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40 wt.% Bay ¢St 4Ti03-60 wt.% MgO composite ceramics were prepared from Ba,¢Sr,TiO; powder synthesized by a citrate
method and fine MgO powder. The composite ceramics sintered at 1150-1270 °C attained reasonable densification. The
structure and dielectric properties of the specimens were investigated. The results showed an important role of sintering
temperature in controlling the microstructure and dielectric properties of the specimens. Sintering at 1250 °C was determined
to be preferred in terms of the nonlinear dielectric properties of the specimens under bias electric field. The specimen sintered
at 1250 °C attained a dielectric constant (g,) of 207 and a dielectric loss (tand) of 0.11% at 10 kHz together with a tunability
of 18.5% and a figure of merit (FOM) of 168 at 10 kHz and 30 kV/cm. It was found that the nonlinear dielectric properties
of the specimen measured in continuous cycles of bias electric field sweep were dependent on field history. The phenomenon
is qualitatively explained in relation to the polarization reorientation of polar nano-regions (PNRs) in Ba,¢Sr,TiO; phase of
the composite specimen.
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Introduction microstructure with the addition of the non-ferroelectric
components [8-11]. It was demonstrated that the nonlinear
Barium strontium titanate (Ba; Sty TiO;, BST) exhibits dielectric properties of the composites were highly dependent

strong dielectric nonlinearity under bias electric field on microstructure and closely related with the peculiarities of
and adjustable Curie temperature. The desired added non-ferroelectric components [6, 7].

properties make BST a promising candidate material From a microstructure viewpoint, BST-based composites
for electrically tunable microwave dielectric devices. comprise more than one constituent disparate in dielectric
Along with high tunability, it is desired that the nature. The nonlinear dielectric properties of the
dielectric materials for the tunable microwave devices composites essentially are determined by the response
have a moderate dielectric constant to achieve good of involved polarization mechanisms under applied
impedance matching and a low dielectric loss to reduce bias electric field. Studying the dielectric response of
the overall insertion loss. In this sense, large dielectric the composites under bias electric field would offer
constants and relatively high dielectric losses of BST critical information of the polarization mechanisms. A
compositions are unfavorable for the tunable device deep insight into the issue might be favorable for better
applications. Adopting composite design comprising understanding the contribution of various constituents to
BST and non-ferroelectric components was recognized the dielectric nonlinearity and in turn guiding the design
as an effective strategy to tailor the dielectric parameters of new composites with desirable properties [7]. On the
[1-3]. To this aim, MgO [4, 5] and magnesium-containing other hand, BST-based composites suffer from high
complex oxides, such as Mg,SiO,4 [6, 7], Mg,TiO, [8], sintering temperatures (> 1350 °C). It is expected that
MgAlL Oy [9, 10] and MgTiOj; [11], were employed as the lowering sintering temperature would leave a larger space
non-ferroelectric components. The dielectric properties of for the realization of the dielectric composites in the
BST-based composites were unraveled in terms of doping tunable microwave devices [12, 13].

effect and composite mixing effect [5]. Some BST- We prepared Bay ¢Sty 4TiO5 ceramics with reasonable
based composites showed dielectric behaviors different densification (near 95% of the theoretical density) at
from BST, such as relaxor-like behavior, which were sintering temperature of 1260 °C by using superfine

explained with respect to the change in crystal structure and power derived from a citrate method [14]. The
dielectric response of the ceramics under bias electric
field was investigated [15]. As a consecutive effort, we
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dielectric properties of the composite ceramics under
bias electric field.

Experimental

Bay ¢Sy 4TiO; powder was synthesized by a citrate
method using reagent grade Ba(NOj;),, Sr(NO;),,
tetrabutyl titanate and citric acid as starting materials.
Citric acid was dissolved in deionized water. After
adjusting the pH value of the solution to 7-9, tetrabutyl
titanate, Ba(NOs), and Sr(NOs;), were added under
stirring to form a transparent aqueous solution. The
precursor solution was heated at 300 °C to form a foam-
like solid precursor. The foam precursor was pulverized
and calcined at 550 °C. The calcined powder showed a
single perovskite phase and superfine particle morphology
(100 nm). The synthesis and characterization of the
powder have been reported elsewhere [14]. The composite
ceramics with the nominal composition of 40 wt.%
Bay ¢St 4T105-60 wt.% MgO were prepared from the
Bay¢S1o4TiO; powder and commercial MgO powder
(99.9%, Nanjing High Technology Nano Material Co.,
Ltd.). The Brunauer-Emmett-Teller (BET) measurement
of MgO powder indicated a specific surface area of
11.2 m*/g and a mean particle size of 150 nm. The two
starting powders were thoroughly mixed and then
uniaxially pressed into discs of 13 mm in diameter and
1 mm in thickness under a pressure of 300 MPa. The
compacted discs were sintered at 1150-1300 °C for 2 h
in air. For comparison purposes, Bag ¢Sry4TiO; ceramics
were produced at sintering temperature of 1260 °C.

