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The dielectric properties of (BagsSro.4)(Ti1—xSnx)Os (0 < x < 0.3) ceramics were investigated. Single-phase specimens having a cubic
perovskite structure could be obtained. As Sn concentration increased, dielectric loss decreased untill a composition of x =0.15 and
slightly increased as Sn concentration increased further. The diffused phase transition appeared owing to substitution of Sn ions. When Sn
was substituted at 0.1 mol in (Bag gSro.4)TiO3 at 1400 °C, the dielectric constant, dielectric loss, tunability, Curie point, and figure of merit
(FOM) were 1400, 0.0027, 18%, —40°C, and 67, respectively. These compositions show excellent dielectric properties than those of
(BapsSro5)TiO3 ferroelectrics, which are limelight materials for tunable devices such as varactors, phase shifters, and frequency agile

filters. © 2009 The Japan Society of Applied Physics

1. Introduction

The barium strontium titanate (BST) ferroelectric system
with high dielectric constant is one of the attractive
candidate materials for tunable high-frequency devices and
dynamic random access memory (DRAM) applications. The
BST system has a strong response to the applied dc electric
field. This property is very fascinating and has been used to
develop devices operating in the microwave region such as
phase shifters, frequency agile filters, and tunable capaci-
tors." Ferroelectric materials for these devices should have
low dissipation factors (tan$ < 0.01), high tenability, and
high figure of merit (FOM) at microwave frequencies.”
There have been many studies on the development of the
dielectric and tunable properties of ferroelectric BST
materials because of their large field dependence permittiv-
ity and intrinsically fast field response. However, the high
dielectric loss of BST materials, particularly in the micro-
wave frequency range, limits their further development.>®
In general, Bag ¢St 4TiO3 was chosen as the basic compo-
sition because of its good ferroelectric properties. However,
this BST system has a slightly high dielectric loss despite
having high tunability. For this reason, BST has a low FOM
at microwave frequencies. It is well known that 7, and
the dielectric properties of BaTiO3; can be systematically
changed by chemical substitution of barium and/or titanium
by a wide variety of isovalent and aliovalent dopants.>® The
purpose of the present work is to find new ferroelectric
materials having excellent ferroelectric properties for tuna-
ble devices, such as phase shifters, frequency agile filters,
and tunable capacitors. In this paper we report the effect of
Sn** substitution for Ti**, up to 30 mol %, on ferroelectric
properties and dielectric tunability of ceramics in the
BajSrg4TiO5 system.

2. Experimental Procedure

(Bag¢St9.4)(Ti;—,Sn, )O3 (0 < x < 0.3) ceramics were syn-
thesized by the conventional solid-state reaction method and
the starting materials were SrCO;, TiO;, SnO, (Aldrich,
99.9%), and BaCOj5 (Aldrich, 99%). These were mixed in a
ball mill with ethanol, then dried and calcined in an alumina
crucible at 1000 °C for 6 h in air. The calcined powder was
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remilled with 5 wt % poly(vinyl alcohol) (PVA) as a binder.
The powder was pressed uniaxially under a pressure of
1000 kg/cm?. The resulting pellets with 18 mm diameter and
1-2 mm thickness were sintered at 1350—1400 °C for 2h in
air. The heating and cooling rates were both 5°C/min.
Silver paste electrodes were painted on both sides of sintered
ceramic specimens for ferroelectric measurements. Bulk
density was measured by the Archimedes method using
distilled water as medium. X-ray diffraction (XRD) analysis
was carried out on powders for phase identification and
lattice parameter measurements.

The capacitance and loss tand§ of the samples were
measured using an impedance analyzer (HP4192A) at
1 MHz frequency. The capacitance was also measured under
various temperatures. The polarization—electric field (P-E)
hysteresis loops were measured using a modified Saw-Tower
circuit. Sintered ceramics were examined by powdered XRD
(Rigaku Rint/Dmax 2500) analysis with Cu Ko radiation.
The microstructure of ferroelectric ceramics was investigat-
ed using a scanning electron microscope (SEM; Hitachi S-
4200).

3. Results and Discussion

Figure 1 shows XRD spectra for (BageSrg4)(Ti;—Sn,)O3
(0 < x <0.3) ceramics sintered at 1400°C for 2h. The
sintered (Bag¢Sro4)(Tij_,Sn,)O3 ceramics were a single
phase of a cubic (Pm3m) structure. The XRD results
indicated that single-phase (BageSro4)(Tij—Sn,)03 (0 <
x <0.3) solid solutions were synthesized at all composi-
tions. All peaks were slightly shifted to a low angle because
larger Sn** ions (0.69 A) substituted into B-sites (Ti*") with
a smaller ionic radius (0.61 A). The lattice parameters were
calculated by the least squares method and are shown in
Table I. The lattice parameter of (BageSrg4)(Ti;—_,Sn,)O3
ceramics increased from 3.955 to 3.997 A with increasing Sn
concentration.

