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Abstract (1 — x)BaTiO3—xBi(Zng75Wo25)05 [BT-BZW,
0 < x < 0.2] solid solutions were fabricated via a conven-
tional solid-state reaction method. The relationships among
compositions, crystal structures, and dielectric properties
were investigated. X-ray diffraction patterns showed that a
phase transformation from tetragonal to pseudocubic was
observed at 0.03 < x < 0.1. Raman spectra analysis also
illustrated that the long-range ferroelectric order is disrupted
from these compositions. Dielectric data showed that as the
BZW addition was small (0.01 < x < 0.04), the magnitude
of permittivity maxima decreased, and the Curie tempera-
ture was almost irrespective of BZW content (x). While the
dielectric temperature stability and relative permittivity of
BT below the Curie temperature were effectively improved.
In particular, the ceramic with x = 0.04 possesses the
dielectric properties with high permittivity (~3,000), low
dielectric loss (<3 %) and dielectric temperature stability
(£15 %) in the temperature range of 25-125 °C, indicating
this ceramic satisfies the requirement of EIA X7R specifi-
cations. Especially for x = 0.2, the variations of Ag/g|gg ~c
is around £15 % over a wide temperature range from 100 to
400 °C, suggesting potential usage at elevated temperatures.

X. Chen - J. Chen - D. Ma - H. Zhou (I<)) - L. Fang
Ministry-Province Jointly-Constructed Cultivation Base for State
Key Laboratory of Processing for Non-ferrous Metal and
Featured Materials, Guangxi Zhuang Autonomous Region, Key
Laboratory of New Processing Technology for Nonferrous
Metals and Materials, Ministry of Education, School of Materials
Science and Engineering, Guilin University of Technology,
Guilin 541004, China

e-mail: zhf 032@163.com

X. Chen
e-mail: cxlnwpu@163.com

1 Introduction

Multilayer ceramic capacitors (MLCCs) are particularly cru-
cial electronic components due to the great demand in trans-
ducers, infrared detectors, and pulse generating devices [1, 2].
With the development of electronic devices toward minia-
turization and multi-functionality, large dielectric permittivity
and relatively low permittivity variation have been immi-
nently required for high performance MLCCs [3]. Most
capacitors in microelectronics with excellent electric proper-
ties are lead-based perovskite materials, such as Pb(Mg,
Nb)Os, Pb(Zr,Ti)O3, Pb(Sc,Ta)Os, etc. [4—12]. Nevertheless,
this is at the expense of the environment and human health.
Therefore, developing lead-free ferroelectric ceramics is
indispensable for environmental protection and human health.
As well known, the chemistry of Pb plays an important role in
achieving the properties of Pb-based ferroelectrics ceramics
[13, 14]. Bi** is an excellent candidate for the substitution of
Pb>" on account of a similar electronic structure [15].
Unfortunately, pure Bi-based perovskite ferroelectric ceram-
ics are difficult to prepare using general sintering method
owing to low perovskite tolerance factor () [16].

To stabilize Bi-based perovskite structure, some lead-free
end members with relatively high perovskite tolerance factor
were selected to obtain new compounds, such as (Bigs
Nay 5)TiO3, K 5Nag sNbOs3, and BaTiOs-based ceramics, etc.
[17-21]. BaTiO; (BT, t = 1.011) has been extensively stud-
ied for many years owing to its marvelous dielectric properties
[22]. Recently, numerous researches on the modification of
BT with Bi-based perovskite compounds have been studied,
such as BT-Bi(Zng 5T 5)03, BT-(Mgp 5Tig5)O03, BT-(Nig 5
Tip5)03, and BT-(Zng 571 5)O03 etc. [22-28]. These solid
solutions exhibit excellent temperature-stable dielectric
behavior, which is extremely attractive for MLCC application.
In our previous study, (1 — x)BaTiO3;—xBi(Mgp75W.25)03
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ceramics exhibited a temperature-insensitive relative high
permittivity [29]. Mg®" and Zn>" possess the same valence
and close ionic radius. In Pb-based ferroelectric ceramics,
xPbTiOs3—~(1 — x)Bi(Zng75Wo25)03 (PT-BZW) exhibits a
good piezoelectric property [30]. Therefore, we could prospect
that BaTiO5-Bi(Zng75W(»5)O3 ceramics can also show out-
standing dielectric properties. The objective of this work is to
enhance the temperature stability of BaTiO; ceramic via
adding a secondary end member Bi(Zng75W(,5)O5 and pro-
vide promising candidate materials for MLCC application.