The X-ray diffraction (XRD, Philips X’pert PBO X-
ray diffractometer using Cu Ko radiation) analysis of
the specimens was performed. The microstructure of
the specimens was investigated using polished and
thermally-etched surfaces using a scanning electron
microscope (SEM, Jeol JSM-5610LV attached with an
energy dispersive spectroscopy (EDS) analyzer). The
grain size of the specimens was estimated by image
analysis using the Image-Pro Plus 6.0 software. The
bulk density of the specimens was measured by the
Archimedes method with ethyl alcohol as medium. The
theoretical density of the specimens was calculated
according to the mixing rule. The relative densities
were determined from the measured and calculated
data.

The specimens were polished and painted with silver
paste on both surfaces as electrodes. The temperature
dependence of the dielectric constant (g;) was measured
by a TH2828 precision LCR meter (20 Hz-1 MHz) and
a SSC-M10 environmental chamber (C4 controller)
between -70 and 110 °C. The nonlinear dielectric properties
under bias electric field were measured at room
temperature by a TH2818 automatic component analyzer at
10 kHz. A blocking circuit was adopted to protect the
analyzer from applied high bias voltages. The dielectric
properties were measured in continuous cycles of bias

electric field sweep. In each cycle, bias electric fields
were forward swept in steps of 1 kV/cm from 0 to 30 kV/
cm and then backward swept to 0 kV/cm. Dielectric data
were recorded after holding at each applied field for
10 sec. The measurement was continuously performed for
8 cycles.

Results and Discussion

Structural evolution with sintering temperature
Fig. 1 shows the XRD patterns of BagsSr4TiO;
specimen and the composite specimens sintered at
different temperatures. Bag¢Sro4TiO; specimen had a
cubic perovskite structure, while the composite
specimens presented a biphasic structure comprising a
cubic Bay ¢Sty 4TiO5 phase and a cubic MgO phase. The
result suggests that the chemical reaction between the
two constituent phases during sintering appears to be
insignificant. Compared with BagSry4TiO3; specimen,
the XRD peaks of Bay¢Sry4TiO; phase in the composite
specimens slightly shifted towards higher diffraction
angle directions. The phenomenon is attributed to the
generation of oxygen vacancies stemming from the
substitution of Mg”" for Ti*" [5]. The peak shift implies a
reduction of the unit cells in dimension for Bag ¢St 4TiO;
phase of the composite specimens as compared to
Bay ¢Sty 4TiO; specimen. For the composite specimens,
the peak positions of BayeSry4TiO; phase basically
retained invariant whatever the sintering temperatures.
Fig. 2 shows the relative densities of the composite
specimens as a function of sintering temperature. The
relative densities increased with sintering temperature
through a maximum value at 1250 °C and then decreased.
For the composite specimens, the sintering temperatures
required for achieving reasonable densification were
much lowered as compared with the case of BST-MgO
composite ceramics prepared by the conventional method
[5]. The improved sintering property of the specimens is
ascribed to high activity of the fine starting powders. The

Fig. 1. XRD patterns of Ba¢Sro4TiO; specimen sintered at
1260 °C and the composite specimen sintered at different
temperatures.
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Fig. 2. Relative density of the composite specimens as a function
of sintering temperature.

Fig. 3. SEM images of the composite specimens sintered at (a)
1150, (b) 1190, (c) 1210, (d) 1230, (¢) 1250 and (f) 1270 °C.

Fig. 4. Mean grain sizes of BaySr4TiO; and MgO phases as a
function of the sintering temperature of the composite specimens.

relative density of the composite specimen sintered at
1300 °C apparently declined to about 90%. We excluded
the specimen from the subsequent inspection due to its
unsatisfactory densification.

Fig. 3 shows the SEM images of the composite
specimens sintered at different temperatures. Two sorts
of grains distinct in contrast and size were observed.
The EDS analysis indicated that the light and relatively
small grains correspond to Bay¢Sry4TiO; phase while
the dark and relatively large ones MgO phase,
consistent with previous result [16]. The evolution of
microstructure with sintering temperature is in good

Fig. 5. Temperature dependence of the dielectric constant (g,)
measured at 10 kHz for (a) BaySro4TiO; specimen sintered at
1260 °C and (b) the composite specimens sintered at different
temperatures.

Fig. 6. Nonlinear dielectric properties of the composite specimens
sintered at different temperatures.

agreement with that of the relative density (Fig. 2).
Moreover, the grains of BaySry4TiO; phase maintained a
good percolation. Fig. 4 shows the mean grain sizes of
Bay ¢Sto4TiO; and MgO phases in the composite specimens.
On increasing sintering temperature, the grains of both
phases tended to be larger.

