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Abstract The microstructures and dielectric properties of
Sb,O3 doped non-stoichiometric barium strontium titanate
ceramics, prepared by solid state method, were investigated
using XRD, SEM and LCR measure system. It is found that
secondary phase and abnormal grain growth arise in the
high Sb,0O; concentration doped non-stoichiometric barium
strontium titanate ceramics. With the increase of Sb,0;
content, the relative dielectric constant at room temperature
increases initially and then decreases while the dielectric
loss at room temperature is determined by the concentra-
tion of oxygen vacancies V;, and related defect complexes.
The substitution preference of Sb>" ion in non-stoichio-
metric barium strontium titanate ceramics changes
according to the A-site ion/B-site ion mole ratio. The Curie
temperature of (Bag;Sro3)Ti.0050301 and (Bag7;Srg3)-
Tig.09505 99 ceramics increases and then decreases as the
Sb,03 content increases. The temperature stability of the
relative dielectric constant for high concentration Sb,O3
doped non-stoichiometric barium strontium titanate
ceramics deteriorates due to the weakened grain boundary
buffering effect.

1 Introduction
Barium strontium titanate (Ba;_,Sr,TiO3, BST) ferroelec-

tric materials are well-known solid solutions which have
shown great promise for applications as phase shifters,
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phased array antennas, resonators, capacitors, as well as
gas sensors and thus intensively studied [1, 2]. High rela-
tive dielectric constant, low dielectric loss and good
dielectric temperature stability are required for the “Y5V”
or “X7R” capacitor applications. However, in the uniform
BST ceramics there remains the conflict between the fine
dielectric properties at room temperature and good
dielectric temperature stability [3]. For solving this prob-
lem, the traditional doping method applied widely in
electronic ceramics has been introduced into BST ceramics
[4-6]. Due to the intermediate size and charge of trivalent
ions compared to the Ba*", Sr** and Ti*" ions, the alio-
valent doping mechanism and substitution preference of
trivalent ions in BST ceramics and in BaTiO5 ceramics has
been debated for many years [7]. In many cases, the doping
mechanisms are not only dependent on the oxygen partial
pressure (pO,) and sintering temperature/time but also the
overall A/B ratio [8]. And some influences of A/B ratio on
the microstructures and dielectric properties in BST
ceramics are gradually understood. Dong et al. [3] con-
cluded that adding excessive TiO, could remarkably inhibit
grain growth, suppress and broaden the Curie peaks in
compositionally inhomogeneous BST ceramics. Syama-
prasad et al. [9] found that excess Ba led to high un-
changed dielectric constant with a slight decrease of tand in
Bag 71S1,9TiO3 ceramics.

In our previous work, the dielectric properties of Sb,O3
doped stoichiometric BST ceramics such as (Bagggr_x
SryY0.008)TiO3 g4 ceramics(A/B ratio = 1) have been
investigated [10, 11]. So in this article, we report a sys-
tematic study on the microstructure, defect behavior and
dielectric properties of non-stoichiometric (Bag;Srg3)-
Ti; 0050301 ceramics (A/B ratio < 1) and (Bag;Srg3)-
Tip0950599 ceramics (A/B ratio > 1) still taking the
trivalent Sb** ions as the dopant. The substitution
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preference of Sb>* ion in perovskite lattice and the influ-
ence of Sb,O; doping content on the temperature stability
of the relative dielectric constant for non-stoichiometric
barium strontium titanate ceramics are understood.

2 Experimental

The chemical compositions of the Sb,O3 doped non-stoi-
chiometric barium strontium titanate specimens were given
by the formula (Bag ;Srp3)Ti; 005sO3.01 + X Wt% Sb,O5 and
(Ba0_7Sr0.3)TiO.99502.99 + x wt% Sb203 (X = O, 02, 04,
0.6, 0.8,1.0). High purity BaCOj3; (>99.0 %), SrCO;
(>99.0 %) and TiO, (>98.0 %) powders used as starting
raw materials were weighed according to the above for-
mulas, ball-milled, dried and calcined at 1080 °C for 2 h.
The calcined powders were mixed with Sb,O5 (>99.0 %),
reground, dried and added with 5 wt% polyvinyl alcohol
(PVA) as a binder for granulation. The mixture was sieved
through 60-mesh screen and then pressed into pellets
10 mm in diameter and 2 mm in thickness under 250 Mpa.
Sintering was conducted in air at 1320-1350 °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 Ko radiation. The surface morphologies of the
specimens were observed using the SEM (JSM-6480
ESEM). The capacitance quantity (C) and dissipation fac-
tor (D) were measured with LCR-8101G Automatic LCR
Meter at 1 kHz.The relative dielectric constant (¢,) and the
loss tangent (tand) were calculated as follows:

