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Abstract Neodymium and gallium codoped barium titanate
(Ba;_y_yNd,Ga,TiO3, x = 0.03, 0.05, 0.07, 0.1 and y =
0.03) were prepared by sol-gel method in order to investi-
gate its dielectric and photoluminescence properties. The
structure and morphology of Ba;_,_,Nd,Ga,TiO3 powders
calcined at 1100 °C and sintered ceramics by spark plasma
sintering (SPS) technique were analyzed using X-ray
diffraction and scanning electron microscope, respectively.
The photoluminescence and dielectric properties of Nd
doped Bag97Gag3TiO3, (y = 0.03) as a function of Nd**
concentration and sintering temperature were also investi-
gated. The influence of Ga®* and Nd** dopants on the
crystalline phases, sintering process by SPS and macroscopic
properties of Ba;_,_,Nd,Ga,TiO; ceramics was analyzed,
as well as a weak hot emission from the 4F5/2 level. The
sintered ceramics showed high dielectric constant and
moderate dielectric losses. The highest value of the permit-
tivity obtained for Ba,_,_yNd,Ga,TiOs; ceramics was
& = 5890 at room temperature, 1 kHz and x =y = 0.03.
This study shown that Nd®* decreases the density of the
pellets, increases the dielectric losses and decreases the
dielectric constant of Bag¢7Gag ¢3TiO5 ceramics. Therefore,
the values of dielectric properties, at room temperature, of
BaTiO5; doped with 3 at.% Ga and <7 at.% Nd are higher
than those of undoped BaTiO; ceramic.
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1 Introduction

Due to its ferroelectric properties, BaTiO; is widely studied
for applications in optical devices, thermistors, tunable
microwave devices and multilayer ceramic capacitors [1-8].
In order to improve the luminescent properties of the BaTiOs,
Fe?* [9], Fe®™ [10], Pr** [11], Eu®* [12], EX*T [13), Yb**
[14] ions have been used as dopants. La*t [15], Nb°* [16],
Ru*t [17] and Gd*+ [18] were used to improve the dielectric
properties of barium titanate. Recent studies on neodymium
doped barium titanate and gallium doped BaTiO; ceramics
have shown that the Nd*™ and Ga*" ions can modify the
structure and dielectric properties of BaTiO; ceramic. The
substitution of barium ions (Ba2+) with neodymium (Nd3+)
[19-23] or gallium ions (Ga>") [24] on A-sites can induce
A-site cation disorders and structural defects that influence
the dielectric behavior of modified barium titanate ceramic.
Many reports on Nd doped BaTiO; have been published, but
only a few works about BaTiO; doped with Ga and, any
articles about simultaneous doping of BaTiO; with Ga and
Nd. In several studies, gallium appears as co-dopant along
with: Y, Mg, Si, La, Mn, Zn [25-28].

Doping BaTiO; with Ga and Nd we expected to obtain
materials with enhanced electric and optic properties
knowing that Ga improves the dielectric properties of
BaTiO5 [25, 26, 28, 29] while Nd influences the photolu-
minescence properties of BaTiO; [22]. Gallium and neo-
dymium have also influence on the photoluminescence and
electrical properties of BaTiO; [19, 21, 30]. We have chosen
to add 3 at.% Ga at BaTiO; because it is proved that this
concentration is in the solubility domain of Ga in BaTiO3
[25, 28, 30] and 10 at.% Nd is also in the solubility limits of
Nd in BaTiO; [19].

Undoped and Nd or Ga doped BaTiO; powders were
prepared by various methods as: conventional solid state
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reactions [19, 30], sol—gel route [22], hydrothermal syn-
thesis [20, 21, 23], etc. As sintering methods for perovskite
powders were used: the conventional method [21, 37],
microwave method [31, 32], spark plasma sintering (SPS)
method [33-35], etc.

