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Abstract. In the application of tuneable microwave devices of ferroelectric (BaSr)TiO3 systems the two critical
parameters needed for optimal device performance are high tunability and low dielectric loss. The dielectric loss of
the materials is strongly dependent on microstructure. This paper is concerned with an investigation of the variation
in the dielectric and mechanical losses in Ba, Sr;_, TiO3 systems (x = 0.5, 0.6, 0.7 and 1.0) with microstructure
(grain sizes from 1 um to 50 wm). The magnitude of the loss peak and sharpness of the anomaly in the dielectric
constant/elastic modulus observed for the phase transitions in Ba, Sr;_, TiO3, depend not only on the composition
and but also on the grain size. A relaxation peak has been observed in large grain material, which is indication
of interactions between different configurations of domain walls and the diffusion of oxygen vacancies in the

domains.

1. Introduction

Ferroelectric Ba,Sr;_, TiO3 (BST) ceramics have been
widely studied in microelectronic devices such as
voltage-tuneable microwave components and in dy-
namic random access memories [1, 2]. In the appli-
cation of tuneable microwave devices of ferroelectric
BST systems the two critical parameters needed for
optimal device performance are high tunability and
low dielectric loss. The tunability can be influenced
by changes in the composition of bulk and thick films
[3-6] and of thin films [7-10]. However, the dielec-
tric loss of the materials is more complicated and de-
pends strongly on microstructure [11-16]. The dielec-
tric loss increases from 0.001-0.01 at 1 kHz to about
0.2 at 20 GHz, preventing the use of many thin films
in microwave devices. In order to limit the motion of
domain walls in the microwave frequency range, an
intra-grain concentration gradient ceramic was devel-
oped as for a capacitor with X7R-specification [17].
The microstructure of such ceramics has a core-shell
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structure for smoothing the variation of permittivity, &,
at the phase transitions from paraelectric-ferroelectric,
T, tetragonal-orthorhombic, T,-, and orthorhombic-
rhombohedral, 7,-, and for limiting the motion of
domain walls. However, there are a large number of
factors, such as grain size, electrodes, thermal treat-
ment temperature, oxygen pressure, internal stress and
internal strains, which can play a role in the origin of
the loss in the BST materials.

The study of mechanical loss (Q"), elastic mod-
ulus (Young’s modulus E or shear modulus G),
dielectric loss (tan §) and permittivity (e;) at frequen-
cies from 0.01 Hz to about 1 MHz on the BaTiOs3-
based ceramics has provided interesting information
on the phase transitions and the motion of domain
walls [18-22]. Each phase transition in BaTiO; in-
duces a loss peak and an anomaly in the dielectric
constant/elastic modulus. A number of relaxation loss
peaks (R’s) have been observed in the ferroelectric
phase for large grain materials. All the relaxation peaks
can be analysed by an Arrhenius-type relationship for
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a large range of vibration frequencies from 1072 to
10° Hz. Furthermore, one relaxation process exists
in all the ferroelectric phases, which demonstrates a
memory effect of ferroelectric domain configurations.
The study of vacuum annealing and doping effects on
the materials have confirmed that all the relaxation
peaks are due to the interaction between domain walls
and the diffusion of oxygen vacancies in the domains
[21, 22].

This paper is concerned with an investigation of
the dielectric and mechanical losses in Ba, Sri_, TiO3
systems (x = 0.5,0.6,0.7 and 1.0) with grain sizes
ranging from 1 um to 50 pwm).

2. Materials and Experimental

Barium titanate powder (RHONE-POULENC) was
mixed with suitable organic binders. After drying and
deagglomeration, the powders were pressed uniaxially
at 50 MPa to make prismatic bars (8 x 8 x 50 mm), and
then isostatically pressed at 380 MPa. The compacts
were sintered in air for 2 h at 1300°C, and then sliced
into rectangular plates (1 x 5 x 40 mm), denoted as
BST 10/0. Ba, Sr;_, TiO5 ceramics with x =0.5, 0.6,
and 0.7, denoted as BST 5/5, 6/4, 7/3 respectively,
were prepared by a conventional solid-state reaction
method from barium carbonate (Fluka, >99%), stron-
tium carbonate (Fluka, >99%) and titania powders. Af-
ter mixing and ball milling in acetone with zirconia
media the powders were calcined at a range of tem-
peratures from 900 to 1150°C for 2 hrs. The calcined
powders were remilled with binder and dry pressed
at 100 MPa. The pellets were sintered at 1400°C
for 2 hrs.

