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Abstract

Ba0.67�xYxSr0.33Ti1�yMnyO3 [(MnþY: BST), x¼0.006, y¼0.005] ceramics were fabricated via using citrate–nitrate combustion derived
powder, and their microstructure, dielectric properties and pyroelectric properties were systemically investigated within sintering temperature
ranged from 1200 1C to 1310 1C. Slight agglomerated BST powders, with nano-size parties, were produced at calcining temperature of
800 1C. Sintering temperature has a great influence on the microstructure and electrical properties of the ceramic samples. The dielectric and
pyroelectric properties are improved with sintering temperature increased from 1200 1C to 1280 1C. At room temperature, the MnþY: BST
ceramics sintered at 1280 1C for 3 h exhibit optimal electrical properties: dielectric loss tan δ¼0.007, intrinsic pyroelectric coefficient γ¼773 nC/
cm2 K and figure-of-merit FD¼134.5 μPa�0.5 at 100 Hz, respectively. Improvement of pyroelectric properties is beneficial to the development of
infrared detectors.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the past decades, much attention had been paid to the
pyroelectric detection of infrared radiation (IR) due to the
advantages offered by the pyroelectric detectors: room tem-
perature operation, good sensitivity, and flat spectral response
from near ultraviolet up to far infrared [1–5]. In view of
pyroelectric infrared detector applications, a good pyroelectric
material needs to have higher pyroelectric coefficient, mezzo
dielectric constant and lower dielectric loss. Barium strontium
titanate (BST) is becoming one of the most interesting
pyroelectric materials for uncooled infrared detectors due to
its relatively high pyroelectric coefficient. Nevertheless,
it is extremely difficult to obtain the pure BST ceramics with
good pyroelectric properties. For many years, doping has
been used to modify the electrical properties of BST ceramics.
As reported, the codoping is an effective way to optimize the
electrical properties of Ba1�xSrxTiO3 ceramics [6].
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As well-known, dielectric properties, based on phase transi-
tion phenomena in ferroelectric materials, are closely related to
crystal structure. On the other hand, crystal structure of
ferroelectric material depends on the thermal history and the
fabrication method [7]. Thus, improving the sinterability of
BST materials appears as an intriguing subject of practical
importance. It was reported that superfine BST powders with
high reactivity can be prepared by the citrate precursor method
[8,9], which improved sinterability and enhanced electrical
properties of BST ceramics [10]. However, this method
involves too complex processes and the powders obtained
were always badly agglomerated.
In this paper, we present a simple citrate–nitrate combustion

method for the synthesis of nanocrystalline Ba0.67�xYx

Sr0.33Ti1�yMnyO3 (MnþY: BST) powders. A systematic
study of effects of sintering temperature on the microstructure,
dielectric and pyroelectric properties of the obtained MnþY:
BST ceramics were investigated.
ghts reserved.
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Fig. 2. XRD patterns of MnþY: BST ceramics sintered at 1200–1310 1C
for 3 h.
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2. Experimental

The powders of Ba0.67�xYxSr0.33Ti1�yMnyO3 (x¼0.006,
y¼0.005) were synthesized by the citrate precursor method.
Required amount of barium nitrate, strontium nitrate, tetrabutyl
titanate and additions (manganese acetate, yttrium oxide) were
dissolved into citrate solution to prepare the precursor solution.
Ethylene glycol and glacial acetic acid were used as dispersant
and solvents of tetrabutyl titanate, respectively, and an appreci-
ate amount of aqueous ammonia was dripped to adjust pH value
of the solution to 6–7. This solution was put into a beaker and
the beaker was immersed in a basin with hot silicon oil (80 1C)
and then the solution was stirred for 4–6 h, lastly a transparent
precursor solution was obtained. The precursor solution was
subjected to heating in an oven at 200 1C to form a porous and
black solid mass, and then calcined at 800 1C for 3 h in air. The
calcined powders were uniaxially pressed into discs, and
sintered into ceramics at 1200–1310 1C for 3 h in air.

