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The effect of co-doping ZnO, Al;03 and MgO on the microstructures and dielectric properties of
BagsSro4TiO3 ceramics prepared by the mixed-oxide route at 1400 °C was investigated. And a comparison
criterion for the BST-based tunable ceramics was proposed. The results show that a cubic perovskite phase
Bag6Sro.4TiO3 and a face-centered-cubic spinel phase Mg(Zn)Al, 04 were observed in BST/MgO/Al,03/Zn0O
(BMAZ) composite ceramics. When Zn?* content exceeds solid solubility limit in the BST, excess ZnO will

react with Al, 03 to produce ZnAl,04 phase. With the increase of ZnO, the paraelectric-ferroelectric phase
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transition points of BMAZ ceramics shift to the lower temperatures, and the maximum of dielectric con-
stant increased first and then decreased. A higher tunability which amounts to 27.4% under 1.0 kV/mm
biasing was obtained for BMAZ ceramics doped with 1.0 wt% ZnO.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Barium strontium titanate (BST), which is a solid solution of
barium titanate (BaTiO3) and strontium titanate (SrTiO3), is a well-
known ceramic capacitor dielectric material in electronic industry.
It has the merit of high dielectric non-linearity (a large dielectric
constant change under dc bias electric field) and low dielectric loss
above the ferroelectric Curie temperature [1-4], which renders it
to be one of the most promising materials to realize the applica-
tion of tunable ceramic capacitors, dielectric filters, phase shifters
and other tunable microwave devices [5-7]. However, pure BST
ferroelectric ceramics is not suitable for such applications due to
its high dielectric constant at room temperature and thus diffi-
cult to satisfy the requirement of impedance matching and high
power in microwave device designs [8]. Hence it is desirable to
lower the dielectric constant without deteriorating the tunability
and dielectric loss.

Ferroelectric and dielectric properties of BST ceramics strongly
depend on the sintering conditions, grain size, porosity, doping
amount and structural defects [9-11]. These parameters as well
as dielectric properties may also be modified by the substitution of
selected elements for A or B site atoms of the ABO5 perovskite struc-
ture [12]. The strong influence of the heterovalent B site dopants
such as MgZ*, AI3* on the grain structure and electric properties
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of BaggSrp4TiO3 ceramics was reported [13]. It is reported that
the piezoelectric properties of the BigsNagsTiO3 ceramics was
improved by doping with 0.5wt% ZnO [14]. ZnO has been previ-
ously used on KNN in an attempt to reduce the dielectric losses
of the material. It has been shown that addition of ZnO helps to
increase the density of the material and avoids the deliquescence
[15]. For Bag3Srg7TiO3 ceramics, doping with 1.6wt% ZnO will
improve dielectric properties and breakdown strength [16].

In order to further investigate the effect of ZnO dop-
ing on the microstructure and dielectric properties of
BagSrg4TiO3/MgO/Al;,03 composite ceramics, the dielectric
tunable properties of Bag gSrg4TiO3/MgO/Al,03/Zn0 (BMAZ) have
been measured under the applied bias. The higher tunability of
BMAZ ceramics was obtained for the development of practically
tunable components.

2. Experimental procedures

The conventional ceramic processing method was employed to prepare
BagSro4TiO3/MgO/Al;03/Zn0 ceramic samples. BagsSro4TiO3 powders were first
prepared by the conventional solid-state reaction method: the starting raw mate-
rials, BaCO3 (99.88%), SrCO3 (99.0%) and TiO, (98.0%) powders, were weighed
according to the stoichiometry. The raw materials were then mixed together using
alcohol and zirconia milling media for 12 h. After drying, the mixture was calcined
at 1050°C for 2 hin air. Then 10 wt% MgO (98.0%), 20 wt% Al, 03 (99.0%) and various
amounts of ZnO (99.0%) (x=0.5, 1.0, 2.0, 4.0, 5.0, 10.0, 15.0, 20.0 wt%) were added
into the BST powders (denoted BMAZ1-8#), and ball-milled for 12 h and dried. The
obtained powders were pulverized with 5wt% polyvinyl alcohol (PVA) binder and
pressed into disk-shaped pellets under 100 MPa. The green pellets of the compos-
ite ceramics were sintered at 1400°C for 2 h in air. Silver paste was sintered on
both sides of the samples at 500 °C for 15 min to form electrodes for the electrical
measurements.
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Fig. 1. XRD patterns of BMAZ1-8# ceramics.