Scanning electron microscopy observations were
made on samples polished mechanically and lapped
to 1 um using diamond paste, followed by acid etch-
ing (5 vol% HCI, 0.5 vol% HF, 94.5 vol% H,0). The
measurements of mechanical loss and Young’s modu-
lus were carried out at kilohertz frequencies by forced
vibration of the samples driven electrostatically in their
fundamental flexural mode. The dielectric measure-
ment for BST 10/0 was carried out using an HP4192A
impedance analyser using the same sample as for the
mechanical measurements. Two opposite faces of the
samples were electroded by gold vapour deposition.
The measurements of dielectric properties of BST 7/3,
6/4, and 5/5 were carried out using an HP 4194A
impedance analyser.

3. Results and Discussion

The microstructures of the Ba,Sr;_,TiO3 (x = 0.5,
0.6, 0.7, and 1.0) ceramics are shown in Fig. 1. The
grain size is increased dramatically with the increas-
ing percentage of Ba in the BST materials. There is a
homogenous grain size distribution (1-2 wm) for the
BST 5/5 composition. For the BST 10/0 and BST 7/3
compositions, an abnormal grain growth is observed
for samples sintered at 1300 and 1400°C respectively.
A bi-modal distribution of grain sizes was established
in the materials: coarse grains of about 50 um are sur-
round by the fine grains of about 2 um. It appears that
increasing the proportion of Sr in the BST materials
can inhibit grain growth.

The variation of Young’s modulus E(7) and me-
chanical loss Q' as a function of temperature for the
ceramic BST 10/0 is shown in Fig. 2(a) (21). The vi-
bration frequency is about 3 kHz. The curve of E(T)
shows three anomalies; A; (130°C), A; (4°C) and A3
(—100°C) as the temperature is decreased, which cor-
respond to the three phase transitions in the material:
A;: cubic to tetragonal phase, A, : tetragonal to or-
thorhombic phase, Az : orthorhombic to rhombohe-
dral phase. The sharp anomaly in the modulus enables
precise determination of the transition temperatures.
These anomalies are respectively associated with three
narrow peaks Py, P», and P; on the Q~'(T) curve.
Moreover, the Q~'(T) curve has a large peak R}, and
a small peak R". These peaks are considered to arise
from relaxation process and so have been denoted the
letter R, with the subscript m denoting a mechanical
measurement, and the subscript denoting the phase re-
gion, o for orthorhombic and r for rhombohedral. The
variation in permittivity £(7") and dielectric loss (tan §)
with temperature for the same BST 10/0 material for
the frequencies of 1, 3, 10, and 100 kHz is shown in
Fig. 2(b) (23). In addition to the phase transition peaks
located at —90°C, 10°C, and 127°C on the loss curve,
there are three other peaks RY, RS, and R{ located
respectively in the rhombohedral, orthorhombic, and
tetragonal phases, and the shift of those peaks with fre-
quency confirms the relaxation behaviour. In this case
the superscript e denotes an electrical measurement.

The permittivity of the BST 5/5, 6/4, and 7/3 ce-
ramics as a function of temperature at the frequency of
10 kHz is shown in Fig. 3. As the concentration of Ba is
decreased, the Curie temperature, T, is decreased from
36°C, to 5°C and —32°C for the BST 7/3, BST 6/4, and
BST 5/5, respectively.
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Fig. 1. Microstructure of BST ceramics with different Ba/Sr ratios.

The dielectric loss of the BST 7/3, 6/4 and 5/5 com-
positions as a function of temperature for measurement
frequencies of 0.5, 1, 5, 10, 50, and 100 kHz are shown
in Fig. 4(a) (b) and (c) respectively. For the large grain
BST 6/4 material (Fig. 4(b)) there are transition peaks
P, and P located at about —68°C and 5°C correspond-
ing the transition from the orthorhombic to tetragonal,
and tetragonal to cubic phases respectively. However,
in the tetragonal phase, there is a relaxation peak R,
The relaxation peak is clearly shaped for the frequen-
cies of 0.5, 1, and 5 kHz, and the peak temperature
increases with frequency. The similar behavior of di-
electric loss has been found in the BST 7/3 ceramic as
shown in Fig. 4(a). However, for the BST 5/5 ceramic,
Fig. 4(c), no dielectric loss peak at the Curie tempera-
ture is observed, and there is only a step for the phase
transition from the ferroelectric to paraelectric phase.
The high loss in the ferroelectric phase demonstrates
the effect of ferroelectric domain wall motion. Further-
more, when the concentration of Sr is high, the phase
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BST 10/0

transition from tetragonal to cubic becomes diffuse,
which corresponds to the broad peak in the permittiv-
ity versus temperature in Fig. 3 for BST 5/5. All these
results indicate that the mechanisms of transition from
the paraelectric to ferroelectric phase depend on the
concentration of Sr in the BST system and it is pos-
sible that the motion of domain walls gives arise to
relaxation peaks in the ferroelectric phase.

