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Abstract (1 — x)BaTiO;—xBi(Y(5Ybgs)O; (BT-BYYD,
x = 0.01-0.12) ceramics were prepared via solid-state
processing techniques. The structure, dielectric and impe-
dance properties of (1 — x)BT-xBYYb ceramics are
studied. The studies show that the ceramics are in te-
tragonal phase when x < 0.07, transform to pseudocubic
phase at x > 0.08. The grain growth is obviously sup-
pressed for (I — x)BT-xBYYb samples with x value. Di-
electric properties are depressed and dielectric peaks are
broadened with x. T,, first increases and then decreases.
BT-BYYb system exhibits diffused phase transition and
good temperature stability, which is due to the increased
cation disorder, forming the local difference of the polar
region due to the size and charge difference and inducing
many different regions with different Curie points. The
samples can meet the temperature requirements of X8R
characteristics at 1 kHz with: ¢ ~ 1330, tand ~ 0.0076,
INC/CI < £15 % (=55 to 150 °C) for x = 0.11 and
€ ~ 1032, tand ~ 0.012, IAC/Cl < 15 % (-55 to
170 °C) for x = 0.12, respectively. The activation energy
of the bulk material obtained from conduction and relax-
ation first increases and then decreases with increasing
BYYb concentration. The different activation energy
indicates various mechanisms are involved in the conduc-
tion and relaxation process, which may be due to the mixed
conduction or doubly ionized oxygen and thermal motions
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of titanium ions (Ti*") or doubly ionized oxygen,
respectively.

1 Introduction

The multilayer ceramic capacitor (MLCC), characterized
by its high capacitance and compactness, is the most
widely used in electronic devices. It is reported [1] that
trillions of pieces of MLCC are manufactured each year.
Thus it has important significance in the investigation and
development of the steady and high-performance dielectric
materials that can satisfy the Electronic Industries Asso-
ciation (EIA) XR (AC/Cysoc = +15 % or less) charac-
teristics. The dielectric material with the “core—shell”
microstructure composed of chemically inhomogeneous
grain is considered as a key factor to satisfy XR charac-
teristics [2, 3]. BaTiO5 based ceramics are modified by the
doping species such as BaNb,Og [4], CaZrO5 [5], and
oxides [6-8] to obtain a core—shell structure, which can
satisfy the requirements of X8R characteristics (AC/
Cosoc = £15 % or less, —55 to 150 °C). But there are few
report that systems without “core—shell” structure or two
dielectric peaks can satisfy the requirement of the XR
temperature range [9].

The improvement of the degree of dispersion of ce-
ramics is a good way to meet the requirement of XR
characteristics of the dielectric ceramics as much as pos-
sible. Research on bismuth-based compounds gained
popularity due to bismuth’s similarities to lead. BaTiOs—
BiMeO; (Sc>* [10-12], Yb** [13], (Mg, ,»Tiy ) " [14, 15],
Fe’T [16-18], AT [19, 201, (Zn,,2Ti; )" [21, 22], (Nij»
Tiin)®" [23], Y3 [24]) solid solutions have been investi-
gated by many researchers. When Bi is substituted for Ba
in BaTiO;3, a material with a high dielectric constant and
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minimal temperature dependence is achieved. This is due
to a lowering of both the Curie temperature and the max-
imum permittivity [12]. The presence of lone-pair electrons
from Bi*" in the BaTiO3~BiMeOs system are believed to
induce the strong bending or antisymmetric stretching of
the B—O bonds, showing micro-region of compositional
fluctuations [24]. (1 — x)BaTiO3;—xBi(Zn;/;Ti;2)O03 sys-
tems also demonstrates stable dielectric properties over a
wide temperature range at x > (0.2 in the pseudocubic
phase [21, 22]. Both BaTiO3-BiYO; [24] and BaTiO3-
BiYbO; [13] systems exhibit relaxor behavior and low
temperature coefficient of dielectric constant. In addition,
the diffuse phase transition of dual rare earth doped barium
titanate ceramics is obviously much stronger than mono
rare earth doped barium titanate ceramics, which is
strongly dependent on the site preference of rare-earth
impurity in BaTiO; sublattices [25, 26].

