of incorporating RE ions into Si and
other narrow band gap semiconductors hindered by solubility con-
straints and the thermal quenching [24,25]. RE doped TiO, have
been investigated most frequently, it found applications in sensors,
spin light emitting diodes and non-volatile memory devices, opto-
electronics, and photocatalysis [26-28].

In this paper, the effect concentration of the Tb>* on the struc-
ture, particle morphology, chemical and PL properties of
TiO,:Tb** NPr is reported. The chemical and electronic states of
TiO,:Tb** were determined by X-ray photoelectron spectroscopy
(XPS), while the optical properties were analysed from the UV-
vis absorption and PL emission spectroscopy data. Additionally, a
doping mechanism of Tb3* ions in TiO, has been proposed and
explained with the help of a schematic diagram. The novelty of
the present work is the capability to tune the blue colour with
changing the Tb3* concentration.

2. Experimental technique

TiO,:Tb?* NPr with different doping concentration of Tb were
synthesized using the solution combustion method. Titanium oxy-
sulfate and urea were mixed and dissolved in distilled water.
Terbium nitrate pentahydrate was used as the Tb source in the
solution. The concentration of Tb was varied from 0 to 6 mol%. A
homogeneous solution was obtained after stirring for 1h at
80 °C. The solution was transferred to a pre-heated muffle furnace
maintained at a temperature of 600 + 10 °C. All the liquid evapo-
rated and a large amount of heat was released which resulted into
a flame that decomposed the reagents further and released more
gases. The flame lasted for ~60s and the combustion process
was completed within 5 min. The resulting TiO,:Tb** NPr powders

were cooled down to room temperature and ground gently using a
pestle and mortar.

The crystal structure was analysed by using an X-ray diffrac-
tometer (XRD) (PAN analytical X'pert PRO). The TiO, samples
were performed using Jeol J[SM-7800F Field Emission Scanning
Electron Microscope (FE-SEM). The XPS analysis was carried out
with a PHI 5000 Versaprobe-Scanning XPS Microprobe before
sputtering and after sputtering with 30s of Ar* ions. UV-Vis
absorption spectra of TiO, were recorded using a Perkin Elmer
Lambda 950 UV-vis at room temperature in the range of 300-
800 nm. The PL excitation and emission spectra were recorded
by the Hitachi fluorescence spectrometer (F-2500). The micro-
wave absorption measurements of the TiO,:Tb>* samples were
carried out using a JEOL X-band electron paramagnetic resonance
(EPR) spectrometer (JES FA 200) equipped with an Oxford ESR900
gas-flow cryostat and a temperature controlled (Scientific instru-
ments 9700). The microwave power was varied between 1 and
30 mW, and the frequency was kept at approximately 9.4 GHz.
The DC field was modulated with a superposed AC field with
constant amplitude. The microwave response was measured as
a derivative signal.

3. Results and discussion
3.1. Structure and surface morphology

The XRD patterns of TiO,:Tb** NPr with different concentrations
of Tb are shown in Fig. 1(a). In all the spectra, the peak positions
and their relative intensities are consistent with the standard pow-
der diffraction patterns of anatase TiO, (ICSD card # 9852). The
most intense diffraction peak at 25.2° corresponds to the (101)
plane. The diffraction peak position at 37.7, 47.8, 54.1, 62.5 and
69.4 are in accordance with the TiO, anatase phase [29,30]. The
XRD results revealed that the powder NPr consisted of
single-phase polycrystalline tetragonal structures. No other poly-
morph of titania was observed and no rare earth related (Tb>")
peaks were found in the XRD patterns, it is believed that the Tb**
occupied the Ti*" sites or interstitial sites in the TiO,. The RE ion
was coordinated to one ligand. Tong et al. reported that to observe
near-infrared luminescence in the corresponding Nd** and Er**
complexes, dibenzoylmethane had to be added as a coligand to
exclude water molecules from the first coordination sphere of
the lanthanide ion [31]. The crystallite sizes of the TiO,:Tb** NPr
were calculated by Debye-Scherer’s formula [32]

_ ka
Y

(1)

where D is the size of the crystallites, 4 is the wavelength of Cu ko
radiation (0.1514 A), k is correlation factor (0.94), § is full with at
half maxima (FWHM) of peak and 6 is Bragg’s diffraction angle.
The crystallite size has varied from 16 + 2 to 23 + 2 nm with varying
the doping concentration of Th*. SEM images of the TiO,:Tb>* for
3 mol% doping concentration of Tb is shown in Fig. 3. The SEM
image shows a clear network of spherical nanostructures with some
degree of faceting. SIMS results (not shown) indicated that the Tb
was homogeneously distributed throughout the host material. The
samples obtained were also reproducible.