14.4Ch

e, = —— (1)
_ /D

tand = 1000 (2)

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

3 Results and discussion
The X-ray diffraction patterns of as sintered Sb,O5 doped

(Bag 7S19 3)Ti1.00503.01 bulk ceramics are shown in Fig. 1.
As indicated in Fig. la, the undoped and 0.2 wt% Sb,0;3
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Fig. 1 XRD patterns for Sb,O3 doped (Bag 7Srg 3)Ti; 0050301 ceram-
ics: a 0 wt% Sb,03; b 0.2 wt% Sb,03; ¢ 0.4 wt% Sb,05; d 0.6 wt%
Sb,03; e 0.8 wt% Sb,05

doped non-stoichiometric (Bag 751 3)Ti;.00503.01 ceramics
are single phase solid solutions with typical perovskite
structure whose space group belong to Pm-3m(221). As the
Sb,03 doping content increases up to 0.4wt%, (Bag;
Sto3)Ti1.00503.01 ceramics become multiphase compounds
with monoclinic Ba;TigO,3 [space group C2/m(12)] as
secondary phase. It demonstrates that in order to maintain
the ABOj; perovskite single phase structure the addition
content of Sb,03 in non-stoichiometric (Bag;Srg3)Ti; 905
053, ceramics should be restricted to a much narrower
range compared with that in stoichiometric Bag 7251032
Y0.00sTiO3 ceramics [11]. The XRD profiles focusing on
the (111) diffraction peaks are presented in Fig. 1b. With
the increase of Sb,O5 content, a slight shift of diffraction
peaks for the primary perovskite phase to higher two-theta
values is observed, which indicates that the unit cell vol-
umes of perovskite phase decrease as the Sb,Oj addition
content increases. Similar phenomenon has been previ-
ously reported in Ca substituted BST ceramics [12] and in
our previous work for (La, Sb)-doped (Bag74Sr(.26)TiO3
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ceramics [13]. The ionic radii of Ba®>", Sr** in 12 coor-

dination and Ti*' in 6 coordination are 0.161 nm,
0.144 nm and 0.061 nm, respectively. The radius of Sb>"
ion in 6 coordination (0.076 nm) is bigger than that of Ti*"
ion but smaller than that of host A-site ions. The above
shrinkage of unit cell suggests that the Sb>* ions enter into
the A-sites of perovskite lattice rather than B-sites in
(Bag.7S10.3)Ti1.00503.01 ceramics.

Figure 2 shows the surface morphologies of Sb,0O;
doped (Bag 7Stg3)Ti; 0050301 ceramics. It appears that the
(Bag7S19.3)Tij 0050301 samples without the Sb,O3 dopant
or with low Sb,O; concentration exhibit dense
microstructures and fine grain size distribution. However,
the abnormal grain growth and the cylindrical grains which
indicate the precipitation of secondary phase exist in the
0.8 wt% Sb,03 doped (Bag7Sro3)Ti1.00503.01 ceramics.

Figure 3 shows the relative dielectric constant and
dielectric loss of (Bagy7Srg3)Ti; 0950301 ceramics as a
function of Sb,O; content at room temperature. It is
obvious that all the non-stoichiometric (BagSrg3)Ti gos
O3, ceramics possess high relative dielectric constant
(more than 2200) and low dielectric loss (less than 0.008)
at room temperature. With the increase of Sb,O3 content,
the relative dielectric constant increases initially and then
decreases. The maximum of relative dielectric constant at
room temperature can be found in 0.8 wt% Sb,O3; doped
(Bag7Srg3)Ti1.00503.01 ceramics. The dielectric loss of
(Bag7Srg3)Ti 0050301 ceramics increases with the
increasing Sb,03 content.