2 Experimental

(1 — x)BT=xBZW (0 < x < 0.2) ceramics were prepared by a
two-step solid-state reaction method. Starting materials are
BaCO3; (=99 % Guo-Yao Co. Ltd., Shanghai, China), Bi,O3
(>99 % Guo-Yao Co. Ltd., Shanghai, China), TiO, (=99.99 %
Guo-Yao Co. Ltd., Shanghai, China), ZnO (>99 % Guo-Yao
Co. Ltd., Shanghai, China), and WO3 (>99 % Guo-Yao Co.
Ltd., Shanghai, China). Stoichiometric proportions of BT and
BZW were mixed in alcohol using zirconia balls for 10 h. The
mixtures were dried and calcined at 1,100 and 800 °C for 4 h,
respectively. Subsequently, the calcined powders were
weighted according to (1 — x)BaTiO;—xBi(Zng75W25)03
[(1 — x)BT-xBZW, 0 < x < 0.2] and milled for 4 h in the
same way as the raw powders. The resultant powders were
mixed with 5 wt% of polyvinyl alcohol and pressed into pellets
with 12 mm in diameter and 2 mm in thickness by uniaxial
pressing at 200 MPa. The pellets were then embedded with
calcined powders of the same composition to minimize alkaline
elements volatilization and sintered at different temperatures,
depending on the adding content of BZW, ranging from 1,250
to 1,410 °C for 2 h in air.

X-ray diffraction (XRD) patterns were recorded at room
temperature using an X-ray diffractometer (X Pert PRO)
with CuKa radiation (A = 0.15406 nm). The phase ana-
lysis for the XRD data was performed with a PanAlytical
software (X’Pert High score Plus). Raman spectroscopy
was carried out on a Thermo Fisher Scientific DXR using a
6 mW laser with a wavelength of 532 nm. Silver electrodes
were coated on both sides of the pellets, and then fired at
650 °C for 30 min. Dielectric properties were measured
with an applied voltage of 500 mV over 100 Hz—1 MHz
from room temperature to 600 °C using a precision
impedance analyzer (Model 4294A, Hewlett-Packard Co.,
Palo Alto, CA, USA) at a heating rate of 3 °C/min.

3 Results and discussion

Figure la shows the XRD patterns of (1 — x)BT-xBZW
ceramics (0 <x <0.2) sintered at their optimized
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Fig. 1 a X-ray diffraction patterns of (1 — x)BT-xBZW ceramics
sintered at their optimized temperatures, and b the (002)/(200)
diffraction patterns of the sample fitted by Gaussian function in the
range 44°-46°

temperatures. Diffraction data confirmed that no trace of
secondary peak was detected, which suggests that BZW
has diffused into the BT lattices to form a homogenous
solid solution. The enlarged XRD patterns in the range of
20 from 44° to 46° are shown in Fig. 1b. With increasing
BZW content, the intensities of (200)t and (002) peaks at
around 45° decrease, while the integrated intensities of
(200)p_c peak increase remarkably. The samples with
composition of x < 0.02 display an obvious splitting of
(002)/(200) diffraction peaks in accordance with the
tetragonal symmetry (P4 mm) [31]. The pseudo-cubic
phase can be obtained for these samples of x > 0.12 with
the merging of (002)r and (200)1 peaks into a single
(200)p_c peak. When 0.03 < x < 0.1, the ceramics show
coexistence of tetragonal and pseudocubic phases.

