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Simultaneous observation of up/down conversion photoluminescence
and colossal permittivity properties in (Er+Nb) co-doped TiO, materials
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(Received 20 May 2016; accepted 13 July 2016; published online 27 July 2016)

We have investigated the optical and dielectric properties of rutile TiO, doped with Nb and Er, i.e.,
(Erg sNbg 5),Ti;.,O,. The up/downconversion photoluminescence was observed in the visible and
near-infrared region from the materials under 980 nm laser diode excitation. The upconversion
emissions are attributed to the energy transfer between Er ions in the excited states. Moreover, the
dielectric measurements indicate that the fabricated materials simultaneously present colossal per-
mittivity properties with relatively low dielectric loss. Our work demonstrates the coexistence of
both interesting luminescence and attractive dielectric characteristics in (Er+Nb) co-doped TiO,,
showing the potential for multifunctional applications. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4959829]

Rare-earth (RE) doped materials have attracted consid-
erable interest as they show luminescence not only of Stokes
type (downshifting, DS) but also of anti-Stokes type (upcon-
version, UC) emissions.! UC photoluminescence (PL) is a
unique physical mechanism, involving sequential absorption
of two or more lower excitation photons and resulting in the
emission of higher energy photons. The inherent intra-
configurational transitions of the RE doped UC materials
display superior features, including narrow and sharp 4f~4f
transitions and long-lived luminescence.” As a result, these
materials have diverse applications in solid state lasers, color
displays, optical communications, biosensors,” and other
photonic devices. Apart from the optical properties, intro-
ducing RE ions may improve the dielectric properties of fer-
roelectric materials. For example, BaTiOs-based perovskites
exhibit excellent dielectric properties (&, ~ 5000).4 However,
such a high dielectric constant could be attained only at the
tetragonal-cubic phase transition temperature (T.~ 120°C).
The strong temperature dependence of this material limits its
applications in electronic devices. Certain RE ions, such as
Er*", Yb*", Dy**, and Ho® " have proved to be effective for
tuning dielectric and optical properties of barium titanate.>°
In addition, the incorporation of Zn*" with Er’*/Yb*" ions
was proposed as a promising route to enhance dielectric
properties, defect luminescence, and temperature sensing of
BaTiO;.” Owing to the increasing demand for reliable multi-
functional materials, it is essential to conduct further studies
on designing hybrid materials using appropriate dopants in
various host systems.

Recently, remarkable dielectric behavior was found in
(In+Nb) co-doped rutile TiO,, exhibiting large temperature
and frequency independence CP (g, > 10%) as well as a low
dielectric loss (<0.05).8 It is noticeable that the rutile titanium
oxide (TiO,) combines a satisfactory dielectric constant
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(>100) and an acceptable phonon energy of 612 cm ™' to min-
imize multi-phonon relaxation rates.””'' In this regard, the
doping of RE ions can improve dielectric properties and
meanwhile endow UC and DS properties to the rutile TiO,.
Moreover, those emission wavelengths are useful for lighting
and communication applications. However, there has been no
exploration of the multifunctional properties in this group of
material, including optical and dielectric properties. In this
work, (ErgsNbgs),Ti;_ O, materials were fabricated by solid
state sintering method. Structural, optical, and electrical prop-
erties are systematically investigated in the
(ErgsNbg 5)0.1Tig9O, ceramics. Importantly, the Er’" dopant
employed here acts as not only activator for up/downconver-
sion PL, but also electron acceptor leading to an effective
decrease in the loss tangent of dielectrics based on an
electron-pinned defect-dipole mechanism.® As a result, we
have observed simultaneous luminescence and CP properties,
which is promising for potential multifunctional applications.
Samples of (ErgsNbgs),Ti;_,O, at x=0% and 10%
were prepared by a solid state sintering method. Raw materi-
als, including rutile TiO, (99.90%, Sigma-Aldrich), Nb,Os
(99.99%, Sigma-Aldrich), and Er,O3 (99.5%), were used as
received. All of the mixed powders were calcined at 970 °C
for 4h in air. The calcined powders incorporating polyvinyl
alcohol (PVA) binder solution were pressed into disks with a
diameter of around 12mm and a thickness of 1.0 mm. Disk
samples were then sintered at 800 °C for 2 h in air for remov-
ing the PVA binder. The samples were sintered at the
temperatures of 1200-1500°C for 10h to obtain dense
microstructures. The phase structures were confirmed by
X-ray diffraction (XRD) and Raman spectroscopy. The opti-
cal absorption or reflectance spectroscopy was measured in
the spectral range of 200900 nm using an ultraviolet-visible
spectrometer. The PL spectra and lifetime of the samples
were recorded by using a FLSP920 spectrometer. An Agilent
4294 A impedance analyzer was used to measure the fre-
quency dependence of dielectric properties over the frequency

Published by AIP Publishing.
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range of 10% to 10° Hz. All measurements were conducted at
room temperature.