Temperature dependence of the relative dielectric con-
stant for Sb,O3 doped (Bag 7Srg3)Ti; 0050301 ceramics is
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4000 4 . . .
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Fig. 3 Relative dielectric constant and dielectric loss of (Bag7Srg3)
Ti; 0050301 ceramics as a function of Sb,O5 content at 1 kHz

shown in Fig. 4. The relative dielectric constant first
increases, achieves a maximum (&.,,) and then decreases
with increasing temperature. The temperature correspond-
ing to the relative dielectric constant maximum is taken as
the Curie temperature. It is obvious that the Curie tem-
perature shifts to higher value and then decreases with
increasing Sb,O5; doping concentration. As indicated in
Fig. 4, the Curie temperature for 0.4 wt% Sb,0O; doped
(Bag 7S1rg3)Ti1 0050301 ceramics is —6 °C. The Curie
temperature for 0.8 wt% Sb203 dOped (Baol7sr0.3)Ti1.005
03; ceramics is —1 °C while that for 1.0 wt% Sb,0O53
doped (Bag 7Sr(3)Ti; 00503.01 ceramics is —7 °C. Further-
more, €.« 18 also enhanced and then restrained with the
increase of Sb,Oj3 content. The above two phenomena are
mainly attributed to the variation in perovskite lattice

Fig. 2 SEM micrographs of Sb,O3 doped (Bag7Srg3)Ti; 0050301 ceramics: a Sb,O3 = 0 wt%; b Sb,O; = 0.2 wt%; ¢ Sb,O3 = 0.4 wt%;

d Sb,05 = 0.6 wt%; e Sb,05 = 0.8 wt%
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Fig. 4 Temperature dependence of relative dielectric constant for
Sb203 doped (Ba0'7Sr0,3)Ti1‘00503‘01 ceramics

structure caused by the occupation of Sb>" ions in A-sites.
In non-stoichiometric (Bag 7St 3)Ti; 0050301 ceramics (A/
B ratio < 1), there is severe lattice deformation due to the
appearance of A-site vacancies V| and oxygen vacancies
V,, which is revealed by the following point defect reaction
equation:

(Ba0A7Sr0A3)Ti|Aoo5O3A01 — 0.7Bag, + 0.3Srs; + 1.005Tiy;
+3.0100 + 0.00SVX
+0.005V

(3)

After doping Sb,O3 in the (Bag 751 3)Ti; 00503.01 ceramics,
Sb>" jons gradually enter the A-sites in perovskite lattice
and correspondingly fill up the A-site vacancies V) ini-
tially, which weakens the existing lattice deformation and
leads to a longer distance between the central ion and its
nearest neighbors of the oxygen octahedron. Therefore, the
movement of the central ion is relatively less confined,
which enhances the spontaneous polarization of the per-
ovskite grain lattice. It is exactly the increased spontaneous
polarization that takes responsibility of the increasing
Curie temperature and €,,.x. As the Sb,Osconcentration
continues to increase, A-site ions in the perovskite lattice
start to be partially substituted by smaller Sb>" ions, con-
sequently causing even worse lattice deformation and a
shorter distance between the central ion and its nearest
neighbours of the octahedron. Apparently, the decrease of
Curie temperature and €.,,x in high Sb,O5 content doped
(Bag 7Srg 3)Ti; 0050301 ceramics is attributed to the weak-
ening of spontaneous polarization of the grain lattice
induced by the substitution for host ion with any of the
Sb** ions. The variation of the intensity of spontaneous
polarization also provides an explanation for the changing
of relative dielectric constant at room temperature shown in
Fig. 3. Since the previously mentioned shrinkage of the

@ Springer

unit cell implies the substitution of Sb>" ions for the A-site
ions in (Bag;Srg3)Ti; 0050301 samples with high Sb,O3
concentration, the following defect reaction takes place:

Shy03 — 28b;, + Vi + 300 (4)

Oxygen vacancies V,, residing at the corners of the
octahedra in non-stoichiometric (Bag;Stg3)Ti; 00503.01
ceramics 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 V; and the electric dipoles
formed from V) — V;, complexes shown in Eq. (3) results
in the domain-wall pinning and thus the un-doped (Bag;
Stg3)Tij 0050301 ceramics possess a low dielectric loss at
room temperature. As the Sb,03 addition content increases,
A-site vacancies V} and oxygen vacancies V,; are occupied
by Sb>" ions and O?” ions respectively as mentioned
earlier, which makes the concentration of V} and Vj
decrease and then the domain-wall pinning destroyed.
Therefore, the dielectric loss of (Bag7Srg3)Tij 0050301
ceramics increases with the increasing Sb,O5 content.

