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Abstract (1 —x)BaTiO;—xBi(LijsNb;5)O5 [(1 —x)BT-
xBLN, 0<x<0.1] lead-free ceramics were prepared via a
conventional solid state reaction method. Raman spectra and
X-ray diffraction results confirmed the phase transformation
from tetragonal to pseudo cubic symmetry at 0 <x <0.02.
With adding Bi(Li, sNbg 5)O5, the thermal stability of per-
mittivity and dielectric loss of ceramics were improved.
Especially, 0.9BT-0.1BLN ceramics exhibited good dielec-
tric properties with small Ae/e,s o values (<+15%) in a
wide temperature range of —61-160 °C, high relative per-
mittivity (~1500-1750) and low dielectric loss (tan & <0.02)
from —60 to 200 °C, which indicates that BT-BLN is can-
didate for X8R devices.

1 Introduction

Multi-layer ceramic capacitors (MLCCs) are widely used
in the miniaturization of electronic components because of
their excellent properties [1]. Due to high stable permittivity
and low dielectric loss, perovskite materials with have been
extensively researched for multilayer ceramic capacitors
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(MLCCs). Lead-based perovskite ceramics materials
exhibited good dielectric properties, such as Pb(Zr,Ti)O;,
Pb(Zr,Sn,Ti)O5, Pb(Mg, 5Nb,3)O3, etc. [2-7], which could
be widely applied in MLCC devices. However, PbO is toxic
and volatile in high temperature, which harms to the human
body and causes environmental pollution [8, 9]. Therefore,
searching for environmentally friendly materials to substi-
tute lead-based perovskite materials is extremely urgent.
BaTiO; (BT) has been extensively studied and applied
to capacitor applications for many years due to its good
dielectric properties [1], which makes it become the mate-
rials to replace the lead-based ceramics. Nevertheless,
pure BT ceramics have three phase transitions at 125 °C
(from a tetragonal phase to a cubic phase), 0 °C (from an
orthorhombic to a tetragonal phase), and —90 °C (from
a rhombohedral to an orthorhombic) [10], leading to the
anomaly of the three dielectric, which limits their further
applications in the electronic information industry. In
order to enhance the thermal stabilities of BaTiO; ceram-
ics, one of effective methods is formatting solid solutions
with other perovskite compounds. Tinberg et al. reported
that BiMeO; (Me =Mg,, sTi, s, Nij sTi, 5, Mg 521 5, €tC)
could form solid solutions with BaTiO;, which improves
the thermal stability of materials [11-14]. In our previous
works, good temperature-stable dielectric behavior was
obtained in BaTiO;-Bi(Li,/;;Zr,,3)O5 ceramics, which is
extremely attractive for MLCCs of EIA (Electronic Indus-
tries Association) X7R (the change of the capacitance
is <15% in the temperature range from —55 to 125 °C).
With the application of electronic devices in harsh envi-
ronment [15, 16], EIA X7R specification cannot meet
the demands. Therefore, it is important to investigate
and develop high-performance BaTiO-based perovskite
materials with high and stable permittivity to satisfy the
requirement of EIA X8R which is specified at —55 to


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-7659-y&domain=pdf

J Mater Sci: Mater Electron (2017) 28:17278-17282

17279

150 °C characteristics. On the basis of previous work,
we can know that Nb and Zn co-substitution for Ti at
B-site can well improve the property of BT [17]. And
good temperature-stable dielectric behavior was obtained
in BaTiO;—Bi(Li,;sTi,/3)O5 [18]. So it could be expected
that BaTiO;-Bi(Li, sNb,, 5)O5 can also display excellent
dielectric performance. Therefore, BaTiO;—Bi(Lij sNby 5)
O; solid solution was designed and prepared by the solid
state reaction method. Furthermore, the phase evolution,
microstructure and dielectric properties of ceramics were
also investigated.

2 Experimental

(I —x)BaTiO;—xBi(Liy sNb; s)O5 [(1 —x)BT-xBLN,
0<x<0.1] ceramic samples were prepared by the solid
state reaction process using the starting materials of
BaCO; (99%), TiO, (99%), Li,CO; (98%), Bi,O5 (99%)
and Nb,O5 (99%). Stoichiometric proportions of BT and
BLN were weighed and milled in alcohol medium using
zirconia balls for 4 h. After drying, the powders were cal-
cined at 1100 and 650 °C for 4 h in air, respectively. Then,
(1 =x)BT-xBLN(0 <x<0.1) compositions were weighed
and milled in alcohol medium using zirconia balls for 4 h.
After drying, the powders were mixed with 5% polyvinyl
alcohol (PVA) and pressed into pellets with 12 mm in
diameter and 1.2 mm in thickness by uniaxial pressing at
a pressure of 200 MPa. The pellets were embedded with
the same calcined powders to avoid elements volatiliza-
tion and sintered at different temperatures for 2 h in air
(1280-1380 °C), depending on the content of BLN.

