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Abstract

Sr.Ba; _ \Nby,Og (with x=0.50, 0.45, 0.40 and 0.30) ceramics were synthesized by conventional solid-state method and sintered at
1350 °C for 3 h. The phase structure, microstructure, dielectric, ferroelectric and pyroelectric properties of obtained ceramics were
systematically investigated. Pure tungsten bronze phase could be obtained in all ceramics. The dielectric characteristics showed that SBN
ceramic was a relaxor with strong diffuse phase transition and weak frequency dispersion. As Sr molar fraction x increases from 0.30 to
0.50, the transition temperature 7c decreased linearly while the diffusivity parameter y declined from 1.88 to 1.68. The saturated
polarization, remnant polarization and pyroelectric coefficient were also found to be enhanced in SBN ceramics with increasing Sr
content. The pyroelectric coefficient of about 2 x 10~8 C/cm?K can be obtained for polarized SBN50 ceramics at room temperature.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Pyroelectric infrared detectors have been of interest for
many years because of their broad wavelength response,
room-temperature operation, high stability and good sensitiv-
ity over a wide temperature range [1,2]. Ferroelectric ceramics
widely used in pyroelectric infrared detectors are mainly lead-
based ceramics such as lead titanate (PT)-based [3], lead
zirconate titanate (PZT)-based [4] and lead magnoniobate
(PMN)-based [5] due to their superior pyroelectric properties.
However, the toxicity of lead-based materials either during the
manufacturing process (evaporation of lead) or after making
the device is of serious concerns. Therefore, developing lead-
free ceramics for replacing the lead-containing ceramics is
greatly needed in various applications.

For the past few years several systems of lead-free materials,
such as bismuth sodium titanate (BNT)-based [6], potassium
sodium niobate (KNN)-based [7] and strontium barium
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niobate (SBN)-based [8,9] have been reported for pyroelectric
applications. Among them SBN crystals [10,11] and textured
ceramics [8] have been reported to have excellent pyroelectric
propertied comparable to PZT ceramics.

SBN (Sr,Ba;_ Nb,O¢) has an open tetragonal tungsten
bronze (TTB) structure consisting of ten NbOg octahedra
linked by corners [12]. Most of the physical properties of SBN,
such as ferroelectric, pyroelectric and electro-optic, can be
altered by modifying its composition [13,14]. A.M. Glass [13]
got very different dielectric and pyroelectric properties in SBN
single crystals by varying Sr/Ba ratio. Nevertheless, most of
these studies were confined in single crystals. Generally,
ceramic is more widely used than single crystal for its low
cost and easy fabrication. However, a systematic research
about the effect of Sr/Ba ratio on the dielectric, ferroelectric
and pyroelectric properties of SBN ceramics has not been
reported yet.

In this work, the phase transition characteristics of
SBN ceramics with different Sr/Ba ratios were investigated
by dielectric measurements. The ferroelectric and pyro-
electric properties of SBN ceramics were also studied to

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2012.08.048


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.08.048
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.08.048
dx.doi.org/10.1016/j.ceramint.2012.08.048
dx.doi.org/10.1016/j.ceramint.2012.08.048
mailto:genshuiwang@mail.sic.ac.cn

1972 J. Zhang et al. | Ceramics International 39 (2013) 1971-1976

evaluate its potential for applications in uncooled infrared
detectors.

2. Experimental procedure

The Sr.Ba;_ Nb,Og bulk ceramics were prepared
by a traditional solid-state ceramic fabrication method.
The compositions discussed in this article were prepared
according to the formulas presented in Table 1. The
starting raw materials BaCO;3; (99%), SrCO5; (99%) and
Nb,O5 (99.5%) were ball-milled for 24 h in ethanol. The
mixture was dried, calcined at 1200 °C for 3 h and then
ball-milled again for 48 h. The powders were compacted
into green disks with a diameter of 15 mm under 100 MPa.
The dielectric properties and microstructures of SBN50
sintered at 1300 °C, 1350 °C and 1400 °C were investigated
to confirm the sintering condition. All samples were
sintered in air at 1350 °C for 3 h according to the results.