Compared with traditional sintering procedure, SPS
enables to sinter compact powders to a higher density at a
relatively lower temperature in a shorter sintering period
[33]. SPS has an advantage of suppressing exaggerated grain
growth over conventional sintering. SPS equipment allows
to obtain very high heating rates, due to the optimal thermal
transfer existing between the heating element (the graphite
die) and the sample, and the low thermal inertia of the
graphite die itself. For example, Chen et al. [34], sintered
BaTiO; ceramic at a temperature of about 1300 °C, 1 h or
longer, resulting ceramics with grain size at the micrometer
level. Luan et al. [35], prepared high density, fine-grained
BaTiOj5 ceramics at the much lower temperature of 900 °C
and at short sintering periods of some minutes by the SPS
method. It is concluded that the short sintering period is
advantageous in suppressing exaggerated grain growth.

Sintering materials by direct microwave heating shows
various fundamental problems versus SPS sintering. Firstly,
most of the research on material processing by microwaves
is based on conventional low-frequency (2.45 GHz) micro-
wave applicators; however, such applicators do not couple
microwave power efficiently to many materials at room
temperature and poor microwave absorption characteristics
make initial heating difficult [36]. Thermal instabilities may
occur, which can lead to the temperature non-uniformities
that may cause non-uniform properties and cracking [36].
Finally, in a microwave heating, the direction of heating is
from inside to outside of the powder compact resulting in
higher temperature of the sample core than the surface. The
former mode of heating results in poor microstructural
characteristics of the surface [37-39].

In this work, we used gallium and neodymium as co-
dopants for BaTiO3. We present the preparation of BaTiO3
doped with Nd** and Ga®" powders via the sol-gel method
and sintering ceramics by spark plasma technique. Struc-
tural, microstructural, dielectric and photoluminescence
characteristics of as-prepared Nd and Ga doped BaTiO;
materials are also presented in this paper.

2 Materials and methods

Ba;_,_yNd,Ga,TiO3, x = 0.03, 0.05, 0.07 and 0.1 and,
y = 0.03 powders were prepared by sol-gel method start-
ing from barium acetate ((CH;COO),Ba, 99 %, Aldrich),
titanium (IV) isopropoxide, (Ti[OCH(CHj3),]4, Aldrich),
gallium nitrate Ga(NO3);-xH,O and neodymium(IIl) acet-
ate hydrate (CH3CO,);Nd-xH,O. Acetic acid (>99.7 %,
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Aldrich) was used as solvent. The mixtures of barium,
neodymium and gallium acetic solutions were added drop
wise to the titanium isopropoxide solution in isopropanol
(titanium(IV) isopropoxide was mixed with isopropanol in
a ratio of 1:10) to produce a Ba-Nd-Ga-Ti complex
solutions (sols). The sols were stabilized by adding acety-
lacetone (CsHgO,, Aldrich). The as-obtained sols were
maintained under continuous stirring at 75 °C, for 4 h, in
order to obtain the gels. After drying the gels at ~ 100 °C,
the resulting powders were treated at different temperatures
for preparation of mono-phased powders. Perovskite
BaTiOj3 cubic monophase was obtained after calcinations
of gel-powders at 1100 °C for 3 h in air.

The as-obtained powders of Ba;_,_,Nd,Ga,TiO3 were
sintered as discs having thicknesses of about 2 mm and
diameters of 20 mm by SPS technique using a commercial
SPS machine (FCT Systeme GmbH—HP D 5, Germany).
In order to prepare a ceramic disc by SPS, the powder was
poured into a graphite die and uniaxial pressed at 16 MPa
using a hydraulic press. Then, the graphite die with pressed
powder were introduced into the SPS equipment, where a
pressure of up to 63 MPa was applied, in vacuum of about
35 Pa. In the SPS equipment, a current pulse pattern was
applied. The shape of the waveform was not square, but
consisted of several spikes (pulses) separated by a current-
free interval. Each pulse had the same period, of about
3 x 1073 s. In the current work, a pattern of 12:2 on:off
pulses was applied. The total time of one sequence (cycle)
was about 0.04 s. The operating parameters, namely volt-
age and the peak current, were below 5 V and 1600 A,
respectively. No sintering aid was added. The temperature
was monitored with a pyrometer placed at 0.4 cm above
the sample, in the punch and through an axial hole. The
samples with various x values were sintered at different
temperatures in order to achieve an advanced powder
densification for each composition, as is shown in Table 1.