X-ray diffraction analysis (XRD, X'pert MPD PRO, Holland) with Cu K« radia-
tion was used for phase identification. A scanning electron microscope (SEM, Supra
55, Germany) equipped with an energy-dispersive spectrometer (EDS) was used
to characterize the microstructure and chemical component elements. The tem-
perature dependence of dielectric constant and loss tangent was measured using
a high-precision LCR meter (HP4284A) connected with a temperature controlled
chamber. The tunability of the material is determined by the following equation:

&(Eo) — &(E)
&(Eo)

where &(Ep) and &(E) are the dielectric permittivity under zero dc electric field and
under a specific electric field respectively.

Tunability % = x 100 (1)

3. Results and discussion

Fig. 1 shows the X-ray diffraction pattern of BMAZ composite
ceramic samples. The cubic perovskite phase Bag gSrg 4TiO3 and the
face-centered-cubic spinel phase MgAl,04 and ZnAl,04 with no
obvious shift of diffraction peaks are observed in all ceramic sam-
ples. As the content of ZnO increases, MgAl,04 and ZnAl,04 peaks
are obviously raised, while Bag gSrg 4TiO3 peak s slightly depressed
relative to ZnAl,Oy4.

To further discuss Zn2* doping mechanism in the BST lattice, the
tolerance factor t of different dopants was calculated according to
Eq.(2):

__Ta+To
V2(rg +10)

where ra and rg are the ionic radius of the ions occupying the A, B
positions, and rq is the ionic radius of oxygen. It has been observed
that a stable perovskite may be expected to form if t=0.77-1.09.
The closer the tolerance factor t approaches 1, the more stable the
perovskite structure is. Ferroelectric perovskites with t=1 may be
expected to have a cubic symmetry, ferroelectric perovskites with
t<1 are usually rhombohedral or monoclinic while ferroelectric
perovskites with t > 1 are commonly tetragonal [17]. The calculated
tolerance factor results are list in Table 1. When Zn%*, Mg2*, AI3*
occupy B position, the tolerance factors are respectively 0.8796,
0.9182, 0.9908. While these ions occupy A position, the tolerance
factors are less than 0.77. It indicates that Zn?* will enter the BST
lattice to occupy B position to substitute Ti4*, but the tendency of
Zn%* substituting Ti** is weaker than that of Mg2* and AI3*.

During the sintering process of BMAZ ceramics, Zn%*, Mg2* and
Al3* ions act as the acceptor dopants, just as follows:

(2)

zn02i 70" + Ve + 00 (3)

Table 1
The tolerance factors of the dopants.
Dopants Ionic radius/pm Position t
Mg 65 A 0.6970
B 0.9182
AP* 50 A 0.6460
B 0.9908
Zn** 74 A 0.7275
B 0.8796
BST ., v .
MgO—Mg 1 + Vg + 0o (4)
BST . \ 1/ e
A1203—>2A1Ti +VO +30¢ (5)

According to MgO-Al,03 and ZnO-Al,03 binary phase diagrams
[18,19], MgO reacts with Al,03 to produce MgAl,04 spinel phase
at ~1000°C, and ZnO reacts with Al,03 to produce stable ZnAl,04
spinel phase below ~1900°C. When Zn2* content exceeds solid
solubility limit in the BST, more ZnAl,0,4 phase will be produced.