The relaxation time 7 can be written according to
the Arrhenius equation as

T = Tpexp (%) (1)

where T is the absolute temperature, k is the
Boltzmann’s constant, H is the activation energy, and
7y is the reciprocal frequency. For a Debye peak, the
condition for the peak is wt = 1 [23]. This gives:

In f = —In(2w 1) — kiT 2)
p



20 Cheng et al.

0.020

mﬂqim I Cub.

0.0154

E(GPa)

0.010+

T

Permittivity €

Fig. 2. Mechanical loss and Young’s modulus (a) and dielectric loss
and permittivity (b) as a function of temperature in BST 10/0 ceramic.

where 7p is the temperature of the peak, w = 27 f, and
f is the vibration frequency. The relationship between
temperature and vibration frequency for the relaxation
peaks, R, shown in Fig. 4, is plotted in Fig. 5 for the

25000

BST 7/3 and BST 6/4 ceramics. The activation energy
H and relaxation time 7 are calculated to be 0.399 eV,
2 x 1072 sand 0.360 eV, 2 x 10~!! s for the BST 7/3
and 6/4 compositions, respectively. A summary of the
activation parameters from this work and the literature
[24, 25] is shown in Table 1.

The values of relaxation time 7, for this work are
similar to the value of the Debye frequency vy ! (about
10~'*5). This indicates that all of the relaxation peaks
could be attributed to a single atomic diffusion process
[21]. The activation energy for oxygen vacancy diffu-
sion in BST systems has been measured as 1.0-1.1 eV
by Zafaretal. [24] and 0.38—1.02 eV by Saha et al. [25].
These values of oxygen diffusion energy are similar to
those obtained from the dielectric and mechanical loss
peaks. This implies that the relaxation peaks observed
here could be connected to the diffusion of oxygen
vacancies, which can be induced by impurities, vac-
uum annealing and intentional doping. It is well known
that certain impurities, such as Fe’* Fe?*, Ca’*, K*,
Na*, always substitute for Tit* [26]. Similar relax-
ation peaks caused by the interaction between oxygen
vacancies and domain walls have also been identified
in Pb(Zr,Ti)O3 ceramics [27-29]. Postnikov et al. [30]
proposed that the shear stress, o, causes an increase in
the polarisation of the domains oriented in the direction
of tension, and a decrease in the polarisation of those
oriented in the direction of compression. The domain
wall is moved by such stresses. The change of polari-
sation causes a bound electrical charge to appear at the
domain wall. These bound charges induce an electrical
field in the grain. The mobile charges associated with
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Fig. 3. Permittivity of BST 5/5, 6/4, and 7/3 ceramics as a function of temperature.
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Fig. 4. Dielectricloss as a function of temperature for (a) BST 7/3, (b)
6/4, and (c) 5/5 ceramics. The legends in the figure are measurement
frequencies in Hz and the same for all the samples.

point defects will diffuse in the electrical field in order
to achieve equilibrium. Establishing the equilibrium
takes time and, through the converse piezo-effect, this
induces an additional anelastic deformation. A similar
situation may occur in the BST materials.

The magnitude of the dielectric loss peaks P, and
P, associated with the phase transitions decreases with
increasing frequency from 100 Hz to about 1 MHz,
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Fig. 5. Relationship between frequency and temperature for relax-
ation peaks in BST 7/3 and 6/4 ceramics (Best-fit for the BST 7/3
data is shown for clarity).

as demonstrated in Figs. 2 and 4 for the BST 10/0,
7/3, and 6/4 ceramics. Such a variation of loss at the
phase transition with frequency is similar to the be-
haviour of a first-order phase transition as described
by Postnikov et al. [31]. Similar behaviour has been
widely observed in alloys and in ferroelectric materi-
als (31). The main hypothesis is that the loss at the
phase transition is proportional to the transformed por-
tion during one cycle of vibration, and the following
relationship was established as,

dT
07"« ”’7 : 3)

where dT'/dt is the heating or cooling rate of the mea-
surement, and f is the frequency. In the material with a
first-order phase transition, the peak in mechanical loss
at the phase transition is a linear function of the fre-
quency. In order to check if this relationship is obeyed
in the case of BST, the dielectric loss at the phase tran-
sition, Py, has been plotted as a function of 1/f in Fig. 6
for the BST 7/3 and 10/0 materials.