Figure 1 shows the variation of displacement (d), tempera-
ture (T), and mechanical pressure (P), as a function of time,
during the SPS processing of the sample, the Ba;_,_,Nd,
Ga,TiO; powder, werex = 0.1andy = 0.03.

For this composition, the heating rate was 100 °C/min,
up to 1210 °C. Densification begins at 1200 °C. At this
temperature, a supplementary pressure was applied, up to
80 MPa (Fig. 1). No further densification could be
achieved by increasing this temperature.

After SPS processing, the sintered pellets were contami-
nated with carbon from the graphite foils inserted between
the die, punches and ceramic powder. It is known that some
Ti*" is reduced to Ti*" during SPS sintering in argon
atmosphere of ceramics based on BaTiOj; [40]. Valdez-Nava
et al. [40], proved by using electron probe microanalysis that
the undoped and, La doped BaTiO; sintered by SPS are
oxygen substoichiometry. The oxygen loss during the
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Table 1 Rietveld refinement
results on the

Ba,_4_yNd,Ga,TiO;3 pellets *

Samples Ba;_,_,Nd,Ga,TiO3, y = 0.03

Lattice parameters (10\) Crystallite size (nm) Volume (A3)

a

sintered by SPS, where 0.03
x = 0.03-0.10 and y = 0.03 0’05

0.07
0.10

3.99775 114.16 63.892
3.99749 104.38 63.879
3.99639 69.94 63.827
3.99620 36.66 63.818

1.25
’j/,/wflzoo
=)
ES oo =t 11150 ~
o = S
4—7\% ~
5 & g
g & P {11100 £
Q5 o
S 2 0751 =
£f° ;
A~ 11050 £
d
0.50 +— ; . ; —1000
1060 1080 1100 1120 1140
Time (s)

Fig. 1 Displacement (shrinkage—d), pressure (P) and sample tem-
perature (T) versus time for the Ba;_,_yNd,Ga,TiO3 powder, with
x = 0.1 and y = 0.03

sintering process varies with the temperature, the lanthanum
content, the heating and cooling rate, the microstructure and
the pellet density. The oxygen deficiency creates disequi-
librium of the charge in the ceramics. It can be compensated
by the electronic La donor doping effect where Ba*" =
La’™ 4+ e~ and the subsequent formation of Ti**; Ti*"
concentration increases with La-doping [40]. As example,
they found Ti*>™/Ti*" ratio 0.015 in BaTiO5_, and 0.036 in
BaggsLag sTiO5_,. The reduced BaTiO;_, and Bagos
Lag o5TiO5_x are re-oxidized by annealing at 900 °C in air/
oxygen after the SPS process. An optimal ratio tempera-
ture/time of annealing of SPS sintered pellets can lead to a
complete removal of carbon derived from graphite die and
oxygen vacancies from the dense pellets.

Our SPS sintered samples were annealed at 900 °C for
5 h in air, in order to restore the oxygen and Ti*" stoi-
chiometry and, to remove the carbon contamination.

The structure of the Ba;_,_yNd,Ga,TiO; powders and
sintered ceramics was investigated by X-ray diffraction
(XRD) using a Bruker-AXS tip D8 ADVANCE diffrac-
tometer. CuK, radiation (wavelength 1.5406 A), LiF
crystal monochromator and Bragg—Brentano diffraction
geometry were employed. XRD data were acquired at
25 °C with a step-scan interval of 0.02° and a step time of
10 s. The microstructure of Ba;_,_yNd,Ga,TiO3 powders
and SPS sintered pellets was examined using a FEI Quanta
Inspect F SEM-EDAX scanning electron microscope.

