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Abstract: The microstructures and dielectric properties of Sb,Os-doped Ti deficient barium strontium titanate ceramics prepared by
solid state method were investigated with non-stoichiometric level and Sb,0O; content by SEM, XRD and LCR measure system. It is
found that with the increase of J, (Bag 7551 25)Ti;-s03-55 ceramics transform from single phase solid solutions with typical cubic
perovskite structure to multiphase compounds while (Bag 7551 25) Tig 99502996 Ceramics remain to be single-phase with the increasing
Sb,0j; content. The distortion of the ABO; perovskite lattice caused by Vyi"” and V3* induces the drop of Curie temperature and the
rise of relative dielectric constant in (Bag 75S1y,5)Ti;-s03-25 ceramics with increasing ¢ value. The orientation of }{J° elastic dipoles
results in the domain-wall pinning and thus the reduction of the dielectric loss. With increasing Sb,O; content, the relative dielectric
constant, dielectric constant maximum and Curie temperature of (Bag 7551 25)Tig 99802996 ceramics decrease dramatically while the

dielectric loss increases.
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1 Introduction

Barium strontium titanate (Ba,_,Sr,TiO;, BST) as a
ferroelectric material with perovskite structure has drawn
considerable attention in the microelectronic industries
because of its outstanding properties such as adjustable
phase transition temperature, high dielectric constant and
low dielectric loss [1], which allows it to have a great
potentiality for phase shifter, phased array antenna,
resonator and capacitor applications. However, the
conflict between the fine dielectric properties at room
temperature and good dielectric temperature stability
remains in the uniform BST ceramics [2]. In order to
overcome the above mentioned drawback, the traditional
doping method applied widely in electronic ceramics has
been introduced into BST ceramics [3—5].

Due to the intermediate size and charge of trivalent
ions compared with the Ba®’, Sr** and Ti*" ions, the
aliovalent doping mechanism and the substitution
preference of trivalent ions in BST ceramics as well as in
BaTiO; ceramics have been debated for many years [6].
However, it is no doubt that the dielectric properties of

perovskite BST ceramics are related to the doping
mechanism and correspondingly the point defect
behavior. In many cases, the doping mechanisms are not
only dependent on the oxygen partial pressure (po,) and
sintering temperature/time but also the overall n,/ng
ratio [7]. Many literatures have been focused on the
relationships between the point defect behavior and 7 ,/ng
ratio in BaTiO; ceramics [8,9]. Also, some influences of
ny/mp ratio on the microstructures and dielectric
properties in BST ceramics are gradually understood.
DONG et al [2] concluded that adding excessive TiO,
could remarkably inhibit grain growth, suppress and
broaden the Curie peaks in compositionally
inhomogeneous BST ceramics. SYAMAPRASAD
et al [10] found that excess Ba led to high un-changed
dielectric constant with a slight decrease of loss tangent
in Bag 7,Sr(,9Ti03 ceramics.

In our previous work, the dielectric properties of
Sb,03-doped stoichiometric BST ceramics such as
(Bag.992-+S1,Y 0.008) TiO3 004 ceramics (n,4/nz=1) have been
investigated and the Sb,0O3 dopant showed extraordinary
effects on the dielectric temperature stability
improvement [11,12]. So, in this work, we report a
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systematic study of the microstructure, point defect
behavior and dielectric properties of Ti deficient
(Bag 75S10.25) Ti;-503-5 ceramics (n,/ng>1) still taking the
trivalent Sb®" ions as dopant. The influences of & value
(namely the n,/np ratio) and doping content on point
defect behavior and the dielectric properties in barium
strontium titanate ceramics are discussed.