In order to give a better illustration of phase evolution,
we carried out the Raman spectra for (1 — x)BT-xBZW

Intensity(a.u.)

A1(TO)

200 400 600 800 1000
Raman shift / cm™

Fig. 2 Room temperature Raman spectra of (I — x)BT-xBZW
(0 < x < 0.2) ceramics in the frequency range of 0-1,000 cm™!
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Fig. 3 a Temperature dependence of relative permittivity and b dielectric loss for (I — x)BT-xBZW (0 < x < 0.2) ceramics measured at 1, 10,

100 kHz and 1 MHz

(0 < x <0.2) ceramics at room-temperature in the fre-
quency range of 0-1,000 cm™', as shown in Fig. 2. The
Raman spectrum of pure BaTiO; was characterized, by an

interference dip at ~180 cm™

Uand a “silent” mode at

~305 cm™', which appears only in presence of a long-

range ferroelectric phase [32, 33]. It is observed that the
sharp E(TO) “silent” mode at 305 cm™ ! and the resonance
dip at 180 cm™ ! are presented only in tetragonal phases at
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0 <x <0.02. The vanishment of resonance dip at
180 cm ™! and the existence of sharp E(TO) “silent” mode
at 305 cm™" indicated that the coexistence of tetragonal
and pseudocubic phases at 0.03 < x < 0.1. For x = 0.2,
the characteristic of long-range ferroelectric ordering in
BaTiOj; is absent in pseudocubic phases. These results
agree well with the structural evaluation of XRD patterns,
as seen in Fig. 1. In addition, the spectral signature changes
dramatically with increasing B-site substituent content
(0.03 < x <0.2), namely the modes 2 appears, a new
interference dip 1 is present at ~ 125 cm™', which results
from the interaction between differently sized octahedra in
the lattice [34]. The one at 180 cm™ "' disappears and in its
place a new mode 3 can be observed. The relative intensity
of mode 3 also increases with increasing x, as well as the
interference dip 2. Modes 1 and 3 are related with A—O
vibrations and their appearance suggests that there exists
Ba>" or Bi**t cations enriched nano-sized areas (clusters)
[35]. Similar spectral signatures associated with local cat-
ionic order have been already detected in BiAlO3-modified
BT [36].

Figure 3 shows the temperature dependences of relative
permittivity and dielectric loss of the (1 — x)BT-xBZW
ceramics (0 < x < 0.2) from room temperature to 400 °C at
1, 10, 100 kHz, and 1 MHz. Due to the ferroelectric domain
dynamics, two characteristic dielectric peaks were observed
for 0.01 < x < 0.04, corresponding to the ferroelectric—
ferroelectric (Tgg) and ferroelectric—paraelectric phase
transition (T¢), which maybe associate with the particular
structure of the grain, as seen in the insert of Fig. 3a. When
the BZW addition is small (0.01 < x < 0.04), the first
characteristic dielectric peak shifts toward a lower temper-
ature with increasing x and T¢ is almost independent on the
BZW content. Whereas, with further increasing BZW con-
tent (0.06 < x < 0.2), the first characteristic dielectric peak
could not be observed above 30 °C. And the T was also
shifted to lower temperature withx = 0.1. The differences in
the valence of BT and BZW on the A/B cations (Ba”, Bi3+)/
(Zn**, Ti*T, W) usually depress the T.. The previous
researches have reported that the valence mismatch evokes
the rapid decrease of T, [37, 38]. The similar phenomena
were found in the BaTiO3;—BZZ, BT-BZT and BiScO;—
BaTiOj; systems [28, 39, 40]. For x = 0.2, the dielectric
behavior is strongly dispersive which the relative permit-
tivity decreases and the dielectric loss tangent increases with
increasing frequency, displaying a broad plateau-like max-
imum over a large temperature range, analogous to the
dielectric properties of glassy relaxor dielectrics [41-43].