Effect of sintering temperature on dielectric
properties

Fig. 5 shows the temperature dependence of the dielectric
constant (g;) measured at 10kHz for Bag¢Sry4TiO;
specimen and the composite specimens sintered at
different temperatures. The dielectric constant of
Bay¢Sry4TiO; specimen displayed a diffuse peak at
around -2.5°C (Fig. 5(a)), which is consistent with
previous result [17]. The dielectric anomaly, as well
known, is attributed to a ferroelectric-paraelectric phase
transition. The composite specimens provided an
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analogous dielectric behavior (Fig. 5(b)). Compared with
Bay ¢St 4TiO; specimen, the dielectric constant peaks of
the composite specimens were apparently depressed and
broadened. This change is due to the mixing effect of
MgO as a non-polar constituent of the composite system
[5]. Meanwhile, the temperature for the maximum of the
dielectric constant (T,,) moved to -35 °C for the composite
specimens. The T,, movement is assigned to the effect
of Mg?* doping into the lattice of Bag¢Sr,4TiO; phase
[18]. The Ty, value (-35 °C) of the composite specimens
suggests a macroscopically paraelectric state for
BagS1p4TiO; phase at room temperature, coinciding
with the result of the XRD analysis (Fig. 1).

Fig. 6 shows the nonlinear dielectric properties of the
composite ceramics sintered at different temperatures.
The dielectric constant (g,) and the loss (tand) were
measured at zero bias field. As the percentage of
dielectric constant change at 30 kV/cm, the tunability
was determined from the data measured in forward bias
field sweep of the first cycle. The figure of merit
(FOM, defined as tunability/tand) was calculated from
the tunability and the dielectric loss. One can see a
significant effect of sintering temperature on the
nonlinear dielectric parameters. This effect can be
qualitatively interpreted with respect to the evolution of
the densification and microstructure with sintering
temperature. The densification development of the
specimens (Figs. 3(a-e)) and grain growth of
Ba4S194TiO; phase (Fig. 4) with increasing sintering
temperature are favorable for enhancing the dielectric
constant. On the other hand, the appearance of micro-
pores at 1270 °C (Fig. 3(f)) resulted in a deleterious
effect. As a result, the maximum value of the dielectric
constant occurred at 1250 °C. The variation of the
dielectric loss with sintering temperature can be easily
understood in view of the evolution of the densification
(Fig. 2 and Fig. 3).

The tunability afforded a variation with sintering
temperature identical to that of the dielectric constant.
This identity is rational on account of the correlation of
the two dielectric parameters in physics [19]. As the
definition indicates, the FOM relies on the trade-off of
the tunability and the dielectric loss, with the specimen
sintered at 1250 °C achieving the largest value. The
FOM has been viewed as a criterion to evaluate the
overall property of nonlinear dielectrics [17].
According to the criterion, sintering at 1250 °C was
determined to be preferred for the composite ceramics.

Dependence of nonlinear dielectric properties on
history of applied bias electric field

Fig. 7 shows the dielectric constants measured in
different cycles of bias electric field sweep for the
composite specimen sintered at 1250 °C. For each
sweep, the dielectric constant of the specimen steadily
declined with the increase of applied bias electric field
in magnitude. Considering the nature of MgO as a non-

Fig. 7. Dielectric constants measured in different cycles of bias
electric field sweep for the composite specimen sintered at 1250 °C.

Fig. 8. The (g,0/&)’ vs. B* plots of the composite specimens
sintered at 1250 °C. The dielectric constants were measured in
different cycles of bias electric field sweep. The dashed lines
illustrate a linear relation. The dashed circles illustrate the
deviation of the measured data from the framework as predicted by
the Johnson relation.

polar dielectric, it is believed that the dielectric
nonlinearity of the composite specimen is assignable to
Bay ¢Sty 4TiO5 phase. Moreover, the nonlinear dielectric
response of the specimen under bias electric field was
sensitive to field history. This result is analogous to the
behavior of the Bag¢Sry4TiO; ceramics, which was
related to the presence of polar nano-regions (PNRs)
embedded in the macroscopically paraelectric background
of the ceramics [15, 20].

The dielectric constants measured under bias electric
field were fitted to the Johnson’s phenomenological
relation, as described by the following equation [21]:

&, 1
J_):—B — (1)
where & is the permittivity of free space, &z and &y
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Fig. 9. Parameters of dielectric nonlinearity as a function of cycle
number for the composite specimen sintered at 1250 °C. The
parameters were derived from the experimental data measured in
forward bias electric field sweeps.

represent the dielectric constants under a bias field and
zero bias field, respectively, and a is the anharmonic
coefficient. The pre-factor term of E% agf)gf(o), is
defined as the field coefficient, quantifying the
efficiency of applied bias field in depressing dielectric
constant [22]. Figure 8 shows the (/&) Vs. E’
plots of the composite specimen sintered at 1250 °C.
The dielectric constants were measured in different
cycles of bias electric field sweep. For each sweep, the
measured data roughly agreed with the behavior as
predicted by the phenomenological expression (i.e. a
linear relation). The Johnson relation is intended to
depict the dielectric constant under bias electric field
for polar dielectrics in paraelectric state [20, 21]. In this
context, the rough agreement of the measured data with
the Johnson relation should be associated with the
good percolation of the grains of BagSry4TiO; phase
(Fig. 3).