In this paper, a new lead-free (I — x)BT—xBYYb solid
solution was selected to investigate the effects caused by
the addition of BYYb to BT on structural, dielectric
properties and impedance properties. (1 — x)BT-xBYYDb
that exhibits a high degree of stability, obviously superior
to BaTiO3-BiYO; [24] and BaTiO3-BiYbOj3 [13] in terms
of stability in relative permittivity and operating tem-
perature range. The mechanism of relaxation process and
the conduction process are analyzed in detail.

2 Experimental

(1 — x) BT-xBYYb powders were synthesized by solid
state reactions. Reagent-grade barium titanate (BaTiOs,
Guangdong Fenghua Advanced Technology Holding Co.
Ltd., >99.0 %), bismuth oxide (Bi»Oz, Sinopharm Che-
mical Reagent Co. Ltd., >99.9 %), yttrium oxide (Y,Os3,
Aladdin Chemistry Co. Ltd., >99.9 %), ytterbium oxide
(Yb,03, Aladdin Chemistry Co. Ltd.,, >99.9 %) were
weighted according to the nominal compositions and
mixed for 24 h by ball milling in alcohol. After drying, the
milled powders were calcined in air at 950 °C for 2 h, and
then remilled in isopropyl alcohol for 24 h. To improve the
green strength of the powder compacts, polyvinyl alcohol
(PVA) binder was added to the powder and granulated.
These green bodies were pressed into disks with 12 mm in
diameter and 1.5 mm in thickness by uniaxial pressing at
about 200 MPa, and then binder burned out at 650 °C,
followed by sintering at 1250-1350 °C for 3 h in air.
Phase purity and structure of the ceramic powders were
determined by X-ray powder diffraction (Cu Ko,
k = 1.54056 A, PANalytical X Pert PRO, Eindhoven, the
Netherlands) operated at 40 kV and 40 mV, the lattice
parameters were calculated by X’Pert HighScore Plus
diffraction software. For dielectric measurement, the
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sintered ceramics were polished to obtain smooth and
parallel surfaces. Then a silver paste was painted and fired
at 800 °C for 30 min to form the electrode. Temperature
dependence of dielectric properties and complex impe-
dance were measured using an LCR meter (LCR, E4980A,
Agilent, USA) connected to a computer controlled furnace.
Complex impedance was measured over frequencies from
20 Hz to 2 MHz in a temperature range of 24-480 °C. The
evaluation of each R (Resistance) component value for an
assumed equivalent circuit was determined by the software
Z-view.

3 Results and discussion

The XRD patterns of (1 — x)BT-xBYYb ceramics sintered
at 1250-1350 °C for 3 h are shown in Fig. la. It is observed
that the stable perovskite phases are formed in samples with
x < 0.14. When x > 0.14, the second phases can be seen,
Fig. 1b shows the XRD diffraction patterns of (1 — x)BT—x
BYYb (x = 0.01-0.12) ceramics sintered at 1250-1350 °C
for 3 h. It is clearly indicated that the crystal phase changes
gradually from the tetragonal phase to the pseudocubic phase
in the samples with 0.07 < x < 0.08 from the splitting of
(200) and (002) peak to (200) peaks as shown in Fig. lc.
Hence, the stable tetragonal phases can only be formed when
x < 0.07 in the (1 — x)BT—xBYYb system.

To obtain the precise lattice parameters of (1 — x)BT—
xBYYb (x = 0-0.12) samples, The lattice parameters
calculated from the XRD data using Si standard sample of
(1 — x)BTxBYYb (x = 0-0.12) [14], as shown in Fig. 2.
It can be seen that the lattice parameters (a) increases
monotonously and c first increases and then decreases with
x for (1 — x)BT—xBYYb with x < 0.07, these composi-
tions stabilized in the tetragonal symmetry. The lattice
parameters (a = c) continue to increase until x < 0.11, and
then stay the same at x = 0.12, which implied that BYYb
have no longer entered the unit-cell maintaining the per-
ovskite structure of the solid solution. That is, the solubility
limit for (1 — x)BT-xBYYb perovskite structure is deter-
mined to be about x = 0.11. In addition, the tetragonal
ratio c/a first increases and then decreases eventually
equals to 1.

