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Diffuse Phase Transition in Ba(Sn,Ti;,) Ceramics and Thin Films
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Due to the need to limit the use of Pb in electrical products, dielectric materials based on
lead-free perovskite compounds with relaxor behavior are being actively developed. In this study,
we carried out an investigation on the perovskite material Ba(Sn,Ti;.4)O3, whose B-site ions com-
prise elements from different periodic table groups but have the same valence state of 4+. We fabri-
cated and evaluated ceramics, single layer solid solution (SS) thin films, and order-controlled su-
perlattice (SL) thin films. The shape of the dielectric anomaly in these materials was demonstrated
and the value of parameter vy, calculated from the Curie-Weiss law, was found to be 1.71 for ceram-
ics, 1.86 for SS films and 1.90 for 33% ordered SL films. In addition, the influence of the or-
der-disorder transition on diffuse phase transition (DPT) was clarified.

Keywords: diffuse phase transition, relaxor ferroelectrics, Ba(Sn,Ti;.), order degree, artificial su-
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1. Introduction

A(B’B’)O; perovskites, such as the compounds
Pb(Mg”";sNb**55)0; (PMN) [1] and Pb(Zn’*;,Nb™";2)0;
(PZN) [2], that contain lead and have B-site ions from two
different periodic table groups with different valence states,
have been actively studied as ferroelectric materials exhib-
iting relaxor behavior. The relaxor phenomenon gives rise
to a large dielectric constant over a wide temperature range
due to the disorder of the electric dipole polarization
caused by fluctuation of the crystal phase in the compound
[3]. Setter et al. also suggested that this phenomenon can
be controlled by changing from the ordered to the disor-
dered structure in Pb(Sc**|,Ta’" )05 (PST) along the
<111> direction of the crystal [4].

However, from an environmental point of view, the use
of Pb in electric products is undesirable, and ferroelectrics
based on lead-free perovskites with relaxor behavior are
being actively investigated. Recently, relaxor behavior in
the ferroelectric Ba(Zr,Ti;,)O; (BZT), whose B-site ions
are from the same periodic table group and have a valence
state of 4+, was reported [5-7]. On the other hand,
Ba(Sn,Ti;)O3 (BTS) has also attracted attention as a can-
didate material for relaxor ferroelectrics [8-14]. Perovskite
structures in which the B-site ions have the same valence
state cannot become naturally ordered due to the absence
of a charge difference between the ions, and usually take
on a disordered state. From a study of superlattices, it was
found that the degree of order in the arrangement of B-sites
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is a dominant factor influencing the relaxor phenomenon
[15]. However, further clarification of this effect is re-
quired.

In the present study, we investigated the relaxor behav-
ior in BTS ferroelectrics, whose B-site ions are from dif-
ferent periodic table groups but have the same valence state
of 4+. The dielectric properties of BTS (x=0.05~0.25) thin
films were investigated and compared to those of ceramics
produced by solid-state synthesis. The shape of the diclec-
tric anomaly in the paraelectric phase in the ceramics, sol-
id-solution single-layer thin films (SS films) and or-
der-controlled superlattice thin films (SL films) was also
investigated based on the value of the y parameter calcu-
lated from the Curie-Weiss law. The degree of diffuse
phase transition (DPT) in the SL films was also investigat-
ed by using quadric law.

2. Experiment procedures

BTS ceramics and deposition targets with composition
ratios of x=0.05, 0.10, 0.15, 0.20, and 0.25 were prepared
by a conventional solid-state synthesis technique. High
purity BaTiO3 and BaSnO; powders were weighed accord-
ing to their composition ratio and mixed in alcohol. After
drying, the powders were calcined at 1373 K for 12 hours.
The calcined powders were milled with a mortar grinder
and pressed uniaxially at 20 MPa into 2-mm-thick pellets,
which were then sintered at 1673 K for 12 hours in air. The
density of 92% sintered ceramics was obtained.
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Table 1 Target composition for PLD and degree of order.

target composition

order degree

Ba(Sny, Tij 54:y)O3 Ba(Sn,Ti;.,)O5

' _ 0%
Ba(Sny 5Ti g5)05 Ba(Sng,15Tip.35)03 (solid sol:tion)

33%

B Ti B Ti

a(Sng, Tip 0)O5 a(Sno.2Tio.5)O5 (super lattice)

‘ , 100 %

BaTiO Ba(Sny 5Tig 1)O

aTiOs a(Sny 3Tip 7)O5 (super lattice)

SS films with a thickness of 200 nm were prepared by
pulsed laser deposition using a KrF excimer laser. The
composition of the films was adjusted using Vegard’s law.
The rotating targets were irradiated by the laser at a fluence
of 3.0 J/cm® and a pulse frequency of 2 Hz. Films were
deposited on Nb-doped SrTiO;(111) substrates at a temper-
ature of 973 K in an O,-8%0; atmosphere with a gas
pressure of 1 Pa.