Fig. 1(a) shows the XRD patterns of the rutile TiO,
standard card (JCPDS 65-0191) and (ErgsNbgs), Ti;_,O>
(x =10%) samples. The results suggest that the samples are
of rutile phase, where the small shifting towards low diffrac-
tion angle was ascribed to the doping of Er’" and Nb°" jons
into the TiO, host lattice, resulting in an increased lattice
strain. Two secondary phases, Er,O; (JCPDS 26-0604) and
Er,Ti,0; (JCPDS 18-0499), were observed in the ceramics.
In tetragonal rutile crystals, a Ti*" (radius 0.605 A) ion asso-
ciated with six O®~ (radius 1.4 A) ions forms a [TiOg] octa-
hedron,'”> while Er’* (radius 0.89A) and Nb’*(radius
0.64 A) ions replace Ti*" in lattice to form [ErOg] and
[NbOg] octahedrons, respectively.'? As Nb>* ions have simi-
lar ionic size with that of Ti“, it is reasonable that Nb>*
ions would preferentially substitute at the Ti*" sites; while
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FIG. 1. (a) XRD patterns of the sample (Er( sNby s).1Tip 902, pure TiO; sin-
tered ceramics, and standard pattern of rutile TiO, (JCPDS card 65-0191).
(b) Raman spectra of (Ery sNbg 5),Ti;.1O, (x=0% and 10%) ceramics.
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the large Er’" ions might thus become “excessive” and result
in the secondary phase formation.

Fig. 1(b) presents Raman spectra of (ErysNbgs),Ti;_,O;
(x=0% and 10%) ceramics under 633 nm laser excitation.
There are four Raman active fundamental modes in pure rutile
TiOs: By, (143cm™ '), By (447cm™ "), Ay, (612cm ™), and
B,, (826 cem ™ H.13 B, corresponds to O-Ti-O bond bending
mode, A, corresponds to Ti-O stretch mode, while E, mode
is due to oxygen atom liberation along the c-axis out of
phase.13 It should be noted that the peak around 240 cm™ was
a multi-phonon peak for second-order effect (SOE).'* Raman
spectra of the doped sample show several peaks ranging from
400 to 700cm ', similar to the previous studies.'>"” The
result might imply the presence of doped Er’*, Nb>" ions,
and Er,O3, which is consistent with the XRD patterns.

In order to investigate the optical properties of the fabri-
cated samples, the optical absorption spectrum of the ceramics
was initially measured in the Ultraviolet (UV)-to-Near-
infrared (NIR) region ranging from 200 to 900 nm as shown
in Fig. 2(a). The absorption bands corresponding to the elec-
tronic transitions from the ¥/ 15,2 ground state to the higher lev-
els 419/2, 4F9/2, 4S3/2, 2H11/2, and 4F7/2 were labeled,
respectively.'® Apparently, the absorption band edge of pure
TiO, ceramic was present at around 380 nm. Incorporation of
Er’" ions into the TiO, lattice showed an extended absorption
characteristic into the visible region. This may originate from
the defects via Er-doping associated with oxygen vacancies
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FIG. 2. (a) Optical absorption spectrum and (b) band gap estimation of
(Erg sNbg 5),Ti;.,O> (x=0% and 10%) ceramics.
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that give rise to an F-type color center.'” The absorbance band
edge of the sample (ErgsNbgs)o.1Tip9O, ceramics was
increased to 392 nm compared with pure TiO,. It was due to
the generation of additional energy levels by the inclusion of
impurities within the band gap coupled with oxygen vacancies
by metal ion doping. This may contribute to the observed visi-
ble light absorption of the co-doped TiO, samples.*”

Fig. 2(b) shows the band gap of pure TiO, and
(Erg sNbg 5)0.1Tig.9O, ceramics derived from the absorption
spectrum. The values were estimated by assuming that the
optical absorption of the direct bandgap materials can obey
Kubelka—Munk function and Tauc relationship.>' By extrap-
olating the linear part of the curve [F(R)hv]"? vs hv at
[F(R)hv]* =0, pure TiO, ceramic shows the band gap of
3.04eV, whereas the bandgap of the ceramic at x =10% is
decreased to 2.97eV. The narrowing in band gap after Er
doping is strongly related to the absorption band of Er’ " due
to the energy transition of Vi 152 tO 4G1 1/2-