3.2. XPS analysis

The de-convoluted XPS spectra of the Ti 2p recorded from sam-
ples with different concentrations of Tb>* before and after sputter-
ing with Ar* are shown in Fig. 2(a) and (b), respectively. All the Ti
2p spectra show a doublet, whose binding energies are 459.1 and
464.8 eV, which can be ascribed to the Ti-2p3/2 and Ti-2p1/2 lines.
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Fig. 1. (a) XRD patterns of TiO,:Tb>* NPr at different doping concentration, (b) the SEM image of the 3 mol% Tb>* doped TiO».
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Fig. 2. High-resolution XPS spectra of the Ti 2p core levels for 0, 3 and 6 mol% doping of Tb in the TiO,:Tb>* NPr (a) before sputtering, (b) after 30 s sputtering.

The binding energy difference between the two lines is 23.1 eV,
which is comfortably lying close to the standard reference value
of TiO, [33]. The values of the binding energy and binding energy
difference show that the Ti atoms are in the Ti*" oxidation state.
The Ti2p photoelectron peaks are asymmetrical at the lower bind-
ing energy side of the peaks. The position of the Ti2ps, peak at
459.1 eV and the shoulder at 458.0 eV indicate the presence of
Ti** and Ti>* oxidation states [34-36]. After sputtering, the peaks
are clearly asymmetrical as shown in the 2P3), peaks at the lower
energy side in Fig. 2(b). This asymmetrical peak is attributed to
Ti*. It must be pointed out that the sputtering may also create
extra defects in the TiO,, but a small shoulder peak is seen on
the un-sputtered undoped sample spectrum as well.

The de-convoluted oxygen O1s peaks for the 0, 3 and 6 mol%
doping of Tb in TiO,:Tb** NPr is shown in Fig. 3. The high resolution
spectra of the O1s peaks were measured before and after sputter-
ing with Ar* ions for 30 s. The TiO,, O1s peak is de-convoluted into
three peaks, namely O1, 02 and 03. The O1 peak assigned to oxy-
gen bound to the tetravalent Ti ions array, surrounded by Ti atoms
with their full complement of nearest neighbour 02~ ions [37,38]
The 02 peak is associated with O~ ions that are in oxygen defi-
cient regions within the matrix of TiO,; such as Ti(OH); [38,39]
The O3 peak is usually attributed to chemisorbed species (such
as COs, adsorbed H,0 or O,) on the surface of the TiO, [39-41].
The intensity of the 03 peak has decreased after sputter cleaning
due to the removal of surface contaminants. It must also be
pointed out that the defect contribution of these spectra is very
much different and different PL emission for each of these samples
is therefore expected. The defect level peak (02) of O 1s is observed
to increase up to 3 mol% and after that it decreased at 6 mol%. The
effect of doping on the peak position and area of the O1s peak is
listed in Table 1. The maximum area of the O2 peak is observed
for the 3 mol% doping of Tb. The maximum oxygen related defect

is observed for 3 mol% doping of Tb in TiO,:Tb®>* NPr. Kumar
et al. [40,41] reported that O2 related defects in oxygen 1s peak
can influence the luminescence properties of ZnO and SnO, NPr
due to different kinds of oxygen related defects presented in the
material.

The high-resolution scans of Tb 3ds), and Tb 3ds, are shown in
Fig. 4. The XPS peaks of Tb 3ds/; and 2d3;, were observed at 1241.2
and 1276.3 eV, respectively. An additional peak is observed at
1251 eV and it can be attributed to photoemission peaks from
the energy loss structure [42]. No Tb,03 peak is observed with
Tb doping.