The crystal structure of the ceramics was characterized
by powder x-ray diffraction (XRD, D/MAX-2550V;
Rigaku, Tokyo, Japan). Patterns were recorded on sin-
tered powders. The microstructure of the ceramics was
taken by scanning electron microscope (SEM, JSM-
6700F, JEOL, Japan) on the polished and heat-etched
sample surface. Electric measurements were carried out
after the samples were polished to 0.5 mm in thickness
and coated with silver electrode on both sides. The
dielectric constant (g,) and dissipation factor (tand) of
unpolarized samples were measured using a Hewlett
Packard LCR meter at different frequencies in a tem-
perature range from 20 °C to 200 °C. The polarization
versus electric field (P—E) hysteresis loops were character-
ized by aixACCT TF Analyzer 2000 (aixACCT Systems
GmbH; Dennewartstrasse, Aachen, Germany) with high-
voltage power supply (Trek Inc., Medina, NY). A
sinusoidal waveform was chosen for the electric field
cycle. The pyroelectric properties were studied with a
Keithley 6517A electrometer/high resistance meter for
polarized samples. The poling electric fields were deter-
mined according to the P-FE hysteresis loops and the
samples were polarized in silicone oil under an electric
field of 5kV/mm at 150 °C for 60 min and then cooled
down until 40 °C with the electric field maintained at
5 kV/mm, similar as the reported poling progress for SBN
relaxor [8].

Table 1

Compositions with varying Sr/Ba ratios of SBN ceramics.
Sample Composition

SBNS50 Sro.50Bag.50Nb206
SBN45 Srg.45Bag ssNbyOg
SBN40 Sro.40Bag.60Nb2Og
SBN30 Sro.30Bag.70Nb20g

3. Results and discussion
3.1. Phase and microstructure

Fig. 1 shows the XRD patterns of SBN ceramics
sintered at 1350 °C for 3 h. All the diffraction peaks can
be ascribed to the crystalline TTB phase, which indicates
that the samples are crystallized into a pure TTB structure
without second phase.

The surface microstructures of SBN ceramics sintered
at the same temperature of 1350 °C are shown in
Fig. 2(a)—(d). All the samples are observed to exhibit well
grown grains and clear crystalline boundaries, with an
average grain size of about 1-3 um. Further measurement
indicates the density of SBN series samples all reaches
94% of the theoretical value. The theoretical density for
each composition is calculated from XRD analysis.
Sintering at the same temperature of 1350 °C for 3 h
probably causes the grain size of SBN ceramics not to
present an obvious change as the Sr/Ba ratio decreases.

3.2. Dielectric and phase transition properties

Fig. 3 shows the temperature-dependent dielectric
constant (¢,) of SBN ceramics in different compositions
measured at 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz.
Diffuse phase transition (DPT), frequency-dependent T'¢
and dielectric dispersion were observed in all the SBN
samples. The broadening of the phase transition may be
due to structural disorder and compositional fluctuations
in the solid solution [15,16]. It is also believed that the
origin of the relaxor behavior in SBN is due to electric
random fields (RFs) which promote the formation of
short-range ordered polar nanoregions (PNRs). RFs are
thought to relate to randomly distributed vacancies on A
sites of the unfilled TTB structure of the stoichiometric
SBN [12]. It has been widely reported in SBN systems
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Fig. 1. The X-ray diffraction patterns of SBN ceramics.
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Fig. 2. SEM micrographs of SBN ceramics: (a) SBN50, (b) SBN45, (c) SBN40 and (d) SBN30.
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Fig. 3. Dielectric constant (g) of SBN ceramics as a function of
temperature for composition: (a) SBN50, (b) SBN45, (¢) SBN40 and (d)
SBN30.

that the inherent RFs and PNRs result in relaxor type of
dielectric characteristics, including broaden phase transi-
tion region [17], significant frequency dependence of the
peak permittivity [18] and notable aging effects [19]. The
important dielectric phase transition parameters for all
the four samples are listed in Table 2. The Curie
temperature (7¢) is defined as the temperature of max-
imum dielectric constant (g,,) at 1 kHz. The value of T
decreases from 164 °C to 84 °C while ¢,, at 1 kHz rises
from 1445 to 3332 as Sr/Ba ratio increases from 3/7 to 1/
1. The ferroelectric ordering temperature (7¢) is deter-
mined by the competition between RFs and correlation

Table 2
Dielectric parameters for Sr,Ba;_, Nb,Og ceramics of different
compositions.

