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a b s t r a c t

Ba(Zn1/3Ta2/3)O3 (BZT) dielectric resonators were prepared by solid-state reaction. The starting materials
were BaCO3, ZnO, and Ta2O5 powders with high purity. The double calcined BZT pellets were sintered in
air at temperatures of 1575, 1600, 1625, and 1650 ◦C for 4 h. The X-ray diffraction data allowed the study
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of the unit cell distortion degree and the presence of the secondary phases. A long-range order with a 2:1
ratio of Ta and Zn cations on the octahedral positions of the perovskite structure was observed with the
increase of the sintering temperature. The dielectric constant of BZT resonators measured around 6 GHz
was between 26 and 28. High values of Q × f product (120 THz) were obtained for BZT resonators sintered
at 1650 ◦C/4 h. The temperature coefficient of the resonance frequency exhibits positive values less than
6 ppm/◦C. The achieved dielectric parameters recommend BZT dielectric resonators for microwave and

ions.
icrowaves millimeter wave applicat

. Introduction

Dielectric materials continue to have a decisive influence on
he evolution of the electrical and electronic engineering, com-

unications and information technology. These materials, which
xhibit high dielectric constant, low dielectric losses, and good
emperature stability are required to reduce the size and weight
f equipment, enhance its reliability, and lower the manufacturing
nd operational costs [1–9]. Ceramics are from far the most utilized
s they offer cost-effective solutions for applications.

The Ba(Zn1/3Ta2/3)O3 (BZT) dielectric resonators are known to
xhibit a high dielectric constant (εr), a small temperature coeffi-
ient of resonance frequency (�f) and a high quality factor (Q). All of
hese properties are important for the applications of BZT ceram-
cs to microwave devices, in satellite broadcasting and as a high

dielectric resonator, in mobile phone base stations or combiner
lter for Personal Communication System applications [2,10,11].

The factors influencing Q values of BZT have been considered
o be long-range ordering (LRO) of cations, zinc oxide evapora-
ion, point defects and stabilization of microdomain boundaries
12,13]. This explained the high Q values from the point of view of
ts hexagonal superstructure. Sagala and Nambu [14] calculated the

ielectric loss tangent at microwave frequencies from the equation
f ion motions, which was a function of B-site ordering. Gallasso and
yle [15] concluded that the B-site ordering increased as the differ-
nce in charge and size between B′ and B′′ atoms increased. Reaney

∗ Corresponding author at: National Institute of Materials Physics, P.O. Box MG-7,
77125 Bucharest-Magurele, Romania. Tel.: +40 213690170; fax: +40 213690177.

E-mail address: nedelcu@infim.ro (L. Nedelcu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.069
© 2010 Elsevier B.V. All rights reserved.

et al. [16,17] studied the order–disorder transition in BZT using XRD
and TEM. They found that the reversible order–disorder phase tran-
sition in BZT occurs between 1600 and 1625 ◦C. The cation ordering
in Ba(Zn1/3Ta2/3)O3 complex perovskite is important because the
1:2 ordering along 〈1 1 1〉 direction is closely related to the high-Q
property of BZT. There is a strong correlation between LRO, domain
growth, zinc loss and microwave dielectric parameters.

As a result of our previous investigations, high-Q BZT dielec-
tric resonators (Q ∼ 17,000 at 5.6 GHz) were achieved by solid-state
reaction [18,19]. The aim of this work is a further increase of
the quality factor. Four sintering temperatures (1575, 1600, 1625,
1650 ◦C) were used in order to determine the structural and mor-
phological changes that occur in BZT resonators as a function of
sintering temperature, and to use the data obtained to explain the
changes in the microwave dielectric properties.