The X-ray diffraction patterns of as sintered Sb,O5 doped
(Bag7S193)Tip9950-.99 bulk ceramics are shown in Fig. 5.
When the Sb,O3 doping concentration is less than 0.8 wt%,
(Bag7S193)Tip 9950299 ceramics are single phase solid solu-
tions with typical perovskite structure while the centrosym-
metric compound Ti;(O9 is formed as a secondary phase in
the 1.0 wt% Sb,05; doped (Bay7Sro3)Ti99502.99 ceramics.
No secondary phase containing Sb was found in present
samples, implying that the Sb>" dopant ions entered the
perovskite structure rather than contributed to the formation
of secondary phases. It is notable that the solid solubility of
Sb,O3 in single phase non-stoichiometric (Bag 7Sty 3)Tigg95.
0,99 ceramics is higher than that in single phase (Bag;.
Sro3)Ti; 0050301 ceramics. With the increase of Sb,O3
content, a slight shift of diffraction peaks for the primary
perovskite phase to lower values is observed in Fig. 5b, which
indicates that the unit cell volumes of (Bag-Srg3)Tig 9950599
ceramics increase as the Sb,O3 addition content increases. In
terms of the radii of the host ions and Sb>* ions, the expanded
unit cell implies that Sb>* ions prefer to occupy the B-sites
rather than A-sites in (Bag-Srg3)Tig 9950599 ceramics.

Figure 6 shows the surface morphologies of Sb,0O;
doped (Bag7S193)Tig.09502.99 ceramics. With the increase
of Sb,O; concentration, the average grain size of (Bag;
Sro3)Tip 9950299 samples increases and the dense
microstructures as well as fine grain size distribution are
obtained even in 0.8 wt% Sb,Oz; doped (Bag;Srg3)-
Tig.09505.99 ceramics. However, the abnormal grain growth
and the cylindrical grains which indicate the appearance of
secondary phase exist in the 1.0 wt% Sb,O; doped
(Bag 7Srg3)Tig.99505.99 ceramics.
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Fig. 5 XRD patterns for Sb,O3 doped (Bag 7Sr¢ 3)Tig.99502.99 ceram-
ics: a 0 wt% Sb,O5; b 0.4 wt% Sb,03; ¢ 0.8 wt% Sb,O5; d 1.0 wt%
Sb,05

Fig. 6 SEM micrographs of
Sb,03 doped
(B2y.7510.3)Ti0.99502.99
ceramics: a Sb,O3; = 0 wt%;
b Sb,0; = 0.4 wt%;

¢ Sb,0O; = 0.8 wt%;

d Sb,03 = 1.0 wt%

Figure 7 shows the relative dielectric constant and
dielectric loss of (Bagy7Srg3)Tig9950299 ceramics as a
function of Sb,O3 content at room temperature. With the
increase of Sb,Os content, the relative dielectric constant
increases initially and then decreases. The maximum of the
relative dielectric constant at room temperature can be
found in 0.6 wt% Sb203 doped (Ba0.7Sr0,3)Ti0~99502.99
ceramics. The dielectric loss of (Bag7Srg3)Tip09505 .09
ceramics increases and then diminishes with the increasing
Sb,O; content.

Temperature dependence of relative dielectric constant
for Sb,O3 doped (Bag 751 3)Tig 99505 99 ceramics is shown
in Fig. 8. It is found that the Curie temperature of (Bag;
Sr.3)Tip 0950599 ceramics increases and then decreases
with the increasing Sb,O5; content. In non-stoichiometric
(Bag 751 .3)Tip 99505 99 ceramics (A/B ratio > 1), the sev-
ere lattice deformation also shows up due to the existing of
B-site vacancies V7! and oxygen vacancies V, which is
revealed by the following point defect reaction equation:

(Ba0_7Sro,3)Ti0_99502_99 — O.7BaBa + 0.3Sr5r + 0995TIT1
+2.990¢ + 0.005V4!
+0.01V,

(5)

After incorporating Sb,Oj3 in the (Bag7S10.3)Tig.99502.99
ceramics, Sb>" ions occupy the B-site vacancies V!’ at
first, which weakens the lattice deformation and increases
the spontaneous polarization. Obviously, this is in accord
with the variation of spontaneous polarization in (Bag;
St0.3)Ti; 0050301 ceramics when Sb>* ions fill up the A-site
vacancies V}. The enhanced spontaneous polarization