Figure 3 shows the SEM micrographs of the surfaces of
(1 — x) BT-xBYYD ceramics at 1350 °C for 3 h. All the
ceramics are well sintered and process a dense mi-
crostructure. The grain growth is suppressed for (I — x)
BT—xBYYb samples with x value. The normal grains and
the strip-shaped grains are obviously observed in 0.88BT-
0.12BYYD ceramic in Fig. 3i. In order to confirm the in-
gredient of the grains, energy-dispersive spectroscopy
(EDS) analysis is employed. The EDS data of spots A
(marked A) in Fig. 3g and spots B (marked B) in Fig. 3i
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Fig. 1 X-ray diffraction patterns of (1 — x)BT-xBYYb ceramics sintered at 1300-1430 °C for 3 h. a 8 mol% < x < 20 mol%,

b 1 mol% < x < 12 mol% and c enlarged from 43° to 52.5°
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Fig. 2 Lattice parameters as a function of x

are shown in Table 1. EDS results of spots A show that
Yb*" ions have a higher amount of substitution for Ti-site
than Y>* ions, due to the closer ionic radius between Ti*t
ions and Yb>* ions. However, Yb®" ions have the
equivalent addition of Y ions. Excess Y>" ions locate at
grain boundaries and inhibit grain growth. The EDS ana-
lysis of spots B reveals that the strip-shaped secondary
grains are confirmed as Y-rich phases, which tend to seg-
regate at grain boundaries and also inhibit grain growth.
The secondary phases are confirmed by the XRD patterns
using Si standard sample of 0.88BT-0.12BYYb.

Figure 4 shows the temperature dependence of the di-
electric properties for (1 — x)BT-xBYYDb (x = 0.01-0.12)
ceramics at 1 kHz. The maximum value of the dielectric
constant decreases with increasing BYYDb content and it
exhibits a broad maximum value of the dielectric permit-
tivity, which may be attributed to the increased cation dis-
order due to the Ti-site and Ba-site substitution by Y>" or/
and Yb>" and Bi*", disrupting the long-range dipolar in-
teraction and forming the local difference of the polar region
due to the size and charge difference [24]. Figure 5 shows the
temperature variation of capacitance of (1 — x)BT-xBYYb

(x = 0.11; 0.12) ceramics at 1 kHz. The best performance
components are 0.89BT-0.11BYYb and 0.88BT-
0.12BYYD, which meet the X8R requirements respectively
at 1 kHz with: ¢ ~ 1330, tand ~ 0.0076, IAC/Cl <
£15 % (—55t0150 °C)ande ~ 1032,tand ~ 0.012,IAC/
Cl < £15 % (=55 to 170 °C).

Figure 6 shows the maximum dielectric constant (g,)
and the temperature at which the relative permittivity is
maximum (T,,) as a function of composition for (I — x)
BT—xBYYb (x = 0.01-0.12) at 100 kHz. The dielectric
constant at T, decreases with increasing BYYb content.
T, exhibits a slow decline with x at the compositions with
x < 0.04 in the tetragonal phase. Upon further increase in
BYYb content, T,, decreases rapidly, processing in the
pseudocubic phase, which is a ferroelectric to paraelectric
phase transition temperature. T, increases when x = 0.12,
the second phases with the high Curie temperature may be
responsible for the increase of T, and induce the dete-
rioration of the dielectric properties [14].