2. Experimental

Ba(Zn1/3Ta2/3)O3 samples were prepared by solid-state reaction. The starting
materials were high purity BaCO3, ZnO and Ta2O5 powders. Stoichiometric quanti-
ties were weighted, ground, homogenized and milled in an agate mill in water for 5 h.
The powders were calcined at T = 1200 ◦C for 2 h. Then the powders were milled for
3 h and calcined at 1250 ◦C/2 h. The double calcined powders were mixed with 12%
polyvinyl alcohol (PVA) and dried at 80 ◦C, then were pressed into cylindrical sam-
ples of 12 mm diameter and 10 mm height. The pellets were slowly dried at 180 ◦C
in order to eliminate the PVA. The density of green ceramics was � = 4.3 g/cm3. The
sintering treatment for the BZT dielectric resonators was performed in air for 4 h at
temperatures of 1575 ◦C, 1600 ◦C, 1625 ◦C and 1650 ◦C. The samples were polished

in order to remove the superficial zone with low Zn content and to obtain correct
values of the microwave dielectric parameters.

The bulk densities of the sintered pellets were measured by using a water
immersion technique. The structure of BZT samples was investigated by X-ray
diffraction (XRD) using a Bruker-D8 ADVANCE type X-ray diffractometer, in focusing
geometry, equipped with copper target X-ray tube and LynxEye one-dimensional
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http://www.elsevier.com/locate/jallcom
mailto:nedelcu@infim.ro
dx.doi.org/10.1016/j.jallcom.2010.09.069


478 L. Nedelcu et al. / Journal of Alloys and Compounds 509 (2011) 477–481

d
u
w
u
w
w
w

A
t
e
o
t
i
t

h
f
H
b
e
o
f

3

a
d
F
r
s
g
i
d
5

g
w
0
e

D

w
a
t
b
t
K

p
f
B

ions on B′-site can be partially replaced by Ba2+. Even though Ba2+

have a much larger ionic radius of 1.61 Å comparatively to 0.74 Å
for Zn2+, the transfer of Ba2+ cations for A site to B′ site is a possi-
ble process [12]. This substitution occurs very slowly and creates
Fig. 1. Bulk density and porosity of BZT samples versus sintering temperature.

etector. The XRD calculations were performed using a Buker Difracplus Basic Eval-
ation Package v.12. A corundum plate NIST reference material (NIST SRM 1976)
as used for checking the 2� calibration of the instrument in order to make correct
nit-cell parameter calculation and to subtract the effect of the instrumental line
idth from the line broadening, when calculate the crystallite size. The patterns
ere recorded at room temperature. The grain morphology and porous structure
ere analyzed by using a HITACHI S2600N Electronic Microscope.

The low frequency measurements were carried out using a broadband Alpha
nalyzer from Novocontrol. The sample was placed in a parallel plate capacitor and

he temperature was controlled using a Quatro Cryosystem. In order to diminish the
rror in relative dielectric constant value measurements, a gold metal film was evap-
rated on both sides of the sample surface. Capacitance was recorded at 1 MHz in a
emperature range between −20 and +80 ◦C. The data were acquired under nearly
sothermal conditions (�Tmax = 0.1 ◦C) and through a series of ascending tempera-
ures (5 ◦C steps).

In microwaves, the BZT cylindrical samples exhibit very low dielectric loss,
igh relative dielectric constant, and a very good stability with temperature. There-

ore, the dielectric parameters of BZT samples were investigated by using the
akki–Coleman method [20]. A computer-aided measurement system, which com-
ines an HP 8757C network analyzer and an HP 8350B sweep oscillator, was
mployed for the microwave measurements. The temperature coefficient of the res-
nant frequency �f in the microwave range was measured by heating the samples
rom +20 ◦C to +80 ◦C.

. Results and discussion

The bulk densities of the fired BZT ceramics were measured
fter grinding and polishing. The temperature dependence of the
ensification after sintering treatment in air for 4 h is shown in
ig. 1. The X-ray density of BZT compound with stoichiomet-
ic composition was considered as � = 7.94 g/cm3 [4]. The BZT
amples sintered between 1575 and 1650 ◦C exhibit bulk density
reater than 90% of theoretical density. The bulk density slightly
ncreases with the increase of sintering temperature Ts. The best
ensified ceramics (Ts = 1650 ◦C) exhibit a porosity value of about
.2%.