Figure 4a shows the temperature dependences of rela-
tive permittivity of the (1 — x)BT-xBZW ceramics at
10 kHz from room temperature to 400 °C. When the BZW
addition was small (0.01 < x < 0.04), the magnitude of
permittivity maxima decreased, which can be explained by
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Fig. 4 a Temperature dependences of relative permittivity, and
b dielectric loss of the (1 — x)BT-xBZW at 10 kHz from room
temperature to 400 °C
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Fig. 5 a Ae/eys oc as a function of temperature for the (1 — x)BT-
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the suppression in spontaneous polarization and the per-
mittivity maxima, characterizing the ferroelectric transition
as increasing the paraelectric phase [44]. While the relative
permittivity and dielectric temperature stability below the
Curie temperature were effectively improved. Ceramic
with relatively stable and high dielectric permittivity
(~3,000) was obtained for x = 0.04. Meanwhile, the loss
tan ¢ values exhibited a low value (<0.05) for the com-
positions of 0 <x < 0.1. However, the temperature
dependence of tan ¢ is markedly different above the Curie
temperature. Interestingly, for x = 0.06, 0.08 and 0.1, tan
remains relatively low values (<0.02) up to 300 °C, as
shown in Fig. 4b. In contrast, tan ¢ for x = 0.2 has a rel-
atively low value (<0.18) in a large temperature range
from 100 to 400 °C.

Another particular point is the flat temperature coeffi-
cient of permittivity. Figure 5 shows Ag/e;s oc and Ae/
€100 °c as a function of temperature for the (1 — x)BT—x
BZW (0 < x <0.04) and (0.06 < x < 0.2) ceramics at
10 kHz, respectively. It is clearly seen that the e-T curves
flatten gradually below the Curie temperature with the
small BZW addition (0.01 < x < 0.04), as shown in
Fig. 5a. Especially, for x = 0.04, the ceramic showed a
superior dielectric temperature stability (£15 %) with
relatively high permittivity (~3,000) and low dielectric
loss (<3 %) over the temperature range from room tem-
perature to 125 °C, which satisfies the requirement of the
Electronic Industry Association (EIA) X7R type MLCCs
[(e — erT)/erT < £ 15 % in a range of —55 to 125 °C)]
[45]. In addition, the variation of Ag/gjgg oc for x = 0.2 is
also around £15 % over the wide temperature range from
100 to 400 °C, as show in Fig. 5b, suggesting a potential
usage at elevated temperatures.

4 Conclusions

A combined XRD, Raman and dielectric characterization
of (1 — x)BT-xBZW (0 < x < 0.2) ceramics have been
investigated. XRD analysis suggested that all ceramics
were single-phase. A typical tetragonal phase was observed
when x < 0.02 and the coexistence of tetragonal and
pseudo-cubic phases appeared at 0.03 < x < 0.1 at room
temperature. When x > 0.12, a pseudo-cubic phase can be
obtained. Raman spectra for x = 0.2 suggested the “fer-
roelectric” modes are absent. Dielectric data show that
with increasing the BZW content (0.01 < x < 0.04), the
magnitude of the permittivity maxima decreased, and the
Curie temperature are almost independent on the BZW
content. While the dielectric temperature stability and the
relative permittivity of BT below the Curie temperature can
effectively be improved. The ceramic with x = 0.04 was
found to possess the optimum dielectric performance with

relatively high permittivity (~3,000), low dielectric loss
(<3 %) and small temperature variation of permittivity
(£15 %) in the temperature range of 25-125 °C, indicating
a potential application in EIA-X7R specifications. For
x = 0.2, the variation of A&/g;g oc is around =15 % over a
wide temperature range from 100 to 400 °C, suggesting
potential usage at elevated temperatures.
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