In order to characterize the dielectric dispersion and
diffuseness of BT-BYYb samples, Uchino and Nomura
[27] modified the Curie-Weiss law for the diffuseness
phase transition and given as

L1y "

£ &y C

where vy and C are modified constants, with 1 <y < 2.
The value of the parameter y gives information about the
character of the phase transition. Its limiting values are
v =1 and y = 2. The value of vy is 1 for the case of a
normal ferroelectric and y = 2 is valid for an ideal fer-
roelectric relaxor. The exponent y is obtained from the
slope of log(1/e — 1/e,,) and log(T — T,,) plot, as shown
in Fig. 7, which exhibits a good linear relation for BT-
BYYDb samples and y is between 1 and 2, Thus, BT-
BYYb samples (x > 0.05) are considered as relaxor
ferroelectrics.
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Fig. 3 SEM micrographs of (1 — x)BT-xBYYb (a x =0.01, b x =0.02, ¢ x =0.03, d =0.04, e x = 0.05, f x =0.06, g x = 0.08,

h x = 0.11, i x = 0.12) ceramics sintered at 1350 °C for 3 h

Table 1 The EDS data of the spots A and B shown in Fig. 3

Spots Atom (%)
Ba Bi Y Yb Ti (6]
A 16.56 1.26 1.67 2.31 11.58 66.62
B 11.07 1.05 16.16 3.7 11.2 56.83
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Fig. 4 Dielectric constant as a function of temperature at 1 kHz for
(1 — x)BT-xBYYb (x = 0.01-0.12) ceramics

Impedance spectroscopy is a clear and nondestructive
technique to carry out more detail analyses of dielectric
properties and conduction mechanism in the materials [28].
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Fig. 5 Capacitance variation of (1 — x)BT-xBYYb (x = 0.11; 0.12)
samples as a function of temperature at 1 kHz
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Fig. 8 (—Z") —Z' plots and assignments of 0.98BT-0.02BYYb at different temperature. G grain, GB grain boundary

Figure 8a—f shows the variation of (—Z") with Z' over a
wide range of frequency (20 Hz-2 MHz) at different
temperatures for 0.98BT-0.02BYYb ceramics. Above
300 °C, the impedance spectra consist of two “semi-cir-
cles” with a small semicircle arc at high frequencies and a
large are at low frequencies. With the temperature in-
creasing, the high-frequency arc becomes smaller and
smaller, whereas the low-frequency arc tends to be a well-
developed semicircle. The trend indicates the enhancement
of grain resistance (R,), grain boundary resistance (Rp),
The high-frequency arc is ascribed to be the dielectric

response from the grain interiors (G) and the low-frequency
are can be ascribed to be the dielectric response from the
grain boundary (GB) as labeled in the figures, which is
consistent with the brick-layer model for a polycrystalline
material [29].

Figure 9 shows the plots of imaginary part of impedance
(—2Z") versus frequency for 0.98BT-0.02BY YD at different
temperatures. Two distinct peaks at low and high fre-
quencies are observed. The distinct peaks are not clearly
visible for temperatures of 400—480 °C due to large dif-
ference in peak intensities. The peak values (—Z" )

max
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Fig. 9 Variation of (a) imaginary part of impedance (Z") with
frequency for 0.98BT-0.02BYYb at high temperatures ranges from
400 to 480 °C. Inset shows temperature dependence of relaxation
frequency

decreases and the peak positions shift to higher frequency
upon heating, indicating the decrease of the resistances of
the grain and grain boundary as well as the decrease of the
relaxation time, respectively. The space charge polarization
is active at low frequencies and high temperatures. The
merging of imaginary part with increasing frequency may
be attributes to the decrease of space charge polarization in
grain interiors [30]. Peak broadening with increasing
temperature verifies the presence of temperature depen-
dence relaxation phenomenon. The relaxation times t were
calculated from the frequencies at which the Z  is ob-
served. It exhibits a peak in a slightly asymmetric degree at
each temperature. The relaxation is obtained by the for-
mula Tyax = 1/@max, The most probable relaxation time
follows the Arrhenius law,