@ Springer
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Fig. 7 Relative dielectric constant and dielectric loss of (Bag7Srg3)
Tig.09505.09 ceramics as a function of Sb,O5 content at 1 kHz
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Fig. 8 Temperature dependence of relative dielectric constant for
Sb203 dOpCd (Ba0_7Sr0A3)Ti0_99502_99 ceramics

finally leads to the increasing Curie temperature. As the
Sb,05 content increases, Sb>* ions turn to substitute the B-
site ions in (Bag 7St 3)Tig 0950299 samples, which can be
inferred from the increase in the unit cell volume. Corre-
spondingly, the following defect reaction takes place:

Sb203 i 2Sb/Tz + Vb + 300 (6)

The substitution for B-site host ions with any of the Sb>™
ions contributes to the lattice deformation and shorter
distance between the central ion and its nearest neighbors
of the octahedron. The weakened spontaneous polarization
arising from the substitution for host ions correspondingly
decreases the Curie temperature of present (Bag;Srg3)
Tig.09505 99 ceramics.

As the Sb,O5 addition content increases, B-site vacan-
cies V7! and oxygen vacancies V;, shown in Eq. (5) are
filled by Sb>" ions and O~ ions respectively, which gives
rise to the decrease of V7" and V,, concentration. When the
substitution of Sb>T ions for B-site ions shown in Eq. (6)

@ Springer

takes place, the additional oxygen vacancies V,, are
brought about, making the concentration of V,, bounce
back. Correspondingly, the domain-wall pinning effect
caused by the orientation of the elastic dipoles and the
electric dipoles formed from V7 —V; complexes is
weakened and then enhanced with the increasing Sb,O3
content. Therefore, the dielectric loss of (Bag;Srg3)-
Tig.09505 99 ceramics increases and then decreases with the
increase of Sb,O5 content.

Based on the above, it is presented that the substitution
preference of Sb>" ions in (Bag7Sro3)Tii 0050301 (A/B
ratio < 1) and (Bag7Sro3)Tip99502099 (A/B ratio > 1)
perovskite structure is different from each other. It is clear
that in non-stoichiometric barium strontium titanate
ceramics with B-site vacancies Vyy’, Sb** ions tend to enter
the B-sites while in those with A-site vacancies V7, Sb>*
ions prefer to occupy the A-sites of perovskite lattice.

As shown in Fig. 8, the temperature stability of relative
dielectric constant for high concentration Sb,O3; doped
(Bag 7Srg 3)Tig.99505 99 ceramics is worse than that for low
concentration doped ones. It can be explained using the so
called grain boundary buffering theory. The diffusion of
non-ferroelectric grain boundaries among the barium
strontium titanate ferroelectric grains helps the orientation
of ferroelectric domain below the Curie temperature which
makes the ferroelectric-paraelectric phase transition taking
place in a relative broad temperature range. The average
grain size of (Bag 7S1(3)Tio.99502.99 samples increases with
the increasing Sb,O3; concentration as mentioned previ-
ously. This means that the portion of grain boundary
decrease with the increasing Sb,Os; concentration and
consequently the grain boundary buffering effect becomes
insignificant. Macroscopically, the Curie peak for high
Sb,03 concentration samples is sharper than that for low
Sb,0O5 concentration ones.

4 Conclusions

The microstructures and dielectric properties, especially
the relationships between the point defect and dielectric
properties, were investigated by XRD, SEM and LCR
measure system for Sb,O; doped non-stoichiometric
(Bag7S10.3)Ti1.00s03.01 (A/B ratio < 1) and (Bag7Srg3)
Tip9950299 (A/B ratio > 1) ceramics prepared by con-
ventional solid state method for low frequency capacitor
applications. It is found that secondary phase and abnormal
grain growth show up in the high Sb,O; concentration
doped non-stoichiometric barium strontium titanate
ceramics. The relative dielectric constant at room temper-
ature increases initially and then decreases with the
increase of Sb,O; content. The dielectric loss at room
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temperature is determined by the concentration of oxygen
vacancies V, and related defect complexes. The A/B ratio
and thus the existing defect in perovskite structure become
the controlling factor for substitution preference of Sb>"
ion in non-stoichiometric barium strontium titanate
ceramics. It is revealed that the Curie temperature of
(Bag7S10.3)Ti1.00503.01 and (Bag 7S10.3)Tip.99502.99 ceram-
ics increases and then decreases as the Sb,Osz content
increases. The weakened grain boundary buffering effect
takes responsibility for the poor temperature stability of the
relative dielectric constant for high concentration Sb,O3
doped non-stoichiometric barium strontium titanate
ceramics.
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