Parameters Samples

SBN50 SBN45 SBN40 SBN30
&, (1 kHz) 3332 3076 2134 1445
Tcor T, (1kHz)/°C 84 102 127 164
Ty.9.m (1 kHz)/°C 96 115 142 185
T, 100 Hz)/°C 84 102 126 163
T,. 1 MHz)/°C 88 105 130 166
AT, o1ax/°C 4 3 4 3
AT giguse (1 kHz)/°C 12 13 15 21
y (1 kHz) 1.68 1.73 1.78 1.88

between PNRs in ceramics [15]. The former would
suppress but the latter would enhance T.. The T¢
decrease in SBN ceramics can be ascribed to the fact that
more Sr (smaller than Ba) ions within the open TTB
crystal structure give rise to enhanced polar disorder
which would increase RFs and thus decrease T'¢. Shvarts-
man et al. [20] studied SBN crystals with piezoresponse
force microscopy (PFM) and draw the similar conclusion.
In addition, the correlation between PNRs can be
remarkably depressed at high temperature as a result of
enhanced disorder [1521]. In view of the fact that the
dielectric constant at T (g,,) is determined by the magnitude
of the dipole moment of PNRs and the strength of the
correlation between PNRs basically is determined by their
dipole moments [15], the decrease of ¢, from SBNS50 to
SBN30 may be due to the weakening of the correlation
between PNRs around their peak temperatures.
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Fig. 4. Curie temperature (7) of SBN ceramics measured at 1 kHz as a
function of Sr molar fraction (x). The values for SBN found in the literature
are also included for comparision: (@) Ref. [13], (4) Ref. [23] and (%) Ref. [22].

The T, values of SBN with different Sr content
measured at 1 kHz are shown in Fig. 4. A linear
relation of T¢ with Sr molar fraction x occurs for
0.3 <x<0.51s observed. From this linearity, the T of
the Sr,Ba;_ ,Nb,Og (SBN) system with other Sr molar
fraction x can be designed by controlling the Sr
fraction, and an empirical equation can be obtained
for 0.3 <x<0.5:

T(°C) = 286—405x (1)

where x is the Sr molar fraction. The asterisks (%) in Fig. 4
are the T values of SBN ceramics at 1 kHz for different
compositions reported by Gu [22], which fit well with the
linear relation we define. The reported values of T for SBN
single crystals are also shown in Fig. 4 and similar linear
relation of T'¢ versus composition can be observed in SBN
crystals. The works of Neurgaonkar [23] and Glass [13] also
indicate that the SBN single crystals always have higher T
than ceramics for the same composition. This decrease of
Tc in ceramics may be attributed to enhanced polar
disorder in ceramics. The large amounts of grain boundaries
in ceramic promote the formation of short-range ordered
polar nanoregions (PNRs), which decrease the ferroelectric
ordering temperature.

It is known that the dielectric characteristics of relaxor
ferroelectrics deviate from the typical Curie—Weiss beha-
vior and can be described by the Uchino and Nomura
function, a modified Curie—Weiss relationship [24]:
l—i:—(T_T’”)/, 1<y<2 )
& & C
where ¢, is the maximum value of dielectric constant, &,
is the dielectric constant at temperature 7, 7,, is the
temperature at the peak of the dielectric constant, C is
the Curie constant, and 7y is the diffusivity parameter,
taking the value between 1 (for normal ferroelectrics) and 2
(for a complete DPT). Thus the value of y can also be used
to characterize the relaxor behavior.
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Fig. 5. Variation of In(1/e,— 1/g,,) with In(T— T,,) at 1 kHz for different
compositions.

In order to further confirm the effects of Sr/Ba ratio
on the relaxor feature of SBN ceramics, the plots of
In(1/e,—1/¢,,) as a function of In(7T— 7,,) have been made
for SBN samples with different Sr content at 1 kHz, which
are shown in Fig. 5. The slope of the fitting curves is used
to determine the y value. It can be seen that y values of all
samples are close to 2, so the phase transitions in all SBN
ceramics exhibit a obvious diffuse characteristic. The
diffuseness of the phase transition is composition depen-
dent and shows considerable enhancement with higher Sr
content. In consideration of the fact that SBN ceramics
with more Sr have higher T¢ and the strength of the
correlation of PNRs can be suppressed markedly at high
temperature, the polar disorder in the vicinity of T would
be strengthened as Sr content increases. Thus the phase
transition becomes more diffused.