Wmax = W EXP (KE;) (2)
where o is the pre-exponential factor. E,, is the activation
energy of relaxation process. In Fig. 9, the inset shows the
activation energy (E,) calculated from the least-squares fit
to the points and found to be 1.58 and 0.98 eV at low
frequency peak and high frequency peak, respectively. The
lower frequency peak is attributed to the relaxation of the
space charges associated with the oxygen vacancies at the
grain boundary, whereas the higher frequency peak is due
to oxygen vacancies relaxation inside the grains [31]. The
relaxation process is considered to be the presence of short-
range motion of charge carrier [32] and may be due to
defects [30] at higher temperature. Figure 10 shows Ar-
rhenius dependence for the relaxation time for (1 — x)BT—x
BYYb (x = 0.02; 0.04; 0.06; 0.08; 0.11) at low frequency
peak. The relaxation activation energies are about
1.2-2.2 eV. It is reported [33] that the activation energies of
the hopping frequencies of the carriers is about 1.7-2.1 eV
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Fig. 10 Arrhenius dependence for the relaxation time for (1 — x)
BT—xBYYb (x = 0.02; 0.04; 0.06; 0.08; 0.11) at low frequency peak

for (PbgyggSmgog) (Ti;_Mn,)O5 ceramics above Ty, at low
frequencies. The hopping processes could be associated with
relaxations involving thermal motions of titanium ions
(Ti*") [33]. Thus The relaxation process may not only be
associated with oxygen vacancies relaxation but also related
to thermal motions of titanium ions (Ti4+) according to the
relaxation activation energy value.

To analyze the microstructure of BT-BYYDb, the com-
plex impedance plate plots of (1 —x)BT-xBYYDb
(x = 0.02; 0.04; 0.06; 0.08; 0.11) at 400 °C have been
shown in Fig. 11a—e. In which the main electric compo-
nents for every sample are clearly detected. The center of
semi-circle lies off the real axis (Z') indicative of the non-
Debye type relaxation with a distribute process instead of a
single one. From x = 0.02-0.04, the boundary between the
grain semi-circle and grain boundary semi-circle is blurred
gradually. Every plot is resolved into two overlapped semi-
circle, the poor separation of this overlapped semi-circle is
due to the blocker size, which is referred to the pores that
exist at the grain boundary [34].

The grain resistance and the grain boundary resistance
were obtained by fitting the proposed circle with the help of
Z-view software, activation energies are calculated from
the temperature dependence resistance of the composites as
shown in the Fig. 12. It obeys the Arrhenius law as follows;

R = Ryexp (KE;) (3)
where Ry is the pre-exponential factor. E, is the activation
energy of the conduction. Values in the ranges 0.3-0.4 and
0.6-1.3 eV in the low temperature region 200-400 °C have
been associated with singly and doubly ionized oxygen
vacancies, respectively [33]. In the high temperature re-
gion, mixed conduction governed by both doubly ionized
oxygen and lead vacancies for F and Mn co-doped PZT
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[35] is responsible for the high activation energy of
1.47-2.02 eV. It is reported [33] that the activation energy
in the ABOj; perovskite structure decreases with increasing
oxygen vacancy content. For the studied samples, The bulk
activation energy decreases with the BYYb content for
x > 0.02, which suggests an increase of oxygen vacancy
concentration. Moreover, the value of the relaxation acti-
vation energy at 0.98BT-0.02BYYb is a little higher than
that of bulk resistance, which is consistent with (Pbggg
Smyg og) (Ti;_ Mn,)O3 ceramics above T, [32] and indi-
cates the different mechanism in the both process.

4 Conclusions

(1 — x)BTxBYYb (x = 0.01-0.12) ceramics were pre-
pared by solid-state method. The crystal phase changes
gradually from the tetragonal phase to the pseudocubic phase
inthe samples when 0.07 < x < 0.08. The average grain size

decreases with x value. Dielectric properties are depressed
and dielectric peaks are broadened with x. Ty, first increased
and then decreased. BT-BY YD system exhibited diffused
phase transition and good temperature stability. It can follow
the modified the Curie-Weiss law and the transition diffuse y
is 1 and 2, the different mechanism is responsible for in
conduction and relaxation process.
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