2 Experimental

The chemical compositions of the Sb,O;-doped Ti
deficient barium strontium titanate specimens were given
by the formula (Bag75Sr025)Ti1-503-2510.6%Sb,0; (6=
0.002, 0.004, 0.006, 0.008) and (Bag 75S1¢.25) Tip.99802.996 +
xSb,05; (x=0, 0.4%, 0.8%, 1.2%). High purity BaCO;
(>99.0%), SrCO; (>99.0%) and TiO, (>98.0%)
powders used as starting raw materials were weighed
according to the above specimens, ball-milled, dried and
calcined at 1080 °C for 2 h. The calcined powders were
mixed with Sb,0; (>99.0%), reground, dried and added
with 5% polyvinyl alcohol (PVA) as a binder for
granulation. The mixture was sieved through 250 pm
screen and then pressed into pellets of 10 mm in
diameter and 2 mm in thickness under 250 MPa.
Sintering was conducted in air at 1300—1320 °C for 2 h.
For dielectric measurement, both the flat surfaces of the
specimens were coated with BQ—5311 silver paste after
ultrasonic bath cleaning and then fired at 800 °C for
10 min.

The crystal structures of the specimens were
confirmed by X-ray diffraction analysis (XRD, Rigaku
D/max 2500v/pc) with Cu K, radiation. The surface
morphologies of the specimens were observed using the
SEM (JSM—6480 ESEM). The capacitance quantity (C)
and dissipation factor (D) were measured with
LCR-8101G Automatic LCR Meter at 1 kHz. The
relative dielectric constant (e;) and the loss tangent (tan J)
were calculated as follows:

g = 14;12Ch (1
_ /D
tan5——1000 (2)

where £ is the thickness (cm), d is the diameter of the
electrode (cm) and f is the test frequency (Hz). An
automatic measuring system consisting of Automatic
LCR Meter and THP-F-100 temperature control unit was
used to record the capacitance quantity and dissipation
factor from —20 °C to 50 °C at 1 kHz for measuring the
temperature dependence of dielectric parameters.

3 Results and discussion

3.1 XRD and SEM analysis
The X-ray diffraction patterns of 0.6%Sb,0;-doped

(Bayg 75S19.25) Ti1-503-55 bulk ceramics are shown in Fig. 1.
With the increase of J value, (Bag75Sr25)Ti1-503-05F
0.6%Sb,05 ceramics transform from single phase solid
solutions with typical cubic perovskite structure to
multiphase compounds. In other words, to maintain the
ABO; perovskite single phase structure, the J value
should be restricted to a very narrow range which is no
more than 0.006 in present samples. Also, a slight shift of
diffraction peaks to higher 26 values with the increasing
o0 value was observed, especially for the (110), (200) and
(211) peaks, which indicated that the unit cell volumes of
(Bag.75S1925)Ti1-s03-55 ceramics decreased as the
non-stoichiometric level of Ti ions in present ABO;
perovskite structure increased. Similar phenomena have
been previously reported in Ca substituted BST
ceramics [13] and in our previous work for (La, Sb)-
doped (Bag 74Srg26)TiO; ceramics [14]. Apparently, this
shrinkage of unit cell volume is mainly attributed to the
appearance of B-site vacancies Vri'"
vacancies V" in (Bag75Sr925)Ti-s0325 ceramics which
is revealed by the following point defect reaction
equation:

and oxygen

(Bag 75519 25)Ti1_50;3_55 —
0.75Bag, +0.258t, +(1—8)Tig, +
(3-28)0p + 6V +26V5" (3)
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Fig. 1 XRD patterns for (Ba0_7SSr0_25)Ti1,(503,2(5+0.6%Sb203
ceramics: (a) 6=0.002; (b) 6=0.006; (c) 6=0.008

The X-ray diffraction patterns of sintered Sb,Os;-
doped (Bag 75510 .25)Tig.99802.996 bulk ceramics are shown
in Fig. 2. All these polycrystals are single-phase
compounds with perovskite structure, which implies that
Sb*" jons have incorporated into the lattice and thus
maintain the perovskite structure of non-stoichiometric
barium strontium titanate solid solution. The XRD
profiles focusing on the (110) diffraction peaks are
presented in Fig. 2(b). It shows that the diffraction
peaks move towards lower 20 values and then shift to
higher 26 values as the Sb,0O; doping content increases in
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Fig. 2 XRD patterns for Sb203-doped (Ba0‘75Sr0<25)Ti0<99802996
ceramics with different Sb,O; contents (1 —0; 2—0.4%;
3—1.2%)