The density of the ceramic samples was measured by the
Archimedes method. The shrinkage of samples was deter-
mined by S¼ ðDg�Ds=DgÞ100%, where S is shrinkage, Dg

and Ds are the diameters of green body and sintered samples
respectively. The crystal structures of the sintered ceramics
were confirmed by X-ray diffraction (XRD, DX-1000, Dan-
dong, China). The microstructure of the specimens was
observed by scanning electron microscopy (SEM, Inspect F,
FEI Company, Netherlands). The dielectric properties as a
function of temperature were measured using precision LCR
meter (E4980A). The polarization versus electric field (P–E)
hysteresis loops were measured by using Radiant Precision
Ferroelectric Measurement System (RT2000 Tester, USA).
3. Results and discussion

Fig. 1 shows the SEM observation of calcined MnþY: BST
powders. As shown in Fig. 1, homogeneous and spongy
agglomerations composed of fine preliminary particles of
�100 nm can be seen for the powders.
Fig. 2 shows the X-ray diffraction patterns of MnþY: BST

ceramics sintered at 1200–1310 1C for 3 h. As shown in Fig. 2,
Fig. 1. SEM observation of the calcined MnþY: BST powders.
all ceramic specimens exhibit a pure perovskite phase and no
secondary phase can be detected within the detection limit of
X-ray diffraction pattern, indicating that the additions of Mn
and Y are dissolved into the BST perovskite lattice. The
intensities of diffraction peak, such as (110), (111) and (200)
increased with sintering temperature increased from 1200 1C to
1280 1C. It was due to the improved crystallinity of the
specimen. This also can be seen in Fig. 3. Further increasing
the sintering temperature would lead to a deteriorative crystal-
lization state of ceramic samples. These results suggest that
sintering temperature has significant influence on crystalliza-
tion of the MnþY: BST ceramics.
Fig. 3 presents the microstructures of the ceramic specimens

that were sintered at different temperatures for 3 h. As shown
in Fig. 3, the specimen sintered at 1200 1C has a porous
microstructure with fine grains. The grain size of the ceramic
samples increased and porosity decreased with the sintering
temperature increased from 1200 1C to 1280 1C. An abnormal
grain growth was noticed for the ceramic specimen that was
sintered at 1310 1C. MnþY: BST ceramics have a larger grain
size and more closed packed structure than the pure BST
ceramics [11]. It was believed that the introduction of Mn and
Y additions to BST would decrease the sintering activation
energy and reduce the sintering temperature of BST ceramics,
and thus enhanced crystallization of ceramic samples.
Fig. 4 shows the relative density and shrinkage of MnþY:

BST ceramics. Archimedean method was used for bulk
densities measurements, and relative densities were calculated
as percentages of measured density compared to theoretical
density. The relative bulk density and shrinkage increased with
increasing sintering temperature to 1280 1C, and then
decreased when further increasing sintering temperature to
1310 1C. The specimen sintered at 1280 1C for 3 h has the
highest relative density of 98.2% and shrinkage of 17.1%. It
may be due to the uniformity grain growth and closed packed
microstructure.
Fig. 5. displays the P–E hysteresis loops measured at room

temperature for MnþY: BST ceramics sintered at different
temperatures. For the ceramic specimen sintered at 1200
1C showed a weak remanent polarization (Pr). This was



Fig. 3. Microstructure of MnþY: BST ceramics sintered at 1200–1310 1C for 3 h.

Fig. 4. Relative density and shrinkage of MnþY: BST ceramics sintered at
1200–1310 1C for 3 h.

Fig. 5. P–E hysteresis loops for MnþY: BST ceramics sintered at different
temperatures.
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presumably due to the porous microstructure and lower density
of the specimen. The Pr of ceramic samples increased with
increasing sintering temperature, and reached a maximum
value of 6.5 μC/cm2 at the sintering temperature of 1280 1C.
This was ascribed to the larger grains of the specimen sintered
at higher temperature, which was favorable to the development
of the polar micro-regions in size and/or volume fraction [12].
As the grain size distribution became normal grain distribution,
the number of domains increased and the spontaneous polar-
ization also increased [13]. However, further increasing the
sintering temperature to 1310 1C weakened the ferroelectric
properties of the MnþY: BST ceramics. It might be due to the
lower density and deteriorative crystallization state of the
specimen.
Fig. 6 shows the temperature dependence of dielectric
constant and loss for MnþY: BST ceramics sintered at
different temperatures. The Curie temperature (TC) decreased
from 28 1C to 25 1C and dielectric constant peak increased
from 5943 to 11296 when the sintering temperature increased
from 1200 1C to 1280 1C, respectively. The Curie temperature
of MnþY: BST ceramics decreased with increasing the
sintering temperature, due to the decreasing porosity [14].
The dielectric constant of MnþY: BST ceramics increased
with increasing the sintering temperature, it was due to the
dense microstructure and large grain size of the ceramic
samples. The dielectric loss of MnþY: BST ceramics sintered



Fig. 6. Temperature dependence of dielectric constant and loss for MnþY:
BST ceramics sintered at 1200–1310 1C for 3 h at 10 kHz.