Crystallinity and cation ordering of BZT samples were investi-
ated by using powder X-ray diffraction. The diffraction diagrams
ere recorded in Bragg–Brentano geometry from 15 to 80◦ 2� with

.01◦ steps and 7 s counting time. The mean crystallite size, D was
stimated with the Scherrer equation:

(nm) = 0.9� (nm)
ˇ cos �

(1)

here ˇ is the full width at half maximum and � is the Bragg
ngle. The entire peak broadening was attributed only to the crys-
allite size effect. The line width was corrected for the instrumental
roadening using the above mentioned reference sample. The crys-
allite size was determined after the subtraction of K˛2 line from the

˛1 − K˛2 doublet.

The X-ray diffraction patterns for BZT samples, sintered at 4 tem-
erature values are given in Fig. 2. The XRD patterns confirm the
ormation of the BZT hexagonal structure (space group P3̄m1). The
a(Zn1/3Ta2/3)O3 is the major phase, but there is a small amount
Fig. 2. XRD patterns of BZT samples versus sintering temperature.

of Ba8ZnTa6O24 formed due to ZnO volatilization during sintering
process [21,22].

The structure order was evidenced from the XRD patterns by
observing the reflections due to Zn and Ta order (superstructure
reflection). The superstructure reflections are related to the amount
of Zn and Ta ordering. Therefore, a change in integrated intensity
of the superstructure peak corresponds to the amount of Zn and
Ta order. The (1 0 0) peak has the strongest intensity among the
superstructures lines. The XRD computed data reveals the increase
in integrated intensity of the (1 0 0) diffraction line versus sintering
temperature.

Lattice distortion caused by Zn and Ta ordering can be evaluated
by the split of the (4 2 2) and (2 2 6) diffraction peaks. If no distortion
occurs, then the (4 2 2) and the (2 2 6) peaks are not separated. Fig. 3
shows the profile change of (4 2 2) and (2 2 6) peaks versus sinter-
ing temperature. Diffraction patterns show that the ceramics fired
up to Ts = 1625 ◦C consist of half distorted and half non-distorted
structure. In ceramics fired at 1625 ◦C, a split of (4 2 2) and (2 2 6)
diffraction peaks can be observed.

The perfectly ordered structure is produced by the following
process:

1. A perovskite-type structure is formed, but Zn and Ta are in dis-
order.

2. Zn and Ta are partially in order.
3. Zn and Ta are completely in order and the lattice is distorted.

At high sintering temperatures, ZnO evaporates and a supple-
mentary distortion can be produced by the ZnO loss [12]. The Zn2+
Fig. 3. XRD patterns of BZT samples (detail)—the unit cell distortion as function of
Ts .
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Table 1
Unit cell parameters and mean crystallite size of BZT samples versus Ts .

Sample Sintering temperature Ts (◦C) Unit cell parameters Unit cell volume Vo (Å3) Mean crystallite size (nm)

ao (Å) co (Å) co/ao

a
r
F
o
I
i
p

o
T
1
c
i
i

1
m
m
s
0
t
A
s
d

BZT 1 1575 5.779 7.086
BZT 2 1600 5.777 7.080
BZT 3 1625 5.784 7.077
BZT 4 1650 5.784 7.074

supplementary unit cell distortion, even when the LRO is satu-
ated and leads to an increase of Q. The ZnO loss is evidenced in
ig. 2, where the X-ray diffraction patterns indicate the appearance
f Ba8ZnTa6O24 secondary phase, especially at BZT sample surface.
nside the ceramic, the amount of Ba8ZnTa6O24 secondary phase
s very small and does not affect the stoichiometry and dielectric
roperties of the BZT resonator.

A continuously decrease of the co/ao rapport and the decrease
f co with the increase of the sintering temperature is shown in
able 1. Moreover, high values of ao for temperatures higher then
625 ◦C can be observed. These data indicate the increase of the unit
ell distortion with the increase in Ts. In the same time, a spectacular
ncrease from 150 nm to 1300 nm of mean crystallite size with the
ncrease in sintering temperature can be observed from Table 1.