(Bag 75S1925) Tig.99s02.996 ceramics, which reveals a
variation of the unit cell volume for Sb,0;-doped
(Bay 75510 25) Ti.99304 996 ceramics. To be specific, with the
increase of Sb,0; content, the unit cell volume increases
and then decreases slightly. In terms of size, the ionic
radii of Ba®*, Sr*" in 12 coordination and Ti*' in 6
coordination are 0.161, 0.144 and 0.061 nm, respectively.
The radius of Sb’" ion in 6 coordination is 0.076 nm
which is bigger than that of Ti*" ion but smaller than that
of host A-site ion. Therefore, B-sites in the perovskite
lattice are partially occupied by bigger Sb’* ions for
present low Sb,O5 doping content samples, consequently
causing the increase of the unit cell volume. While the
above shrinkage of unit cell suggests that the substitution
of Sb*" ions for the host A-site ions takes place in high
Sb,0O; doping content samples. The substitution
preference of Sb** ions in present system is opposite to
that in (Baggor—S1yY.008) 1103004 ceramics [11]. This
difference of Sb>" substitution preference in perovskite
lattice can be explained by the existence of B-site
vacancies Vqf'” in non-stoichiometric (Bag75Sr),s)-
Tig9980299¢ ceramics as shown in Eq. (3). The
incorporation of Sb*" ions into the lattice also brings

about some kinds of point defects which turn out to be
the main factors changing the dielectric characteristics of
non-stoichiometric barium strontium titanate ceramics. In
(Bayg.75S10.25) Tig 99802996 sSamples with low Sb,0O; doping
concentration, Sb®" ions enter B-sites in the perovskite
structure and serve as an acceptor dopant. The defect
reaction is as follows:

Sb,0, —> 2Sbl; + V3 +30, (4)

For high Sb,0; doping concentration samples, Sb>*
ions tend to occupy the A-sites and serve as a donor
dopant. The defect reaction is as follows:

Sb,0; — 2Sb’ +V, +30, (5)

Figure 3 shows the surface morphologies of
0.6%Sb,05-doped Ti deficient (Bag75Srq25)Tij-sO03-05
ceramics. And the surface morphologies of Sb,0O;-doped
(Bayg.75S10.25) Tig 99802 996 ceramics are shown in Fig. 4. It
appears that all samples exhibit dense microstructure
and no abnormal grain growth is observed. There is
no obvious change in the average grain size of

Fig. 3 SEM images of 0.6%Sb,0;-doped (Bag;5Srq,5)-
Ti;_503-55 ceramics: (a) 0=0.004; (b) 6=0.006; (c) 6=0.008
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Fig. 4 SEM images of (Bay 7551¢.25)Tig.09802.99¢ ceramics with various Sb,0O5 contents: (a) 0; (b) 0.4%; (c) 0.8%; (d) 1.2%

(Bag 75S10.25) Ti;—5O3-55 ceramics as the J value increases,
presenting that the non-stoichiometric level makes little
contribution to refine the grain size. Distinguishingly, the
average grain size of (Bag;551025)Tip.90802.996 CEramics
decreases dramatically after applying the Sb,O; dopant
while remains almost the same when gradually
increasing the Sb,O; content. And the grain size
distribution of sintered ceramics can be refined by Sb,0;
addition.

3.2 Dielectric characteristics

Table 1 shows the relative dielectric constant and
dielectric loss of 0.6%Sb,0s-doped (Bag75Srq25)Tii—s-
03,5 ceramics with different 6 values at room
temperature. It is obvious that all the non-stoichiometric
(Bag 75S125)Ti;—s03-55 ceramics possess high relative
dielectric constant (more than 4000) at room
temperature. With the increase of J value which is in the
range of 0.002—0.006, the relative dielectric constant
increases notably while the dielectric loss decreases
considerably. This demonstrates that a proper
non-stoichiometric  level in  (Bag7551rq25)Tij—sO03-25
ceramics helps to improve the dielectric properties at
room temperature. np/n#>1 in BaTiO; has been
demonstrated by HYATT et al [15] to reduce the loss
tangent particularly in the paraelectric region above the
Curie temperature. In our present (Bag7551¢,5)Tij—sO3-25
ceramics satisfying the condition of (npp2+tnge)/np#>1,
the dielectric loss is now proved to decrease with the
increasing non-stoichiometric level, which is in accord
with Hyatt’s results.