Luminescent properties of the materials have played
important roles in photonic and biomedicine fields.
Therefore, it is interesting to study the luminescence proper-
ties of the fabricated materials. Visible UC and NIR DS
emissions of the (Erg sNbyg s)o.1Tig 0O, samples are shown in
Figs. 3(a) and 3(b), respectively. It is observed that there
were two strong green bands in 510-541nm and
541-580nm while a weak red band in 640—-690nm under
980 nm diode laser excitation. The green bands correspond
to the transitions of *Hj, /2—>4I 152 and 4S3/2—>4[ 15/2, Tespec-
tively. The red emission is attributed to the ‘F 9/2—>41 15/2 tran-
sition while the NIR emission band in 1450-1630nm is
assigned to the 4 13/2—>41 15,2 transition of Er*". These emis-
sion wavelengths are well-known for modern optical com-
munication and optoelectronic devices. All the emission
bands are split into two obvious peaks, which are ascribed to
the Stark splitting of the degenerate 4f levels under the crys-
tal field. Moreover, the pumping power dependence of visi-
ble UC and NIR DS intensity was investigated to understand
the PL nature. For an unsaturated UC process, the number of
photons that is necessary to populate the upper emitting state
can be obtained by Iyc o (Ppump)",22 where [Ic is the inte-
grated fluorescence intensity, Ppump is the pumping power,
and 7 is the number of laser photons required to produce one
UC photon. The insets of Figs. 3(a) and 3(b) show the double
logarithmic plots of the overall emissions at 522, 557, 656,
and 1492 nm as a function of pumping power. The n value
can be calculated from the slope of the linear fit (inset of Fig.
3(a)). The obtained n of the samples for the green transitions
of *Hy1p—"I1s5> and *S3,—*I,5,, was 1.48 and 1.27, respec-
tively, implying the two photon processes of the green UC
PL.” The slope value of 4F9/2—>4I 152 transition was 1.13.
This decreased n value could be explained by the cross relax-
ation of the *F 92 level.” For the I 13/2—>4[ 15,2 transition, the
slope value with n=1 shows that this state was populated
via single photon absorption from the ground state for NIR
DS emission.

Apart from the pump power dependence analysis,
another useful tool to investigate the PL mechanism is to
study the temporal behavior of UC PL under a pulse excita-
tion. This technique allows one to distinguish between

Appl. Phys. Lett. 109, 042903 (2016)
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FIG. 3. (a) Visible UC and (b) NIR DS emission spectra of the
(Erp.sNbg 5)0.1Tin.oO, ceramic under 980 nm laser excitation with various
pumping power; the inset shows the respective log—log plots in visible UC
and NIR DS emission intensity versus excitation power density in the
ceramics. (¢) Temporal behavior of UC PL from the ’H,y, /25 4S3/2, and *F. 92
levels under the 980 nm laser excitation in a semi-logarithmic representa-
tion; the inset shows various UC PL decay curves of Er’™ ions with the fit-
ting (solid lines).

excited state absorption (ESA) and energy transfer upconver-
sion (ETU) processes.”> > The typical signature of an ESA
process is an exponential decay, whereas the signature of an
ETU process is a rise followed by an exponential decay. Fig.
3(c) shows the temporal behavior of UC PL from the ’H,, 25
453/2, and 4F9/2 levels under the laser excitation at 980 nm:;
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the inset shows the decay curves of the sample at 522, 557,
and 656 nm. The decay time was found from the slope of a
plot of log 7 (t) versus t. The curve was well fitted by the
double exponential equationzf”27

11y

100 = I + Are (7)1 a0 (75, (1)

where [ is the luminescence intensity, 1y and 7, are the fast
and slow components of the luminescent lifetimes, Ay and A,
are the weight factors of the two components, respectively,
and ¢, is the initial delay of the measurement. The average
lifetime of the non-exponential decay curve is determined by
the expression?’

At + A2
Tuve = s )
Af‘L'f + As‘CS

Typical ETU behaviors for both green and red UC emissions
were observed (Fig. 3(c)). The temporal behavior of UC PL
from the *H 11/25 4S3/2, and *F. o2 levels shows a rise profile at
initial stage followed by a double exponential decay behavior.
Two time components of the decay are noticeable in the semi-
logarithmic plot (inset of Fig. 3(c)). The fast component
derives a lifetime of 35 us, while the lifetime of the slow com-
ponent is found to be 107 us for ’H,, /2%4] 15,2 transition. The
fitting results associated with 4S3/2—>41 1572 show 7,=36 us and
T, =105 us, whereas 7,=33 us and 7,=94 us correspond to
‘F 9/2*>4I 152- The above analysis shows the presence of two
emitting species. It can be implied that ETU is a dominant
mechanism for the UC emissions in the material system yet
an ESA process could not be ruled out.