Fig. 2 shows the lattice constants of BMAZ ceramics doped with
different amounts of ZnO. The value of the lattice constants is cal-
culated by the least square method. The lattice constant of BMAZ
firstly increases then decreases gradually. It can be explained that
more and more Zn%* with larger ionic radius substitute Ti** at first,
while when Zn2* content exceed solid solubility limit in the BST,
excess ZnO (>2 wt%) will react with Al,03 to produce a mass of
ZnAl,0,4 spinel phase. Thus more BaZ* and Sr2* with larger ionic
radius will enter into ZnAl,04 and MgAl, 04 to substitute Zn%* and
Mg?2*, resulting in the decrease of the lattice constant of BMAZ. This
will be verified by the following SEM analysis.

The SEM images of samples are shown in Fig. 3. It is clear that
two component phases co-exist and all the samples are dense and
voids-free. There is similar grain morphology in different samples,
comprising of dark and light cubic lumpish grains. The energy dis-
persive spectroscopy (EDS) patterns and data for BMAZ-4# sample
are shown in Fig. 4 and Table 2. It can be detected that the dark
grains contain primarily Mg, Al, O and small amounts of Ba, Sr, Ti,
Zn element. The light grains contain primarily Ba, Sr, Ti, O and small
amounts of Mg, Al element. According to the EDS data, it can be con-
cluded that the dark grains and the light grains are (Mg, Zn)Al,04
and BaggSrg4TiO3, respectively, moreover, inter-diffusion exists
between Bag ¢St 4TiO3 and (Mg, Zn)Al,04. With increasing of ZnO
content, two different grains grow larger and larger together. It is
concluded that the addition of ZnO will promote the densification
and the grain growth of BMAZ ceramics.
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Fig. 2. The lattice constants of BMAZ ceramics doped with different amounts of ZnO.
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Fig. 3. SEM images of BMAZ ceramics doped with various amounts of ZnO: (a) 0.5 wt%, (b) 1.0 wt%, (c) 2.0 wt%, (d) 4.0 wt%, (e) 5.0 wt%, (f) 10.0 wt¥%, (g) 15.0 wt%, (h) 20.0 wt%.

Dielectric constant and dielectric loss of BMAZ ceramics are
shown in Fig. 5. As the increasing of ZnO content, the dielectric
constant increases firstly and then decreases. When ZnO content
change from 0.5 wt% to 20 wt%, the dielectric constant decreases
from the maximum value of 1935 to the minimum value of 818. The
dielectric constant is mainly dependent on A or B ionic radius and

crystal cell size [10]. When ZnO content is less than 2 wt%, Zn2* will
substitute Ti** to increase Ti-O octahedral volume, which enlarges
anharmonic vibration space of oxide ion, resulting in the increase
of dielectric constant of BMAZ ceramics. When ZnO content is more
than 2 wt¥%, excess ZnO (>2 wt%) will react with Al,03 to generate
ZnAl,04 spinel phase with lower dielectric constant. Thus more
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Fig. 4. SEM image and EDS patterns for BMAZ-4# sample: (a) SEM image for BMAZ-4# sample, (b) EDS patterns for spot 1, (¢) EDS patterns for spot 2.

Ba2* and Sr?* with larger ionic radius will enter into ZnAl,04 and
MgAl, 0, to substitute Zn* and Mg2*, inducing to the decrease of
lattice constant and crystal cell volume of BMAZ. It will restrict
the speed and space of oxide ion transport to lead the decrease of
dielectric constant of BMAZ ceramics.

The dielectric loss reduces rapidly with ZnO increasing. The
dielectric loss is related with density, grain size, porosity and
defects [11]. With increasing of ZnO content, the grains grow larger
and larger, resulting in the decrease of the amount of grain bound-
ary. The dissipative energy of ions decreases when ions transfer
through the grain boundary, so the dielectric loss is reduced. On
the other hand, when Zn2* content exceeds solid solubility limit in
the BST, excess Zn?* will occupy the BST grains boundary to reduce
the vacancy defect concentration, which results in the decrease in
the dielectric loss of BST.