The bulk densities of (BaggSrg4)(Tij—,Sn,)O3 (0 <x <
0.3) ceramics sintered at 1350-1400 °C for 2 h are shown in
Fig. 2. The bulk density increased from 5.57 to 5.67 g/cm’
with increasing Sn concentration from 0 to 0.15 mol and then
decreased to 5.43 g/cm® with increasing Sn concentration
until 0.3 mol. The relative density decreased from 97.3 to
89.1%> and well sintered samples were obtained in the
range of 0 <x < 0.15. The samples over x = 0.2 showed
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Fig. 1. XRD patterns for specimen of (BaggSro.4)(Ti1—xSnx)O3
sintered at 1400°C for 2h: (a) 0, (b) 0.05, (c) 0.1, (d) 0.15, (e) 0.2,
(f) 0.25, and (g) 0.3mol.

Table I. Lattice parameters of (BageSro4)(Tii—xSnyx)Os ceramics
sintered at 1400°C for 2h.

Sn mol 0 0.05 0.1 0.15 0.2 0.25 0.3

a (A) 3.9550 3.9638 3.9690 3.9708 3.9820 3.9938 3.9970
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Fig. 2. Densities of (BageSro4)(Tii—xSnx)O3 ceramics sintered at
various temperatures for 2 h.

a lower density, however, the secondary phase was not
observed (Fig. 1).

Figure 3 shows the temperature dependence of capaci-
tance of (BageSro4)(Ti;_,Sn,)O3 ceramics sintered at
1400°C for 2h as a function of x measured at 1 MHz. The
Curie temperature shifted in the negative direction from 2 to
—151 °C with increasing Sn concentration from 0 to 0.3 mol.
At higher Sn concentrations (Sn > 0.1), a phase transition
showing broad capacitance maxima is called a diffuse phase
transition.®” According to Tang et al.,® in the solid solution
of (BagSr94)(Ti;_,Sn,)O3, Ba and Sr ions occupy the A
sites of the ABOj; perovskite structure. Sn and Ti ions
occupy the B sites, and the ionic radius of Sn** (0.69 A) is
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Fig. 3. Curie temperatures of specimen of (BaggSro.4)(Ti1—xSnx)O3
sintered at 1400°C for 2h at 1 MHz.
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Fig. 4. P-E field hysteresis loops of (BaggSro4)(Tii—xSnx)Os
ceramics sintered at 1400°C for 2h.

larger than that of Ti** (0.609 A); therefore, at higher Sn
contents, the (Bag ¢Srg4)(Ti;_,Sn,)O3 bulk ceramics show a
broad capacitance—temperature curve at the vicinity of the
transition temperature 7T}, which is caused by an inhomoge-
neous distribution of Sn ions in the Ti sites and mechanical
stress in the grain. According to Yang et al.,” the diffused
phase transition effected by the local polar clusters or
regions used to be the existence of weak butterfly hysteresis
even at a temperature above Ty,. However, in this system, the
weak butterfly hysteresis was not observed as Sn concen-
tration increased. This absence of weak butterfly hysteresis
is suitable for tunable devices.

The P-E hysteresis loops of (BagSrg4)(Tij—,Sn,)O3
ceramics measured at room temperature are shown in Fig. 4.
The slim hysteresis loop with almost zero remnant polar-
ization indicated that (BaggSrg4)(Ti;_Sn,)O3 ceramics
existed in the paraelectric phase at room temperature. It is
known that the polarization described as
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Fig. 5. (a) Dielectric constants and (b) tunabilities of (BaggSro.4)-
(Ti1—xSnx)O3 ceramics sintered at 1400°C for 2h.