Table 1 Dielectric properties of (Bag75Srg25)Tij—s03-05+
0.6% Sb,0; ceramics

0 eXt tan o°" Tc/°C &
0.002 4036 0.017 6.8 6041
0.004 4187 0.013 4.7 6504
0.006 4420 0.012 3.8 7007
0.008 4416 0.012 3.1 6694

Temperature dependence of relative dielectric
constant and dielectric loss for 0.6%Sb,0;-doped
(Bayg.75S10.25) Ti1-503-55 ceramics is shown in Fig. 5. The
relative dielectric constant first increases, achieves a
maximum remarked as &™ and then decreases with
increasing temperature. Contrarily, the dielectric loss
decreases at the beginning, achieves a minimum and then
increases with increasing temperature. The temperature
corresponding to the relative dielectric constant
maximum is taken as the Curie temperature 7c. It is
obvious that the Curie temperature (see Table 1)
decreases with increasing J value. The B-site vacancies
V" and oxygen vacancies VS® in (Bag75Sroas)Tij—s
0,5 ceramics resulting in the shrinkage of crystal lattice
as mentioned above lead to a distortion of the ABO;
perovskite structure thus inducing a drop in the Curie
temperature. Also, the lattice deformation and inner
stress were reported to cause the rise of dielectric
constant [16], which exactly explains the increase of
relative dielectric constant with the increasing J value in
present (Bag 75S1(5)Ti;—sO3-5 ceramics. It is noteworthy
that in the whole temperature range the higher the J
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value is, the lower the dielectric loss of
(Bag75S1925)Ti;—s03-55  ceramics becomes. This
phenomenon is related to the existing point defects as
well. Oxygen vacancies V* residing at the corners of
octahedra are well interconnected and therefore can be
regarded as relatively mobile defects. The mobile defects
migrate to domain boundaries. Orientation of the elastic
dipoles caused by V3" results in the domain-wall
pinning and thus the reduction of the dielectric loss.
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Fig. 5 Temperature dependence of relative dielectric constant (a)
and dielectric loss (b) for (Bag75S1g,5)Ti1—s03-2510.6% Sb,0;

ceramics

The relative dielectric constant and dielectric loss of
(Bag.75510.25) Tig.99802.996 ceramics with different Sb,O;
doping contents at room temperature are shown in
Table 2. It is clear that the relative dielectric constant of
(Bay 75S10.25) Tig.99801.99¢ ceramics decreases dramatically
with increasing Sb,0; addition content. The substitution
for A/B-site with any of the Sb>* ions leads to a shorter
distance between the B-site ion and its nearest neighbors
of the octahedron, so the movement of B-site ion is
restricted, which weakens the spontaneous polarization
of grain lattice, and consequently, the dielectric constant
decreases with increasing Sb,0; content macroscopically.
The dielectric loss of (Bag75S1¢.25)Ti.99802.996 CETamics
increases with the increase of Sb,O; content. Orientation

of the electric dipoles formed from Sbj —V"s/Sb'rV*
complexes shown in Eqs. (4) and (5) leads to
domain-wall pinning and thus a reduction of the
dielectric loss. In titanium-containing ceramics the
dissipation factor is always related to the reduction of
Ti*" ion [4]. When the Sb®" ions substitute for host ions
in present samples, the electrons will be generated and
then trapped by the Ti*" ions. Hereby, the limited
reduction of Ti*' ion in (Bayg,75S10.25) Tig.99807.996 CETAMICs
is sufficient to cause a severe deterioration in dielectric
loss. Therefore, the electric dipoles related to the point
defect and the reduction of Ti* ion caused by Sb** ion
substitution for host ion become two conflicting factors
for the dielectric loss. Apparently, the latter is the
controlling factor for Sb,0s;-doped (Bay 75Sr(25)Tig.g0s-
0, 996 ceramics since the dielectric loss increases with the
increasing Sb,0; content.