In addition, the parameters of AT, and ATz
(1 kHz) were introduced to investigate the relaxor feature
of SBN. The specific symbols of the relaxation degree and
the diffuseness degree are defined as [25]:

ATrelax = Tm(l MHZ)_Tm(IOO HZ) (3)

A4 Tdiﬁ’use(l kHZ) = TO.9£m (1 kHZ) - Tm(l kHZ) (4)

Based on the experimental data, the values of AT,
and AT (1 kHz) were calculated and are listed in
Table 2. We can see that with increasing Sr content,
AT pise (1 kHz) declines remarkably but AT, keep
low and shift little. All the empirical parameters above
suggest that the SBN ceramic is indeed a relaxor with
strong DPT and weak frequency dispersion. David et al.
[26] reported that on increase of the Sr/Ba ratio a
transformation from ferroelectric to relaxor takes place
in SBN single crystal. However, our results reveal that this
transformation can be depressed in SBN ceramics. The
enhanced relaxation stability with composition in SBN
ceramics is probably attributed to the grain boundary
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Fig. 6. The P-E hysteresis loops of SBN ceramics measured at 10 Hz and
the inset shows the dependence of Ps and Pr on the Sr/Ba ratio.

effect which weaken the influence of RFs on the relaxation
by releasing stress.

3.3. Ferroelectric and pyroelectric properties

Fig. 6 shows the polarization versus applied electrical
field (P—E) hysteresis loops of SBN ceramics for different
compositions measured under 5 kV/mm at room tempera-
ture. It can be observed that the room temperature values
of saturated polarization Ps and remnant polarization Pr
both increase monotonically with increasing Sr content over
the entire range of composition investigated, reaching
10.66 pC/cm? and 3.08 uC/cm?® for SBN50 under 5kV/
mm, respectively. This ferroelectricity is comparable to that
published for SBN50 ceramic [9,27]. The increment of Ps
with Sr content may owe to the higher dielectric constant at
room temperature, as shown in Fig. 3. SBN samples with
larger Sr content are found to have lower coercive field as a
result of lower T, which also make it easier for them to be
polarized hence have higher values of Pr.

The pyroelectric coefficient is one of the most important
parameters for pyroelectric device applications. The pyro-
electric coefficient (p) of SBN ceramics as a function of
temperature for all compositions is shown in Fig. 7. The
value of p at room temperature is about 2 x 10 =% C/em? K
for SBN50. This result is lower than that of single crystal
[11] but four times higher than the earlier reports for
SBNS50 ceramics [9]. In ceramics, the grains orientate
randomly and this random orientation decreases the
effective polarization, thus suppressing the measured
pyroelectric coefficient. The data also reveals that the
pyroelectric coefficient of SBN ceramics decrease while
the temperature dependence of pyroelectric properties
becomes weaker with reduced Sr content. As continuous
changes occured in dielectric and ferroelectric properties
while no remarkable difference was observed in phase and
microstructure of SBN ceramics for various compositions,
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Fig. 7. Pyroelectric coefficient (p) of SBN ceramics as a function of
temperature for different compositions.

the decrease of p should mainly be attributed to Sr/Ba
ratio variations that shifted 7' significantly from ~84 to
~164 °C and simultaneously suppressed Pr. With decreas-
ing Sr content, Pr of SBN ceramics decreases from lower
values towards zero over a wider temperature range,
resulting in lower pyroelectric coefficient.

4. Conclusion

Pure tetragonal tungsten bronze phase Sr.Ba;_ ,Nb,Og
(with x=0.50, 0.45, 0.40 and 0.30) ceramics were obtained
and their microstructure, dielectric, ferroelectric and pyro-
electric properties were systematic investigated. The dielectric
characteristics showed that SBN ceramic was a relaxor with
strong diffuse phase transition and weak frequency disper-
sion. As Sr molar fraction x increases from 0.30 to 0.50, the
transition temperature 7¢ decreased linearly and the diffu-
sivity parameter y declined from 1.88 to 1.68. Normal
ferroelectric hysteresis loops could be observed in all compo-
sitions. The saturated polarization, remnant polarization and
pyroelectric coefficient were also found to be enhanced in
SBN ceramics with increasing Sr content. Relatively large
and stable pyroelectric coefficient of about 2 x 10~% C/em*K
could be obtained in SBN50 ceramics, unveiling its potential
for applications in uncooled infrared detectors.
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