Dielectric measurements were carried out in the metal-
ferroelectric-metal (MFM) configuration, where M is silver
and F is the Ba;_,_yNd,Ga,TiO3 pellets. Silver electrodes
were screen-printed on both surfaces of the Ba;_,_,Ndy
Ga,TiOj3 pellets. The frequency dependence of the dielec-
tric constant (¢) and dielectric loss (tand) of the materials
was obtained from electrical impedance values measured
using an HIOKT 35 32-50 LCR Hi Tester.

Photoluminescence (PL), excitation spectra and PL
lifetimes measurements were recorded at room temperature
using a Jobin—Yvon Fluorolog spectrophotometer; the
spectra were corrected for the spectral sensitivity.

3 Results
3.1 X-ray diffraction

The XRD patterns of Ba,_,_yNd,Ga,TiO5 gel calcined at
1100 °C, 3 h in air and of sintered pellets by SPS are
shown in Figs. 2 and 3, respectively.

All the diffraction peaks of Ba;_,_,Nd,Ga,TiO3 pow-
ders and sintered pellets are assigned to the cubic BaTiO3
phase, Pm—3m space group and 221 space group number
(Pattern: 16-6601, [41]).
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Fig. 2 XRD patterns (CuK, radiation) of Ba;_,_,Nd,Ga,TiOs3,
x = 0.03 (a), 0.05 (b), 0.07 (¢) and 0.10 (d) precursor gels calcined
at 1100 °C, 3 h
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Fig. 3 XRD patterns of Ba;_,_,Nd,Ga,TiOs3 sintered pellets by SPS
(2), where y = 0.03 for all samples, and a x = 0.03, b x = 0.05,
¢ x = 0.07 and d x = 0.10, respectively

The diffraction data and patterns of Ba,_,_,Nd,Ga,
TiO;3 ceramics (Fig. 3) were used to calculate the crystal-
lographic characteristics of Ba;_,_yNd,Ga,TiO; sintered
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ceramics. The unit cell parameters, crystallite size and
volume of Ba;_,_,Nd,Ga,TiO5 sintered pellets by SPS
were calculated using Rietveld method [42] throughout the
spectrum acquired in the program HighScore Plus 3.0e and
are listed in Table 1.

Table 1 reveals that doping of Bago7Gag o;TiO3 with
various amount of Nd (having ionic radius (o = 1.26 A)
smaller than Ba (1 = 1.74 A) reduce unit cell parameter,
crystallite size and unit cell volume.

3.2 Microstructure

The morphology of Ba;_,_yNdGa,TiO; powders and
ceramics sintered by SPS method was investigated by
electron microscopy, and the corresponding SEM images
are presented in Figs. 4 and 5, respectively.

As can be seen in Fig. 4, the Ba,_,_,Nd,Ga,TiO3
powders exhibit a high degree of coalescence. Some grains
have a rounded shape and are connected through liquid
phase. This type of microstructure with grains intercon-
nected by liquid phase, is due to the high calcination
temperature of Ba;_,_,Nd,Ga,TiO; powders (1100 °C),

{
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Fig. 4 SEM micrographs of the Ba,_,_,Nd,Ga,TiO3 powders gel calcined at 1100 °C, 3 h in air; a x = 0.03, b x = 0.05, ¢ x = 0.07 and

dx =0.10; y = 0.03
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Fig. 5 SEM images of the Ba;_,_,Nd,Ga,TiOj3 sintered pellets by SPS; a x = 0.03, b x = 0.05, ¢ x = 0.07 and d x = 0.10; y = 0.03
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Fig. 6 Typical EDX spectra of Ba,_,_,Nd,Ga,TiO3;, x = 0.05
sintered pellet by SPS

required to obtain monophased powders. The average grain
size decreases with increasing Nd concentration and it is
between 300 and 200 nm (Fig. 4a—d).