3.3. EPR measurements

Electron paramagnetic resonance (EPR) provides a sensitive and
direct method to monitor behaviour caused by the presence of
native defects, such as oxygen and zinc vacancies. To date, most
of the experimental investigations of oxygen vacancies in TiO,
have relied on EPR measurements. Fig. 5 shows the derivative of
the microwave absorption (dP/dH) as a function of magnetic flux
density (DC field) in TiO, NPr recorded at room temperature
(T =293 K) and microwave power of P=1 mW. The high magnifica-
tion of central part of graph is shown in the inset of Fig. 5 for cal-
culation of g-factors. We observed two main g factor values as
2.089 and 1.995 for the undoped and 1 mol% Tb doped TiO, NPr,
attributed to O~ and Ti>* ions [43].

The Ti>* defects can be generated by reduction of the Ti*" ions.
The process for Ti** reduction to Ti>* is dependent on the Ti** ions
that receive a photoelectron. The photo generated electrons and
holes are produced in the TiO,. The electrons can be trapped and
tend to reduce Ti*" cations to the Ti>* state, and the holes oxidize
02~ anions to form O~ trapped hole or even oxygen gas [44]. The
charge transfer steps are as follows:
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Fig. 3. De-convolution of the oxygen 1S peak of 0, 3 and 6 mol% doping of Tb before and after sputtering.

Sample Peak Before sputtering After sputtering
(mol%) name Peak position Area Peak position Area
(eV) (%) (eV) (%)
0 o1 530.1 83.6 530.19 86.5
02 531.4 10.0 531.3 9.9
03 5323 6.4 532.15 3.5
3 o1 530.0 719 530.1 70.2
02 5314 18.5 531.25 23.2
03 5324 9.6 532.45 6.7
6 01 530.1 76.5 530.1 76.2
02 531.4 8.9 531.15 111
03 532.2 14.7 532.1 12.7
TiO, + hv — eg + hig )
egs + Ti*" — Ti’" Trapped electron 3)
hyz + 0, — O~ Trapped hole (4)
4hy, +20; — 0, (5)

3.4. Reflectance and bandgap analysis

The reflectance graph of Tb doped TiO, NPr with different dop-
ing concentration are shown in Fig. 6(a). A sharp band edge is
observed at ~370 nm, which can be assigned to the intrinsic
band-gap absorption of TiO, and is attributed to the electron tran-
sitions from the valence band to the conduction band (O, — Tisq).
A small peak is observed in the reflectance curve at ~500 nm. This
peak may be due to the electron transition from the valance band
to the Ti3* defect level, created by UV exposure. The optical band
gap of TiO, is estimated by the extrapolation of the linear portion

of the (ahv)® versus hv plots. The band gap is calculated by the
Tauc’s plot method [45]

(ahv)® = (hv — Ey) (6)

where A is a constant, E, is the optical band gap, h is Plank’s con-

stant and a is the absorption coefficient. The plots of (ahv)? versus
hv for different TiO, NPr are shown in Fig. 6(b). The energy of the
lowest phonon-assisted indirect allows transition from the valance
band to the conduction band for TiO, is reported at 2.91 eV [46].
The band gaps of the TiO,:Tb®*" NPr calculated by Tauc’s plot
method were observed in the range of ~3.36 to 3.42 eV. The band
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Fig. 5. EPR spectra of undoped and doped TiO, NPr. The magnify part of is shown in
the inset.

gap can be assigned to the overlapping of the lowest energy funda-
mental absorption and absorption by different defects states such as
Ti* or oxygen vacancies [46]. The observed bandgap in this case
was higher than the band gap of bulk TiO, of 3.2eV [47].
According to the XRD results, the crystalline size has varied from
16 to 23 nm with varying the doping concentration of Tb**, which
is much higher than the exciton Bohr radius of TiO, (1.5 nm) [48].
Therefore, the effect of quantum confinement on the band gap of
TiO, can be neglected. It is suggested that the increase in excitation
energy might resulted from the coupling of the exciton to phonon
(as discussed in the introduction part), which has been observed
in other nanocrystalline systems [49].
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3.5. Photoluminescence emission