Temperature dependences of the dielectric constant and dielec-
tric loss of BMAZ ceramics measured in the range of 1-100kHz,
are displayed in Fig. 6. The maximum of the relative dielectric
constant and dielectric loss is depressed with the increasing of
measurement frequency. This indicates that an evident frequency
dispersion feature which has been observed in most of the ferro-
electric ceramics and thin films [20]. Table 3 shows the dielectric

Table 2

EDS data of BMAZ-4# sample for spot 1 and 2, as shown in Fig. 4.
Element Spot 1/atom% Spot 2/atom%
(o] 46.04 46.29
Mg 11.30 0.49
Al 26.06 0.77
Ti 6.08 23.64
Sr 3.02 10.56
Ba 2.25 18.25
Zn 525 -
Total 100.00 100.00

properties of BMAZ1-8# ceramics. Combining Fig. 6 and Table 3, it
can be seen that the Curie temperature (T.) of BMAZ ceramic sam-
ples is gradually shifted from 9.5 °C for 0.5 wt% ZnO to —18.4°C for
20wt% ZnO. It can be interpreted that the substitution of Ba2* for
Zn%* in the ZnAl, 04 lattice is driven by the combination of size and
electronegativity difference between Sr2* and Ba2*, resulting in the
decrease in Ba/Sr ratio of BST and thereby the decrease in T¢.

There are obvious loss peaks near the paraelectric-ferroelectric
phase transition points. This means that the loss increases when
BMAZ ceramics transform from ferroelectric phase to paraelectric
phase. At the same time, the loss peaks are depressed obviously
as ZnO content increasing, which consists with previous analysis
results.
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Fig. 5. Dielectric constants and dielectric loss of BMAZ ceramics (10 kHz).
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Fig. 6. Temperature denpendence of dielectric constant and dielectric loss of BMAZ ceramics at different frequencies: (a) BMAZ-1#, (b) BMAZ-2#, (c) BMAZ-3#, (d) BMAZ-4#,
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Table 3
Dielectric properties of BMAZ1-8# ceramics at 10 kHz.
Composition T, (°C)  é&max (Tc) & (25°C)  tan§(25°C)  Tunability
(1.0kV/mm)
BMAZ-1# 9.5 2018 1235 0.0268 23.4%
BMAZ-2# 10.2 2246 1459 0.0122 27.4%
BMAZ-3# 153 2726 1935 0.0095 26.9%
BMAZ-4# 4.6 2234 1432 0.0087 19.3%
BMAZ-5# —-43 2272 1268 0.0086 19.0%
BMAZ-6# —20.3 2070 975 0.0045 11.6%
BMAZ-7# -239 1950 865 0.0075 10.6%
BMAZ-8# —-184 1786 818 0.0082 8.9%
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Fig.7. Electrical dependence of dielectric constant of BMAZ1-8# ceramics (10 kHz).

The electrical dependence of dielectric constant and tunability
of BMAZ1-8# ceramics at 10 kHz are shown in Figs. 7 and 8, respec-
tively. As shown in Fig. 7, it is evident that the relative dielectric
constant of the samples decreases with increasing the DC biasing
field. Many works on the tunability of BST materials tested in dif-
ferent measuring conditions were reported, so it was very difficult
to compare them. For examples, Bag St 4TiO3/Mg,Si04/MgO com-
posites have tunability of 10.5% under electric field of 2.0 kV/mm
[21]. The tunability of BaggSrg4TiO3 (Mn)/MgO come up to
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Fig. 8. Electrical dependence of tunability of BMAZ1-8# ceramics (10 kHz).