The microstructure of BZT ceramics sintered in air at
575–1650 ◦C/4 h was investigated by using scanning electron
icroscopy (SEM). The SEM images are presented in Figs. 4a–d. The
icrograph of BZT sample sintered at 1575 ◦C (Fig. 4a) presents a

harp distribution of the grain size. The grains with size in the range

.5–2 �m are spherical and not well faceted. The porous struc-
ure is represented by intergranular pores with size up to 5 �m.
t Ts = 1600 ◦C, a growth of spherical grains up to 4 �m occurs, as
hown in Fig. 4b. The porosity is reduced and the pores exhibit
imensions between 1 �m and 3 �m. The general morphologic

Fig. 4. SEM micrographs of BST ceramics (fracture) for different sinterin
1.2261 204.94 150
1.2255 204.63 155
1.2235 205.04 750
1.2230 204.95 1300

aspect of BZT samples sintered at 1625 ◦C changes. Fig. 4c indi-
cates a bimodal grain size distribution, with small grains near 2 �m
and bigger ones near 6–7 �m. The intergrain porosity is small, only
pores with size in the interval 0.5–2 �m are present. Well faceted,
polyhedral grains with smooth surfaces and edges showing dimen-
sions in the range (5–20) �m are observed for BZT sample sintered
at 1650 ◦C (Fig. 4d). The porous structure is represented by sub-
micron intergranular pores. The difference between the 1575 ◦C
and 1650 ◦C sintering temperatures has as effect a strong granu-
lar growth, as can be noticed in Figs. 4a–d. This result is in good
agreement with the X-ray calculated data for mean crystallite size.

Complex perovskite ceramics with high permittivity and low
dielectric loss are used as dielectric resonators at microwave fre-
quencies. The resonance frequency fo is related to the relative
dielectric constant ε by the following equation:

fo ≈ c

�dε1/2
≈ c

Dε1/2
(2)
where c is the speed of light in a vacuum and �d is the wavelength of
the standing wave along the diameter D of the resonator. One of the
most important characteristics for this type of dielectric material
is the temperature coefficient of the resonance frequency fo of a

g temperatures: (a) 1575 ◦C; (b) 1600 ◦C; (c) 16250 ◦C; (d) 1650 ◦C.
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ig. 5. Capacitance and calculated dielectric constant ε versus temperature for BZT
ample sintered at 1650 ◦C/4 h.

ielectric resonator, which is defined by

f = 1
fo

∂fo
∂T

(3)

Courtney [23] observed a small linear change of the ε in a range
f temperatures 10–100 ◦C for many dielectric materials, in which
ase, from the above equations, the temperature coefficient �f can
e approximated by:

f = 1
f RT
o

�fo
�T

(4)

here �fo is the variation in the resonance frequency for a temper-
ture variation �T and f RT

o is the value of fo at room temperature.
n fact, the usual method to determine �f is to measure shift of fo
or the resonator placed in a thermostatic chamber.

In most civil applications, a minimum variation of the material
haracteristics with the temperature in a range of 40–50 ◦C around
oom temperature is required. In order to determine the tempera-
ure behaviour of the relative dielectric constant for BZT ceramics,
he well-densified samples sintered at 1650 ◦C were chosen for

easurements. The BZT disks were polished and gold electrodes
ere deposited on the plane-parallel surfaces. The temperature
ependence of the capacitance for a BZT capacitor recorded at
MHz is presented in Fig. 5. The capacitance shows only a small
ariation in the −20 to +80 ◦C temperature interval. For this small
ariation in capacitance, the dependence of the relative dielectric
ermittivity on the temperature was calculated from the model of
lanar capacitor by taking into account the temperature expansion
f the sample, ˛ = 10 ppm/◦C [4]; the ε values versus the tem-
erature are also presented in Fig. 5. Moreover, the temperature
oefficient of the capacitance �C and temperature coefficient of the
elative dielectric permittivity �ε determined by linear fitting on
he data are inserted in Fig. 5.