The spectral components of the PL measurements can provide
valuable information concerning the type of defects and impurities
in semiconductors, while the overall PL intensity is determined by
the quantum efficiency of the material together with the surface
recombination velocity. The excitation spectra measured at the
emission wavelength of 543 nm of the TiO,:Tb*" NPr with different
doping concentration are shown in Fig. 7(a). The excitation spectra
show a broad band in the range 360-390 nm representing the
inter-band transitions of the host lattice. For undoped TiO, the
excitation peak measured at an emission of 443 nm is going up
continuously due to the defect related emission in the range of
410-500 nm. The peak at 384 nm in the excitation graph of the
doped TiO, is attributed to the °D;-’Fs transition in the Tb**
[50]. The emission spectra of the TiO,:Tb** NPr excited by
384 nm is shown in Fig. 7(b). The fluorescence PL spectra emission
of TiO,:Tb>" are characterized by two different types of transitions,
the one is due to defect level emission and the other one to the Th**
f-f transitions. The defect related peak is attributed to the Ti**
defect as well as oxygen related defect such as the single ionized
oxygen defect. The intensity of the defect related peak has
increased up to a doping concentration of 3 mol% thereafter it
decreased. There is a correlation between these defect related
emissions and the XPS results. For the emission due to the Tb**
ions, a major green emission peak at 543 nm and a few minor
peaks at 489, 586 and 622 nm were detected. These peaks repre-
sent the °D4—"Fs, °D4—"Fg, °D4—"F4 and °D4-"F; transitions of Tb*",
respectively [51,52]. The intensity of the Tb®* peaks has increased
continuously with an increase in the Tb concentration. Fig. 7(c)
presents the de-convoluted PL emission curve of the TiO,:Tb**
NPr for 3 mol% doping of Tb. Three defects related peaks and one
Tb?* peak are observed at 442, 463, 493 and 543 nm, respectively.

200
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Fig. 6. (a) Reflectance curve of TiO,:Tb** NPr with different doping concentration of Th, (b) band gaps calculated with Tauc’s plot method.
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Fig. 7. (a) PL excitation curve recorded at 543 nm for different Tb concentration and at 443 nm for undoped TiO,, (b) the emission graph of TiO,:Tb** with different
concentration of Tb, (c) the de-convoluted PL emission curve for 3 mol% doping of Tb, (d) schematic of the energy level diagram of TiO,:Tb**, () CIE diagram of the TiO,:Tb**

NPr for different Tb®* concentrations.

The Ti* and oxygen related defect (Op) is responsible for the 442,
463 and 493 emission. To understand more about the emission in
TiO,:Tb** NPr, the simplified schematic band diagram is shown in
Fig. 7(d). The position of the Ti>* defect level is below the conduc-
tion band [53]. The oxygen related defect is just above the valence
band. The band transitions from conduction band to Op, Ti** to
valance band and Ti** to Op result in emission at 442, 463 and
493 nm wavelengths, respectively.

The CIE (International Commission on Illumination) chromatic-
ity diagram of TiO,:Tb>* NPr for different Th>* concentrations is
presented in Fig. 7(e). From the chromaticity diagram, it can be
seen that the colour coordinates traverse a wide range from the
deep blue to light blue when the concentration of Tb>* was varied.
The results show that the tuning of the blue emission colour is pos-
sible by varying the Th3* concentration in the TiO- host. It is there-
fore clear that the TiO,:Tb** NPr may be used as a blue emitting
source that can easily be excited with a 380 nm semiconductor
chip.

4. Conclusion

The Tb doped TiO, NPr showed emission bands in the blue and
green regions attributed to the presence of Ti>* and oxygen defects
as well as the emission from Tb>" transitions. The formation of dif-
ferent kind of defects was confirmed by XPS and EPR measure-
ments. The emitting colour could easily be tuned in the blue
region by varying the Tb3" concentration. The TiO,:Tb3* NPrs
belong to one kind of novel optical materials as a promising future
candidate for strong blue emission and have drawn an increasing
amount of attention.
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