Two kinds of SL films were also fabricated by the al-
ternate laser ablation of two different targets under the
same conditions used for the SS films. The SL films were
deposited using a Ba(SnyyTii.xy)O3 and Ba(Sn,Ti,.,)O3
target as shown in Table 1. The degree of order (S) was
calculated using Eq. (1).

S=2"%100 (1)
X

These structures were produced by repeated deposition
until 21 layers were formed. The crystal structures of the
SS and SL films have been described in a previous report
[16].

The capacitance and dielectric loss tangent (tan §) were
measured using an LCR meter (HP4284A) in the frequency
range 1 kHz to 1 MHz and at temperatures ranging from
100 to 400 K. Electrical measurements were conducted
using a top electrode / ferroelectrics / a bottom electrode
configuration. The platinum electrodes were deposited by
sputtering through a metal shadow mask with an area of
0.25 mm’. The electrode distance for the sintered compacts
and the thin films was 2 mm and 200 nm respectively. In
the case of films, the Nb-SrTiO; substrate that has electri-
cally conductive by adding Nb can be used as a bottom
electrode.

3. Results and discussions

3.1 Dielectric properties of ceramics and SS films
Figure 1 shows the dielectric constant and the Curie
temperature of the BTS ceramics as a function of the com-
position ratio. The dielectric constant was found to increase
with BaSnO; content, and was largest at a composition
ratio between 0.15 and 0.20. For composition ratios above
0.20, the dielectric constant decreased. It has been reported
that BTS ceramics have a pinching composition close to
x=0.15 [17], so the dielectric constant became largest at the
pinching composition ratio. The existence of a pinching
effect suggests the possibility of the co-existence of multi-
ple phases. The Curie temperature was found to decrease
linearly with increasing BaSnO; content, and had a value
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Fig. 1 Dielectric properties of ceramics, measured at 100
kHz. Open circles represent the dielectric constant and closed
circles represent the Curie temperature.

250 400
o 230} 1350 ¥4
) S
g 1300 5
g 210+ g
8 1250 g
2 190t

g 1200 §
= L
A 170 1150 &

1800 005 010 015 020 025 030"
xinBa(Sn.Ti, )O,

Fig. 2 Dielectric properties of SS films, measured at 100 kHz.
Open circles represent the dielectric constant and closed cir-
cles represent the Curie temperature.

of 280 K at x=0.15. These results agree with previous re-
ports for BZT [18], although the pinching effect for BTS
occurred at a lower temperature than for BZT. Thus, the
use of Sn*" as a shifter dopant leads to a larger effect on the
Curie temperature than that for Zr*".

Figure 2 shows the dielectric constant and the Curie
temperature of the BTS SS films as a function of the com-
position ratio. Although the dielectric constant behaved
similarly to that for ceramics, the Curie temperature, which
decreased rapidly with increasing composition ratio, was
lower than that for the ceramic material, and reached a
value of 230 K for x=0.15. In these materials the (111)
plane is occupied by B-site ions, and the added Sn*" ions
have a large effect on the dielectric properties. Films grown
on SrTiO;(111) also have a large lattice strain, causing a
shift in the Curie temperature to lower values [18].

3.2 XRD of BTS

Figure 3 shows the XRD pattern of sintered ceramics
used for target. The position of diffraction angle shifted to
lower angle depend on composition x. Figure 4 shows the
spacing of (111) plane (d(111) value) of ceramics and films
calculated from diffraction angle of BTS(111) peak. In fig-
ure 4, the d(111) value obtained from JCPDS for BaTiO;
and BaSnO; were also described. These d(111) values line-
arly increased with increasing Sn concentration in BTS.
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Fig. 3 X-ray diffraction patterns of sintered BTS ceramics.
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Fig. 4 The spacing of (111) plane of BTS.

The gradient of these straight lines was almost the same.
So we could also assume that a homogeneous target was
obtained for each composition. Since thin films with the
target composition can be formed according to Vegard’s
law, the PLD method is suitable for forming thin films of
complex oxides ceramic. The d (111) value of the films
was larger than that of target. The lattice of the films was
expanded to <111> direction by compressive strain due to
lattice mismatch at the interface.

3.3 Dielectric properties of SL films

The SL films were prepared with an average composi-
tion of x=0.15, which is the composition ratio where the
ceramics and the SS films exhibited the highest dielectric
constant. The effect of the degree of order on the relaxor
behavior has been previously examined, and it was found
that 35% is the optimum degree of order for PST (x=0.5)
[4], whereas 25% is optimum for BZT (x=0.2) [19].
Therefore, a degree of order of 33% for the BTS (x=0.15)
SL films was decided upon, and the dielectric properties
were compared to the 100% ordered films.
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Fig. 5 Temperature dependence of dielectric constant in (a)
100% ordered SL film and (b) 33% ordered SL film.