X-ray diffraction (XRD) patterns were recorded at
room temperature using an X-ray diffractometer (XRD,
Model X’Pert PRO; PANal ytical, Almelo, the Nether-
land) with CuKa radiation (A=0.15406 nm) operated at
40 kV and 40 mA with a step size of 0.02°. The phase
analysis for the XRD data was performed by PanAlyti-
cal software (X’PertHighscore Plus). Raman spectros-
copy was carried out on a Thermo Fisher Scientific
DXR using a 10 mW laser with a wave length of 532 nm.
The microstructural observation of the sintered samples
was performed using a scanning electron microscopy
(Model JSM6380-LV SEM, JEOL, Tokyo, Japan). Sil-
ver electrodes were coated on both sides of the pellets,
and then fired at 650 °C for 30 min. Dielectric proper-
ties were measured with an applied voltage of 500 mV
over 100 Hz—1MHz from room temperature to 400 °C
using a precision impedance analyzer (Model 4294 A,
Hewlett—Packard Co, Palo Alto, CA) at a heating rate of
3 °C min~.

3 Results and discussion

Figure la shows the X-ray diffraction patterns of (1 —x)
BaTiO5;-xBi(Lij sNb, 5)O; ceramics sintered at their opti-
mized temperatures. All the samples exhibited a pure per-
ovskite structure without any trace of impurity phase, sug-
gesting that BLN has diffused into the BT lattices to form a
homogenous perovskite solid solution with Bi** entering the
Ba®* sites and (Li, sNb, 5)*" occupying the Ti** sites. Fig-
ure 1b illustrates the enlarged XRD pattern of angles rang-
ing from 44° to 46° for (1 —x) BaTiO;—xBi(Lij sNb 5)O;
ceramics. With increasing x values from 0 to 0.02, the (002)
and (200) peaks merged into a single (200) peak, showing a
transformation from tetragonal phase to pseudocubic sym-
metry. The (022) peak near 45° tends distinctly toward lower
diffraction angles with further increasing the x values, indi-
cating the enlargement of lattices. In BaTiO;—Bi(Li, sNb 5)
0, system, the Bi**(1.03 A<r<1.61 A) is little smaller
than Ba?*(1.35 A in 12-fold coordination) in the A-site [19,
201, but the radius of Li* (0.76 A) and Nb™ (0.64 A) are
considerably larger than Ti** (0.605 A in sixfold coordina-
tion) in the B-site [21], indicating that the substitution of
B-site was the main factor to cause the increase of the lattice
parameters.

Figure 2 denmonstrates the room temperature Raman
spectra of (1 —x)BT-xBLN ceramics. Raman spectroscopy
has high sensitivity to the molecular vibrations and non-
uniform distortions of the crystal lattice, therefore it is a
useful technique to analyze the structural and compositional
evolution of ceramics. When 0 <x <0.02, the main spectral
features of ceramics contained asymmetrically broad peaks
at 184, 268, 304, 712 cm™! and symmetrically sharp peak
at 515 cm™!, which correspond to the BaTiO; tetragonal
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Fig.1 a X-ray diffraction patterns of (1 -x)BT—xBLN (0<x<0.1)
ceramics, b the enlarged XRD patterns of ceramics in the range of 20
from 43° to 47°
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Fig.2 Room temperature Raman spectra of (1-x)BT—xBLN
(0<x<0.1) ceramics

phase [22]. The peaks at 515 and 717 cm™" are attributed to
phonon vibrations of the Ba—O bonds, while the peaks at 184
and 268 cm™! are assigned with phonon vibrations of Ti—O
bonds in BaTiO;. The peak at 184 cm™! vanishes and a new
mode 3 can be observed in its place, demonstrating that the
long-range ferroelectric order is destroyed. With increas-
ing x values from 0.02 to 0.1, the long-range ferroelectric
ordered features disappeared in the pseudo cubic symme-
try, which is consistent with the XRD pattern analysis.
Model 1 and Model 3 are related to the vibrations of A-O,
while indicating the presence of Ba** or Bi** nano-sized
regions [23]. At low frequencies a model 2 ppears. It may
be due to the different sizes of octahedral interactions in the

Fig. 3 SEM micrographs

of (1 —x)BT-xBLN ceramic

at their optimized sintered
temperatures: a x=0, 1380 °C,
b x=0.02, 1360 °C, ¢ x=0.06,
1320 °C,d x=0.1, 1280 °C

lattice. Besides, an octahedral breathing mode is observed
at 800 cm™!, which is Raman active for complex perovskites
and solid solutions with two or more B-site species since the
presence of dissimilar ions in the center of the octahedral
creates asymmetry in the breathing-like mode [24].