The spectroscopic properties and mechanisms of UC PL
of Er’" ions vary with the material’s preparation and excita-
tion conditions.”®*” Based on the results of pump power
dependence and decay curves, a simplified energy level dia-
gram is proposed to illustrate the mechanisms (Fig. 4). The
mechanism of UC under the excitation at 980 nm is explained
by a previous study.’ The observed luminescent properties of
the (Er+Nb) co-doped TiO, are similar to other reports, such
as Er’"-doped BaTiOs and Er’ 7/Yb* " co-doped PbTiO;.%"!
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FIG. 4. Simplified energy level diagram of Er’'ion depicting the proposed
mechanisms for the various UC and NIR DS emissions under 980 nm excitation.
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In this work, red UC emissions related to the ‘F 92
excited state are relatively weak. It may be due to a relatively
large energy separation between the 4F9/2 and 453/2 state,
which is about five times the phonon energy of the TiO, lat-
tice (612 cmfl). Therefore, the red emission state of 4F9/2
might be populated via another route. Fig. 4 shows several
representative processes of the cross relaxation (CR) pro-
cesses. First, CR1, i.e., *Fy, + ‘I 1p—"Fop + *Fop. As Er'"
ion populated to the ya 72 level would relax to the ’H 11/25 4 3/
» state by multi-phonon relaxation, the state density of 4F7/2
state for CR1 is low; this process might not be the foremost
one for the red emission. Second, >H 11 /2/453/2 +4 15/2—>419/2
+*1,55, for CR2. The Er’" ions at *I;3, state through ET
populate the *Fo, state. As the green emissions for Er'"
are relatively high, it implies that the state density of the
’H,, /2/453/2 states is high. CR2 may lead to the red emission
efficiently. Lastly, CR between lower states, CR3: I 2
+ 30— Fop + *Lisp or CR4: 13 +'111p = Fop + Lis5po.
If they are amenable, the intensity of red emission should be
higher than that of green one. In other words, CR from lower
states forms a minor process for the red emission. It can be
concluded that the red UC emission is attributed to the CR2
(2H| 1/2/4S3/2 + 4[15/2—>419/2 +4I]3/2). Most of the EI'3Jr ions in
the %113 level will eventually relax radiatively to the *I;s»
level, generating the 1.55 um NIR emission. As most of the
Er’" ions are expected to excite to the higher energy levels,
the low photon transition probability of */ 132 levels is small.
Eventually, the NIR emissions become very weak.

As aforementioned, co-doping Nb”" and Er*" ions may
result in remarkable dielectric properties in addition to the
above interesting optical properties. Fig. 5 shows the
frequency-dependent dielectric properties of pure TiO, and
(ErosNbg 5)0.1Tig 9O, ceramics at room temperature. A rela-
tively low & (~800) was observed in pure TiO,. In contrast,
the magnitude of €, was significantly enhanced up to ~6
x 10* while low dielectric loss was evident when co-doping
Nb>* and Er*" ions into the TiO, host. The permittivity of
the doped sample was almost steady and its dielectric loss
can meet the requirement (<10~'") with varied frequen-
cies.*** The results indicate weak frequency dependence of
the doped sample. In this study, Er’ " ions act as the electron
acceptor for holding back the delocalized electrons while

£ 0ofx=0% ——tan § of x=0%
10° —— ¢ of x=10% ——tan J x=10%
: =10’
IOH
10" R
—
W 8
—
" - 10"
101 1\ \‘\‘\m;...,m/
10' 107
10° 10 10' 10°
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FIG. 5. Dielectric properties of (ErgsNbgs),Ti;..O, (x=0% and 10%)
ceramics in the frequency range of 10% to 10° Hz, measured at room
temperature.
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Nb>" substitution creates delocalized electrons from the
reduction of Ti**. This physical mechanism responsible for
such high-performance dielectric properties is similar to our
previously reported system of (Zn, Nb) co-doped TiO,*

In conclusion, (ErysNbg s5)o.1TipoO, material was fabri-
cated by a solid state sintering method. Green, red, and NIR
emission were obtained from the material under 980 nm laser
excitation based on an up/downconversion photon process.
Furthermore, co-doping Er*™ and Nb”* ions in TiO, is found
to greatly enhance the CP performance with low dielectric
loss. The results suggested that co-doping Er’™ and Nb”"
ions is a promising route to generate the multi-functionality
of TiO; host material composed of remarkable luminescence
and dielectric properties.

This work was supported by grants from the Research
Grants Council of Hong Kong (GRF No. PolyU 153004/
14P) and National Natural Science Foundation of China
(Grant No. 11474241).
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