Microwave measurements on dielectric constant and quality
actor Q were carried out on the BZT dielectric resonators. For
olar dielectric resonators, in the microwave domain, the product
etween the resonance frequency f and quality factor Q is constant
10]. Due to this fact, the Q × f product is more used as resonator
arameter rather than quality factor. The increase of the dielec-
ric constant and Q × f product with the increase of the sintering
emperature can be observed in Fig. 6. The increase of the dielec-
ric constant can be considered as an effect of the reduced porosity
esulting in a better densification of BZT samples at high sinter-
ng temperatures. On the other hand, it can be supposed that the

ielectric loss due to the pores does not vary too much for these
mall variation of the porosity (Fig. 1). Therefore, the Q × f strongly
epends on the BZT crystalline structure, that is, on the unit cell
istortion and LRO. Highest Q × f product is obtained for a BZT
eramic with Zn and Ta completely ordered and with a strongly
Fig. 6. Dielectric constant and Q × f product versus Ts for BZT resonators.

distorted unit cell [13,14,24,25]. The best Q × f value (120 THz) was
achieved for BZT resonators sintered at 1650 ◦C/4 h. These results
are in agreement with X-ray diffraction and SEM data. As can be
seen in Fig. 3 and Table 1, BZT samples sintered at 1650 ◦C exhibit
the highest unit cell distortion. Moreover, these samples exhibit the
largest grain size (Fig. 4d).

An increase in Q × f values from 75 THz [19] to 100 THz [18] was
previously observed due to a increase in the Ta2O5 raw material
purity from 99.8% to 99.95%. The very high Q × f values up to 120 THz
were achieved in this paper for a 99.95% purity Ta2O5 raw mate-
rial and for a sintering time increased from 2 h [18,19] to 4 h. The
120 THz achieved in this work for Q × f is in the same range of pre-
viously reported values, which were obtained at longer sintering
times and with supplementary annealing treatments [4].

Based on the linear dependence of the dielectric permittivity
on the temperature, which was observed at low frequency mea-
surements (Fig. 5), the temperature coefficient of the resonant
frequency �f in microwave range was measured by heating the sam-
ples from +20 ◦C to +80 ◦C. The BZT dielectric resonators exhibit a
positive temperature coefficient of the resonance frequency �f in
the 3–6 ppm/◦C range. The relation between temperature coeffi-
cient of the resonance frequency �f and temperature coefficient of
the capacitance �C is [11]:

�f + 1
2

�C + 1
2

˛ = 0 (5)

where ˛ is the linear thermal-expansion coefficient. Using the
above equation for ˛ = 10 ppm/◦C [4], the temperature dependence
of the capacitance at 1 MHz allowed an estimation of �f ∼ 8 ppm/◦C,
which is in a good agreement with microwave measurements.

The high values of Q × f product obtained for BZT resonators
sintered at 1650 ◦C/4 h recommend this type of materials for appli-
cations in microwave communication systems and millimeter wave
technology.

4. Conclusions

Ba(Zn1/3Ta2/3)O3 ceramic materials with high dielectric con-
stant and low loss in microwave domain were achieved by
solid-state reaction in the temperature range 1575–1650 ◦C for 4 h.

The XRD patterns confirm the formation of the BZT materials
with hexagonal structure. For sintering temperatures higher than
1625 ◦C, the XRD patterns reveal the formation of a secondary phase
with low Zn content.
Low frequency measurements at 1 MHz showed a slow decrease
of the dielectric constant with the increase of the temperature.
The temperature coefficient �ε of the dielectric permittivity was
estimated to be −37 ppm/◦C.
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The dielectric permittivity and the Q × f product increase with
he increasing of the sintering temperature. The temperature coef-
cient �f of the resonance frequency exhibits positive values less
han 6 ppm/◦C.

Well-sintered BZT resonators exhibit a dielectric constant
round 28 and a Q × f product up to 120,000 GHz. The achieved
igh values of the quality factor Q recommend the BZT materials

or microwave and millimeter wave applications.
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