P =¢gy(K — 1)E. (1

Here, P is the polarization, E is the applied electric field,
gy 1s the vacuum permittivity, and K is the dielectric
constant, respectively. From eq. (1), the dielectric constant
was calculated from the slope of the P-E hysteresis
loop. The dielectric constant vs the electric field of
(Bag¢St.4)(Ti;—,Sn, )O3 ceramics and tunability as a func-
tion of x measured at £ =25kV/cm is shown in Fig. 5.
Tunability can be calculated using

KO_KU

0

Tunability (%) = x 100. 2)

Here, Ky and K, represent the dielectric constant at zero
and applied electric field, respectively. At room temperature,
the tunability of (Bag ¢Sro4)(Ti;_,»Sn,)O3 ceramics decreases
with increasing Sn content. The tunabilities measured at
room temperature under a biasing field of E = 25kV /cm for
(Bag ¢Sr4)(Ti;_Sn,)O3 ceramics are 52% (x =0), 23%
(x=0.05), 18% (x =0.1), and 9% (x = 0.3), respectively.
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Fig. 6. (a) Dielectric constants and (b) dielectric losses of (Bage-
Sro.4)(Ti1—xSnx)O3 ceramics sintered at various temperatures for 2 h.

The high tunability of the (Bag ¢St 4)TiO3 ceramics near the
transition temperature is expected because the permittivity
become very high and the polarization that can be induced
by even a small field can be quite large at a temperature near
to the transition temperature.®-'?

Figure 6 shows the dielectric constants and losses (tan §) of
(Bag gSrg 4)(Ti;_Sn, )O3 ceramics sintered at various tem-
peratures for 2h as a function of x at 1 MHz. The dielectric
constant of (BaggSrg4)(Ti;_,Sn,)O3; ceramics sintered at
1400 °C for 2h decreased from 4990 to 340. It is expected
that the decrease in dielectric constant by substitution of
Sn occurs because a slightly large Sn*t ion (0.69 A) is
incorporated to a B-site (Ti*") with a slightly smaller ionic
radius (0.609 A); hence, the ion is not easily displaced under
an electric field. This result is reasonable when we consider
that an increase in Sn concentration slightly decreased the
dielectric constant, as reported by Kucheiko et al.>'" The
dielectric loss decreased from 0.019 to 0.0022 with increas-
ing Sn concentration from 0 to 0.15 mol and then increased to
0.0136 with Sn concentration until 0.3 mol. The element tin
(Sn) is capable of forming +2 and +4 ions, which occurs
both in the solid state and in solution.') Hu et al'?
suggested that the oxidation state +4 involves both the
s- and p-electrons. The oxidation state 42, involving only the
p-electrons, and the two s-electrons are retained as an inert
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pair. As a Sn ion changes from +4 to 43 (or +2), the oxygen
vacancy is pinned, which decreases dielectric loss.

On the other hand, the relationship between tané and
substitution of Sn ions revealed the same trend as the
relationship between bulk density and Sn concentrations. It
was noteworthy that Sn concentration decreased the dielec-
tric loss of (BageSrg4)(Ti;_,Sn,)O3 ceramics, which have
good sinterability (over 95%).'> The dielectric losses of
(Bag ¢Srg4)(Tip.9Sng )O3 ceramics decreased from 0.007 to
0.002 with increasing sintering temperature. The dielectric
loss is affected by the grain boundary. The grain size slightly
increased from 2 to 3um at sintering temperatures of 1350
and 1400 °C, respectively. Over the 0.2 mol of Sn, however,
the dielectric loss of the ceramics increased as the sinter-
ability decreased. From this result, the sinterability of
ceramics is mainly the predominant factor for improving
the dielectric loss of ferroelectric materials.

FOM is calculated using

FOM = Tunability (%)/ tan 5. A3)

The values of FOM are shown in Fig. 7, which is
calculated at room temperature and under a bias field of
25kV/cm. The maximum value of FOM (67) is found at
x = 0.1. The result also implies that the optimum conditions
of the ceramics for possible tuning applications at room
temperature can be found at x = 0.1.

4. Conclusions

The dielectric properties of (BagSrp4)(Tij—,Sn,)O3 (0 <
x <0.3) ceramics were investigated. Single-phase speci-
mens having a cubic perovskite structure were obtained. As
Sn concentration increased, the dielectric loss decreased
untill a composition of x = 0.15 and then slightly increased,
and the Curie temperature was suppressed. According to
substitution of Sn ions, the diffused phase transition
appeared. When Sn was substituted at 0.05 and 0.1 mol in
the BST system at 1400 °C, the dielectric constant, dielectric
loss, tunability, Curie point, and FOM were 2500 and 1400,
0.009 and 0.0027, 23 and 18%, —18 and —40 °C, and 25 and
67, respectively.

011402-4

75

w
<
1

Figure of Merit
3
-

T T T T T T T T T T T T T
0.00 005 010 015 020 025 030
Sn mol

Fig. 7. FOM values of (Bag §Sro.4)(Ti1—xSnx)O3 ceramics sintered at
1400°C for 2h.
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