Table 4

The values of T and Ty in various ferroelectric materials.
Materials T(%) E(kV/mm) To(mm/kV) References
Bag6Sr0.4TiO3/Mg,Si04/MgO 105 2.0 0.053 [21]
BagSro4TiO3(Mn)/MgO 273 8.0 0.034 [22]
BapSro.4TiO3/MgO(3D) 50.0 2.0 0.250 [23]
Bao,ESroA4TiO3/Mgo,7an,3TiO3 335 3.0 0.112 [24]
Baovssl‘o‘4Ti03/Mg2TiO4 38.5 2.0 0.193 [25]
BapSro.4TiO3/MgAl, 04 236 1.0 0.236 [26]
BapsSro4TiO3/MgO/Al,03/Zn0 274 1.0 0.274 -

27.3% under electric field of 8.0kV/mm dc electric field [22].
The 3D BaggSrg4TiO3/MgO composites sintered using SPS have
tunability of 50% under electric field of 2.0kV/mm [23]. The
tunability of BaggSrg4TiO3/Mgg7Zng3TiO3 composite ceramics
is 33.5% under 3.0kV/mm biasing at room temperature [24].
Bag gSr4TiO3/30wt%Mg,TiO4 composite ceramics have tunability
of 38.5% under electric field of 2.0 kV/mm at 10 kHz and 20°C [25].

The tunability of BST-based ferroelectric materials is enhanced
with increasing of applied electric field, as shown in Fig. 8. It is
necessary to determine same conditions to compare the tunability
of different BST-based materials, such as the testing frequency and
applied electric field. Therefore the comparison criterion for the
tunable ceramics is proposed. We define Ty as the tunability under
unit applied electric bias, shown as the following equation:

TO = E (6)
where T is the tunability under a specific applied electric bias; Ty is
the slope of tunability curves (Fig. 8); E is a specific applied electric
bias (E > 0.5kV/mm). Fig. 8 shows that the tunability changes as
linear increase when electric bias exceeds 0.5 kV/mm. That means
Eq. (6) is applicable when electric bias exceeds a specific thresh-
old voltage. The tunability of BST-based materials is correlative
with Ty value. The larger Ty value is, the higher the tunability
of BST-based material is. In this paper, the comparison criterion
condition for tunability of BST-based material is E=1.0kV/mm.
In our previous study [26], the tunability under 1.0 kV/mm bias-
ing was 23.6% for BaggSrg4TiO3/MgAl,04 composite ceramics,
which means Ty is 0.236 mm/kV. For the 1.0wt% ZnO addition,
the dielectric constant is cut down from 1492 under zero electric
field to 1083 under 1.0 kV/mm biasing, so the tunability is 27.4%
according to Eq. (1). The Ty value of Bag gSrg 4TiO3/MgO/Al;03/Zn0O
ceramics is 0.274 mm/kV. In order to compare the tunability of
various BST-based ferroelectric materials, the Ty values are cal-
culated according to Eq. (6), list in Table 4. The tunability of
Bag gSrp4TiO3/MgO/Al,03/Zn0 ceramics is obviously higher than
that of other ferroelectric materials in previous reports.

It is well-known that the change of dielectric constant under
applied electric field is associated with the anharmonic interac-
tions of Ti** ions for paraelectric BST-based material system [27].
From Table 3 results, it can be seen the tunability increases first
and then decreases. This can be explained that Ti%* is substituted
by Zn2* with larger radius when ZnO is doped in the first instance,
which induces the Ti-O octahedron volume to enlarge. Thus, Ti%*
will move in larger area under a bias field, resulting in the increase
of tunability. As ZnO content further increasing, excess ZnO will
react with Al, 03 to produce a great deal of non-ferroelectric phase
ZnAl,04, while ferroelectric phase BST decreases at the same
time.

4. Conclusions

The effect of co-doping ZnO, Al,03 and MgO on the microstruc-
tures and dielectric properties of BaggSrg4TiO3 ceramics was
investigated. Two crystalline phases, a cubic perovskite phase
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Bag St 4TiO3 and a face-centered-cubic spinel phase Mg(Zn)Al,04
were observed. With the increase of ZnO, the paraelectric-
ferroelectric phase transition points of BMAZ ceramics shift to
the lower temperatures, and the maximum of dielectric constant
increased first and then decreased. A comparison criterion for the
BST-based tunable ceramics was proposed. A higher tunability
which amounts to 27.4% under 1.0 kV/mm biasing was obtained
for BMAZ ceramics doped with 1.0 wt% ZnO.
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