Figure 3 illustrates the SEM micrographs of the (1 —x)
BT-xBLN ceramics sintered at optimized temperatures.
When x =0, the sample exhibited a dense microstructure
with big grains. As x=0.02, the grain size become smaller.
However, the grain size gradually increased with further
increasing x values. It may be Li* and Nb>* ions replace
Ti** and enter into the perovskite lattice, and the imbalance
of ion valence will generate oxygen vacancies, leading to the
transfer mass and energy boost, which induces the increase
of the sintering behavior and grain size [25, 26].

The temperature dependences of the relative permittivity
and dielectric loss of (1 —x)BT-xBLN Electron(0 <x<0.1)
ceramics in the measured temperature range from —60 to
200 °C are shown in Fig. 4. It can be seen that pure BT
ceramic shows a quite sharp ferroelectric—paraelectric phase
transition (Curie) peak, typical of a normal ferroelectric
below Curie point (T, ~ 130 °C), which agrees well with the
previous reports. With increasing x values, the peak val-
ues of e, decreased from ~5500 (x=0.02,10 kHz) to ~1730
(x=0.1, 10 kHz), and broadening of the dielectric peak was
observed. Similar results were also reported by Dong et al.
and Yu et al. [27, 28]. With further increasing the x values,
the the broadening of tetragonal—cubic transition peaks dis-
appeared above 130 °C.

Figure 5 shows the Ae/e,s . and dielectric loss of (1 —x)
BT-xBLN (0.02 <x<0.1) ceramics from —60 to 200 °C
at 10 kHz. With increasing the x values, the Ae/e,s . and
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0.9F 1, 10 kHz from —60 to 200 °C are demonstrated in Fig. 6.
The tan & of ceramics differed significantly in the frequency
—_ 0.6 range from 10 kHz to 1 MHz, confirming the dependence
Q\i 03} of tan & on the frequency and x value. In a word, when
wﬁ x=0.1, the ceramics exhibited the optimized dielectric
w 0 properties with small Ae/e,s o values (+15%) in a wide
< 03 temperature range of —60 to 160 °C, high relative permit-
b tivity (~1500-1750) and low dielectric loss (tan 8 <0.02)
sl from —60 to 200 °C, which shown that BLN addition could
’ significantly improve the dielectric properties of ceramics,
w0 g2t indicating that BT-BLN ceramics are candidates for X8R
§ applications.
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Fig.5 Ae/eys o« (a) and dielectric loss (b) of (1—x)BT-xBLN
(0.02<x<0.1) ceramics at 10 kHz

dielectric loss of ceramics were optimized. When x=0.1, the
excellent properties with small Ae/e,s o values (+15%) and
low dielectric loss (tan 6 <0.02) from —60 to 200 °C were
obtained in the temperature range of —60 to 160 °C.

The Ae/e,s o, temperature dependence of relative per-
mittivity and dielectric loss of 0.9BT-0.1BLN ceramics at

(1 —=x)BT-xBLN (0<x<0.1) lead-free ceramics have been
investigated using the conventional solid-state processing
techniques. XRD shown that BLN has diffused into the BT
and form a solid solution with a single phase perovskite
structure. The systematically structural transformation from
tetragonal to pseudo cubic phase occurred at 0 <x<0.02.
With increasing the x values, an obvious decrease in the
peak €., values together with the broadening of tetrago-
nal-cubic transition peaks were observed. When x=0.1,
the sample exhibited good dielectric properties with small
Ag/e,s o values (£15%) in a wide temperature range of —60
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Fig. 6 Ae/eys o« (a) and dielectric loss (b) of (1—x)BT-xBLN
(x=0.1) ceramics at 1, 10 kHz from —60 to 200 °C. Inset shows the
temperature dependence of relative permittivity in the temperature
from —60 to 200 °C

to 160 °C, high relative permittivity (~1500-1750) and low
dielectric loss (tan 6 <0.02) from —60 to 200 °C, showing
that BT-BLN is a candidate in X8R devices.
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