Fig. 7. Temperature dependence of (a) pyroelectric coefficient and (b) figure-
of-merit of MnþY: BST ceramics sintered at 1200–1310 1C for 3 h at 100 Hz.
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at 1280 1C attained the minimum value, which was much
lower in the paraelectric state (�0.0025) than in the ferro-
electric state (�0.0076), owning to the disappearance of
domain. The dielectric loss of all the ceramic samples was
significantly reduced with respect to the un-doped ones [11]. It
is widely accepted that the electrons resulting from the
generation of oxygen vacancy that formed during the sintering
process in atmospheres of low oxygen contents can hop
between different titanium ions inducing the reduction of
Ti4þ to Ti3þ , which provides a mechanism for dielectric
losses. Just as follows:

OO-V€
Oþ

1
2
O2↑þ2e′ ð1Þ

The incorporation of Mn2þ to Ti4þ sites can be expresses by
the following point defect reaction.

MnOþAO��-ABO3 Mn′′BþAAþ2OOþV€
O ð2Þ

When Mn2þ ions substitute Ti4þ in the BST lattice, oxygen
vacancies (V€

O) were created in order to maintain the charge
balance, which could decrease the concentration of the
electrons, and prevent the reduction of Ti4þ to Ti3þ .

When Y3þ ions substitute Ba2þ in the BST lattice, the
cation vacancy was induced, which could suppress the creation
of V€

O. Just as follows:

Y2O3þ3BO2��-ABO3 2Y€
Aþ3BBþ9OOþV ′′

A ð3Þ
Consequently, a lower carrier concentration was obtained in
the MnþY: BST ceramics and thus promoted lower dielectric
losses.
The pyroelectric coefficient can be expresses as [15]:

γ ¼ dP

dT
þε0

Z E

0
ðdεr
dT

ÞdE ð4Þ

where P is the polarization, T the temperature, E the bias field,
and εr is the dielectric constant. According to Eq. (4), the total
pyroelectric coefficient (γ) consists of the intrinsic pyroelectric
coefficient (spontaneous polarization contribution) and the
field induced pyroelectric coefficient (the dielectric contribu-
tion). Fig. 7(a) displays the intrinsic pyroelectric coefficient for
MnþY: BST ceramics sintered at different temperatures.
As shown in Fig. 7(a), sintering temperature has a strong
effect on the intrinsic pyroelectric coefficient of MnþY: BST
ceramics. The intrinsic pyroelectric coefficient increased from
300 to 773 nC/cm2 K when the sintering temperature increased
from 1200 1C to 1280 1C, and then decreased to 554 nC/cm2 K
when further increasing the sintering temperature to 1310 1C.
As the specimen has low porosity [14] and normal grain size
distribution [13], there is a high pyroelectric coefficient. For
BST materials, the dielectric constant changes significantly
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when the ferroelectric–paraelectric phase transition takes place,
and thus a large pyroelectric coefficient is to be obtained. For
the field induced pyroelectric coefficient of the ceramic
samples will be studied in detail in the future.

For uncooled infrared detectors, the figure-of-merit is an
important parameter to evaluate the quality of pyroelectric
materials [14]. To achieve a better response, it is necessary to
increase the pyroelectric figure-of-merit, which requires a
combination of such properties as high pyroelectric coefficient,
low dielectric constant and losses. The figure-of-merit can be
expresses as follows [16]:

FD ¼ γ=ðCV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0εr tan δ

p
Þ ð5Þ

here FD is detectivity, CV is volume specific heat, ε0 is the
permittivity of free space (¼8.85� 10–12 F/m), tan δ is
dielectric loss.

Fig. 7(b) shows the FD of MnþY: BST ceramics sintered at
different temperatures. The FD increased when the sintering
temperature increased from 1200 1C to 1280 1C. The specimen
sintering at 1280 1C showed a maximum FD value of
134.5 μPa�0.5, due to its high pyroelectric coefficient and
low dielectric loss.
4. Conclusion

MnþY: BST ceramics were fabricated by using citrate–
nitrate combustion derived powder, and their dielectric proper-
ties and pyroelectric properties were investigated. Sintering
temperatures have been found to have a great effect on the
electrical properties of the BST ceramic samples. In general,
the dielectric and pyroelectric properties enhance with increas-
ing the sintering temperature to 1280 1C. At room temperature,
the ceramic specimen sintered at 1280 1C for 3 h exhibits the
optimal properties: εr¼5236, tan δ¼0.007, γ¼773 nC/cm2 K
and FD¼134.5 μPa�1/2 at 100 Hz, respectively.
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