Table 2 Dielectric ~ properties  of  Sb,O;-doped
(Bay,75819.25) Tig.99305.996 CETamics
Sb,0; content/% grRT tan o°° Tc/°C &
0 6514 0.0076 24.4 6526
0.4 5014 0.0078 16.6 5328
0.8 3013 0.0079 2 3550
1.2 2560 0.0082 <-20 -

Temperature dependence of relative dielectric
Sb,0;-doped
(Bayg 75S19.25) Tig 99802996 ceramics is shown in Fig. 6. It
is obvious that the Curie temperature of Sb,O;-doped
(Bag 75510 25) Ti9.99802.996 ceramics (see Table 2) shifts to
lower value with increasing Sb,0; doping content, which
is attributed to the weakening of spontaneous
polarization of the grain lattice caused by the substitution
for host ion with any of the Sb’" ions as mentioned

constant and dielectric loss for

before. The charged vacancies caused by A-site /B-site
substitution give rise to the local deformation of the
perovskite unit cells, which also causes the reduction of
Curie temperature. In the whole temperature range
Sb,05-doped
significantly

relative  dielectric  constants  of

(Bag.75510.25) Ti9.99802.996 ceramics — are
suppressed as the Sb,0; content increases. At high Sb,05
doping contents (>0.8%), the curves become flat, which
implies the high thermal stability of Sb,0;-doped
non-stoichiometric barium strontium titanate ceramics.
Particularly, the peak value remarked as & decreases
with the increase of Sb,O; content. The effects of Sb,0;
content on dielectric maximum are caused by the
weakening of ferroelectricity, which is attributed to the
replacing reaction of Sb’" ions for the host ions in
perovskite lattice. As shown in Fig. 6(b) the dielectric
loss decreases dramatically with the increasing
temperature in low temperature range and reaches the
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minimum at around 35 °C. Also, (Bay 75S1q.25)Ti.99802.996
ceramics with high Sb,0; content exhibit better thermal
stability of dielectric loss than that with low Sb,0;
content.
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Fig. 6 Temperature dependence of relative dielectric constant
(a) and dielectric loss (b) for Sb,Os-doped (Bag 75S14.55)Tig.908-
0, 996 CETAMIcCS

4 Conclusions

1) (Bag75S1025)Tij—503-55 ceramics transform from
single phase solid solutions with typical cubic perovskite
structure to multiphase compounds with the increase of
value while (Bag75Srg25)Tip99802.996 Ceramics remain to
be single-phase solid solutions with the increasing Sb,0;
doping content.

2) The B-site vacancies V"
vacancies V5" exist in (Bag75Srgs)Ti;—sO3-5 ceramics
and the Sb}, —V",/Sb'r— V3" complexes show in Sb,O;-
doped (Bag 75S1925)Tig.9980299¢ ceramics. Due to the
existence of V1f"” in Ti deficient (Bag75Srg25)Tig.99802.996
ceramics, the substitution preference of Sb’* ions is
opposite to that in stoichiometric barium strontium
titanate ceramics.

3) The distortion of the ABO; perovskite structure
caused by V" and V5" facilitates the drop of Curie
temperature and the rise of relative dielectric constant in

as well as oxygen

(Bayg 75S19.25)Ti1-503»5 ceramics with increasing ¢ value.
The orientation of the elastic dipoles caused by V3®
leads to the domain-wall pinning and thus the reduction
of the dielectric loss. With increasing Sb,O; content, the
relative dielectric constant, dielectric constant maximum
and Curie temperature of (Bag75S1¢25)Tip.99802.996
ceramics decrease dramatically. Contrarily, the dielectric
loss increases with the increasing Sb,O; content because
of the reduction of Ti*" ion induced by Sb*" ion
substitution for host ion.

4) The average grain size and grain size distribution
of (Bay 75S10.25)Tip 99802996 ceramics can be refined by
Sb,05 addition.
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