The morphology of Ba;_,_,Nd,Ga,TiO3 sintered pellets,
observed by the SEM images presented in Fig. 5, is

characteristic to the sintered ceramics by SPS, namely the
liquid phase is present in large amounts and fills the pores
between grains. Thus, the porosity of the samples almost
disappears and densification is high. Ba;_,_yNd,Ga,TiO3
sintered samples show high apparent densities, which
decrease with increasing Nd concentration (Table 1).
Apparent densities of the sintered pellets were measured by
Archimedes method (in toluene) using a density balance. The
theoretical density of BaTiO; was considered 6.00 g/cm®.

The chemical composition of the sintered pellets was
analyzed using energy-dispersive X-ray spectroscopy (EDS)
technique. A typical EDX spectra of Ba;_,_,Nd,Ga,TiO;,
x = 0.05 sintered pellet by SPS is shown in Fig. 6.

EDS analysis of the Ba, _,_yNd,Ga,TiO3, x = 0.05 and
y = 0.03 sintered pellet confirms the presence of Ba, Nd,
Ga, Ti, O and C elements. Very small amount of residual
carbon can be observed on EDS spectra.

3.3 Dielectric characterization

Ba;_,_yNd,Ga,TiO; ceramics sintered by SPS, with
x = 0.03-0.10 and y = 0.03, were characterized in terms
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Fig. 7 Temperature dependence of the permittivity (a) and dielectric
loss (b) measured at 1 kHz for Ba;_,_,Nd,Ga,TiO; pellets sintered
by SPS, where x = 0.03-0.10 and y = 0.03

of temperature and frequency dependence of the permit-
tivity and dielectric loss; the obtained results are presented
in Figs. 6 and 7, and Table 2.

Concerning the Fig. 6a, the ¢ vs. temperature curves of
Ba,_,_yNd,Ga,TiO3 samples exhibit broad dielectric
peaks with a maximum at Curie temperature point (centred
atT. ~ 125 °C), especially visible for x = 0.03. A similar
behavior was also observed by Gulwade et al. [43] which
shown that La doped BaTiO; on the Ba site materials
exhibits diffuse phase transition. These results indicate that
the as-prepared Ba,_,_,Nd,Ga,TiO3 ceramics are relaxors

Fig. 8 Frequency dependence of dielectric constant (a) and dielectric
loss (b) measured at 50 °C for Ba;_,_,Nd,Ga,TiO3 pellets sintered
by SPS, where x = 0.03-0.10 and y = 0.03

ferroelectric [44]. The specific structure of the sintered
ceramics by spark plasma technique, characterized by high
densification (as shown in Fig. 5), is responsible for the
high value of dielectric constant and moderate dissipation
factors (tan 9). The dielectric losses of Ba;_,_,Nd,Ga,
TiO; ceramics increase drastically with temperature above
~ 150 °C, especially at low concentrations of Nd, due to
the thermal conduction contribution.

The dielectric constant showed a high dissipation with
frequency for small Nd concentrations (x = 0.03 and 0.05)

Table 2 Characteristics of Ba;_,_,Nd,Ga,TiO3 ceramics sintered by SPS

Concentration Sintering temperature ~ Sintering time Density Relative density Permitivity ¢, Tan 9, at
x (at.%) (°O) (min) p (g/ems) 0/pBarios (%) at 1 kHz 1 kHz
0.03 1230 3 5.905 98.42 5890 0.13
0.05 1220 3 5.898 98.30 2560 0.15
0.07 1210 3 5.892 98.20 1500 0.09
0.10 1200 3 5.884 98.06 360 0.38
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and decreases with increasing the amount of Nd (x = 0.07
and 0.10) added. The dielectric losses decrease at low-
frequency and then increase as the frequency increased
above 10° Hz (Fig. 7b), which can be ascribed to ionic
conductivity. With increase of frequency, the decrease of
polarization caused by ionic conductivity occurs, leading to
increase of tan o.