At a closer look, the measured data slightly deviated
from the Johnson framework at bias fields below
~12kV/cm. The deviation can be attributed to
polarization reorientation of PNRs in BaysSr4TiO;
phase under bias electric field. Similar phenomenon
was observed for BageSro4TiO; specimen, with a
deviation occurring at lower bias fields (<~5 kV/cm)
[15]. The difference in the deviation behavior between
Bag Sy 4TiO3 specimen and the composite specimen
can be explicated in view of a field-distribution effect.
The biphasic structure of the composite specimen
means a distribution of applied bias electric field
between the two phases [23]. Considering disparate
dielectric features of the two phases, it is plausible that
the bias field practically applied on polar Bay St 4TiO;
phase accounts for a minor part. This occurrence is
presumed to be responsible for the different deviation
behaviors of Bay 4S1y4TiO3 specimen and the composite
specimen.

Fig. 9 shows the parameters of the dielectric
nonlinearity as a function of cycle number for the
composite specimen sintered at 1250 °C. The parameters

were derived from the experimental data measured in
forward bias field sweeps. The dielectric constant,
tunability and field coefficient offered an identical
variation, apparently dropping with increasing cycle
number in the first three cycles and then fluctuating
(Figs. 9a, b and c). This result is similar to that of
Bay ¢St 4TiO5 specimen [15], embodying a filed history
dependence of the dielectric nonlinearity. Unlike the
case of the three parameters, the anharmonic
coefficient basically was independent of cycle number
(Fig. 9d). The independence is logical because the
parameter essentially is related with the intrinsic
polarization mechanism (i.e. lattice phonon polarization)
of BaysSry4Ti0; phase [20,21,24]. The independent
behavior of the anharmonic coefficient in turn indicates
that the field history dependence of the dielectric
nonlinearity should be related with extrinsic polarizable
species.

Bias field-induced polarization freezing of PNRs in
Bay ¢Sy 4TiO5 phase is proposed to be the scenario to
explain the degradation of the dielectric nonlinearity
with cycle number. The PNRs, nano-sized polar clusters
made up of frozen soft phonons, acts as an extrinsic
polarization mechanism of Bag ¢Sty 4TiO5 phase. At zero
bias field, the dipole moments of PNRs thermally
fluctuate between equivalent directions separated by
energy barriers. Under bias electric field, PNRs were
electrically polarized by the applied bias field. The
polarization reorientation of PNRs following the applied
bias field was proposed to be an extrinsic contribution
to the dielectric nonlinearity [20]. Continuous bias field
sweeps are favorable for retaining the polarization
freezing state of PNRs. As a result, the extrinsic
contribution of PNRs to the dielectric nonlinearity was
depressed. The tunability measured in the eighth cycle
degraded by about 37% relative to the value of the first
cycle (Fig. 9b). The evident degradation of the
tunability suggests a substantial contribution of PNRs in
Bay 6S1,4TiO; phase to the dielectric nonlinearity of the
composite specimen.

Conclusions

40 wt.% Bay ¢St 4 TiO5-60 wt.% MgO composite ceramics
were prepared from Bag St 4TiO; powder synthesized
by citrate method and fine MgO powder. The composite
specimens sintered at 1150-1270°C achieved good
densification. The structure and dielectric properties of
the specimens were investigated. The results highlight an
important role of sintering temperature in modulating
the microstructure and dielectric properties of the
specimens. Sintering at 1250 °C was determined to be
preferred for the composite system in terms of the
nonlinear dielectric properties of the specimens under
bias electric field. The specimen sintered at this
temperature exhibited a dielectric constant (g,) of 207
and a dielectric loss (tand) of 0.11% at 10 kHz along
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with a tunability of 18.5% and a figure of merit (FOM)
of 168 at 10 kHz and 30 kV/cm. The nonlinear dielectric
properties of the specimen in continuous cycle of bias
electric sweep were dependent on field history. The
phenomenon was tentatively interpreted in relation to
PNRs in BayeSry4TiO; phase of the composite
specimen. It is suggested that the polarization
reorientation of PNRs in Bag ¢Sty 4TiO; phase under bias
electric field substantially contributed to the dielectric
nonlinearity of the composite specimen.
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