It is clearly seen in Fig. 6 that the relationship be-
tween the loss and reciprocal of frequency is non-linear.
Such behaviour indicates that the phase transition in
(BaSr)TiO; material is only of a soft first-order, and
the nucleation of the new phase is very sensitive to the
external electric field at the temperature of the phase
change. However, the dielectric loss of peak P, in the
BST 10/0 (Fig. 2(b)) appears stable for frequencies
from 1 kHz to 10 kHz. This is thought to be due to
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Table 1. Activation energy H (eV) of the relaxation peaks in the BaSrTiO3 ceramics (see text for full explanation of the terms).

Composition Experimental RY + R™ R, + RS, R} + R™ R™
[Reference] methods V) V) V) €eV)
BST 10/0 [21] Mechanical and dielectric loss 0.29 0.47 0.68 0.92
BST 7/3 Dielectric loss 0.399
BST 6/4 Dielectric loss 0.360
BST 5/5 [24] Current density 1.0-1.1
BST 5/5 [25] Conductivity 0.38-1.02 0.5-1.28 1.07-1.3
0.10 : T - T . T - T - et al. [35] confirmed the local paraelectric/ferroelectric
- gg Z/O:jo phase transitions over submicron areas of ferroelectric
008 4 Ba, Sr;_, TiOj3 thin films. Thus the physical reason for
— the absence of a sharp loss peak in Bag 5Srg 5TiO; ma
- Y p y
= 0064 T _ be due to the intrinsic heterogeneous distributions of
- / the Ba and Sr in the lattice, and this is currently the
'g 004 / subject of further investigation.
~ A | n -
g // BT
o / e
// e T .
002 1 4. Conclusion
e
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s

Fig. 6. Height of the dielectric loss peak at the Curie temperature T
for BST 10/0 and BST 7/3.

the large relaxation peak associated domain wall mo-
tion in the orthorhombic phase, which compensates for
the decreasing loss due to the phase transition at high
frequencies, so keeping the total loss independent of
frequency.

In the Bag 5Sry 5TiO3 ceramic sample the variation
of dielectric loss at T is different from the behaviour
of BST 10/0, 7/3, and 6/4; there is no phase tran-
sition peak corresponding to 7.. The dielectric loss
reduces continuously from the ferrelectric to para-
electric phase as a function of increasing tempera-
ture. The loss could follow a relationship similar to
(1 — ¢/a)?, as observed in Nb3Sn with A15 structure
[32]. Liu et al. [33] have reported a similar variation
of the tetragonal distortion, ¢/a — 1, versus tempera-
ture for SrTiO; by high-resolution dilatometry mea-
surements. Furthermore, Hubert et al. [34] reported
the coexistence of both paraelectric and ferroelectric
phases in the submicronspatial resolution using confo-
cal scanning optical microscopy. Recently, Tikhomirov

ent microstructures (grain size from 1 pum to 50 um).
Measurements of mechanical loss, elastic modulus, di-
electric loss and permittivity have shown the following
features. First, each phase transition induces a loss peak
and an anomaly of dielectric constants/elastic modu-
lus for Ba,Sr;_,TiO; when x > 0.6. The phase tran-
sition at the Curie temperature 7, appears to be a soft
first order from an analysis of the phase transition dy-
namics. There is no loss peak in the Bag5SrysTiO;3
ceramic, which could be due to intrinsic heterogeneous
distribution of Ba and Sr in the lattice. Secondly, there
are relaxation peaks existing in coarse grain materi-
als. These peaks have been analysed by an Arrhenius
relationship for the frequencies from 1072 to 10° Hz.
A relaxation peak has been identified in the BST 7/3
and 6/4 compositions with a measured activation en-
ergy of approximately 0.40 eV. All the relaxation peaks
could be explained by the interaction between domain
walls and the diffusion of oxygen vacancies in the
domains.
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