Dielectric losses of Ba;_,_yNd,Ga,TiO3 ceramics not
vary linearly with the concentration of Nd, at room tem-
perature and on the entire frequency interval 10°~10° Hz.
Variation of dielectric losses can be correlated with the
structural inhomogeneities due to oxygen vacancies (VO)
resulted from the sintering by SPS and barium vacancies
(VBa”) caused by the substitution of Ba** with Nd** and
Ga’™.

We have not found any other study on Ba;_,_,Ndy
Ga,TiO3 ceramics. Therefore, it is not possible to compare
our results on Nd, Ga codoped-BaTiO; materials with
others, either electrically or photoluminescence. However,
there are some papers on dielectric properties of BaTiO3
doped with Ga or Ga, Y and Zn [28], and Nd doped-
BaTiO3 [19]. Compared with these reports, our Ba;_,_,
Nd,Ga,TiO3 ceramics sintered by SPS show improved
dielectric properties.

3.4 Photoluminescence

Photoluminescence and excitation spectra, as well as the
energy levels scheme of the Nd**-ions and the f-f transi-
tions depicting the luminescence mechanisms of our
Ba;_,_yNd,Ga,TiO3 powders calcined at 1100 °C, 3 h in
air, are presented in Fig. 8. The recorded spectra are
essentially the same, except the decrease of the lumines-
cence intensity with the Nd** concentration.
Photoluminescence and excitation spectra of the Nd
doped samples depicted in the Fig. 8 consist of character-
istic bands ascribed to the f—f transitions. According to the

Wavelength (nm)

Nd** energy levels scheme [45], the excitation spectrum is
due to the transition between the ground “To/» state and
various excited states, whereas the emission spectrum is
due to the transitions from the “Fs, and (*Hop» + “Fs))
levels (Fig. 8a). The time decay profiles of the red emission
band (at 800 nm) recorded under 580 nm excitation (not
shown here) are in the sub-milliseconds range. The profiles
are single exponential decay curves. The characteristic
lifetimes appear to decrease with increasing the Nd>*
concentration in the matrix, as follows: 0.182 £ 0.03 ms
(x = 0.03), 0.155 £ 0.03 ms (x = 0.05), 0.110 £ 0.03 ms
(x = 0.07) and 0.101 £ 0.03 ms (x = 0.1) (Fig. 9).

The emission intensity decreases along with decrease of
decay time and increasing of Nd doping and, can be
interpreted as a concentration dependent enhancement of
non-radiative de-excitation processes caused by cross-re-
laxation process between neighboring Nd** ions [46].

4 Conclusions

Ba;_,_yNd,Ga,TiO3 powders and ceramics, with x varying
from 0.03 to 0.10, and y = 0.03 were successfully prepared
using the sol-gel method and SPS technique. In order to
prepare monophased powders of Ba;_,_yNd,Ga,TiO3, the
gel powders were calcined at 1100 °C and grains of
200-300 nm size were obtained. Solid solutions of the type
Ba;_,_,Nd,Ga,TiO3 ceramics sintered by SPS exhibited a
diffuse transition as well as a deviation from Curie—Weiss
law, a high dielectric constant and low loss. Increases of
neodymium content lead to lower values of crystallographic
characteristics of barium titanate substituted with 3 at.% Ga.
The luminescence spectra recorded on the powders have
shown hot Nd-ion emission (at 800 nm) from the 4F5/2
level and concentration quenching effects. These materials
(Ba,_x—yNd\Ga, TiOs3) have potential applications in optical
devices and ceramic capacitors. Also, this work may lead to
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the development of a novel material as a result of simulta-
neous doping of Nd and Ga.
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