Figure 5 shows the temperature dependence of the die-
lectric constant for the SL films measured at 1, 10, 100,
and 1000 kHz. The dielectric constant of the 100% ordered
film is seen to be larger than that of the 33% ordered film.
Because the difference in composition between the layers
is large when the degree of order is 100%, each interface is
affected by the lattice strain. It has previously been shown
that the dielectric constant increases with increasing lattice
strain [18]. A broad phase transition is observed for the
33% ordered film, indicating that diffuse phase transitions
occur in this film. The arrows in the figure indicate the
frequency dispersion of the dielectric constant. For the
100% ordered film, an inflection point is found at 210 K,
which is close to the Curie temperature of the SS films.
However, no broad phase transition or frequency disper-
sion is observed. For the 33% ordered film, on the other
hand, the inflection point shifts to higher temperature with
increasing frequency. Such frequency dispersion is one of
the characteristics of relaxor materials [20]. The dielectric
loss as a function of temperature is also shown in the figure,
and was less than 0.05 for all measurement frequencies.
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Fig. 6 The inverse dielectric constant as a function of temper-
ature for the 33% ordered SL film measured at 1 kHz. The
inset shows the plot of In(e’-¢, ) as a function of In(T-T,,).
The solid line is fitted using Eq. (3).
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Fig. 7 Dependence of y on BTS composition, where closed
circles represent ceramics, open circles represent SS films,
and the triangle represents the 33% ordered SL film.

The SL films fabricated in this study were good ferroelec-
trics with low leakage currents.

3.4 Diffuseness of the phase transition

The dielectric characteristics of relaxor ferroelectrics
are well known to deviate from the typical Curie-Weiss law
and can be described by a modified Curie-Weiss relation-
ship. Smolenskii [21], Kirillov and Isupov [22] have de-
veloped theoretical approach for quantitative description of
the relaxor behavior. They suggested that the local temper-
atures distribution in the relaxor material with microscopic
compositional fluctuations is given by a Gaussian function
around the Curie temperature. Then, the deviation from
Curie-Weiss relationship caused with the relaxor ferroelec-
trics is represented by the following equation.

1 1 _(T-T,)

P 6)

Here y and C are assumed to be constant, and 1 <y < 2.
The parameter y gives information on the shape of the

&
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Fig. 8 The inverse dielectric constant as a function of (7-7,,)

for the 33% ordered SL film measured at 1 kHz. The solid

line is fitted using Eq. (4).

0
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anomaly in paraelectric phase. Eq. (2) can also be written
as follow.

ln(i—ilzyln(T—Tm)—lnC
£

&

3)
When y=1, the ideal Curie-Weiss law is observed, which is
the case for normal ferroelectrics, whereas y=2 corresponds
to ideal relaxor ferroelectrics which have diffuse phase
transition (DPT) [23].

Figure 6 shows the inverse dielectric constant as a
function of temperature for the 33% ordered SL film
measured at 1 kHz. The inset shows the relationship be-
tween ln(e’l -s'lm) and n(1-T,). A T, is a temperature at
which dielectric constant starts to deviate from Cu-
rie-Weiss law. Here, AT (=T,,~T,) was 90 K, which is
consistent with the reported values for Ba(Zr, Ti)Os;. A vy
value of 1.90 was obtained by fitting the experimental data
based on Eq. (3).

Figure 7 shows the value of y for the ceramics and thin
films as a function of the composition ratio. In the case of
x=0.00, vy is 1.16, which is close to the value for normal
ferroelectrics. It becomes higher as the BaSnO; content is
increased, reaching a maximum of 1.75 for the ceramics
and 1.68 for the SS films. These values were close to those
previously reported for BZT (x=0.15~0.35), which are in
the range 1.62 to 2.01 [24-27].

The vy value for the 33% ordered SL film was higher
than for ceramics and SS films. Since the value was also
close to 2.0, it can be concluded that the accurate control of
order using the super lattice technique can give rise to
more relaxor like behavior. The y value of the 100% or-
dered SL films could not be accurately calculated since the
inflection points were not clear, but it was approximately
1.48.

The y parameter alone cannot demonstrate the relaxor
behavior. The degree of DPT is also related with the width
of the dielectric anomaly. Uchino and Nomura [28] report-
ed that not all diffuse phase transitions obey the eq. (2)
exactly, and improved the quadric law represented as fol-
low.
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In this equation the diffuseness parameter is ¢ that de-
scribes in the denominator. The y parameter accounts for
the shape of the dielectric anomaly in the paraelectric
phase but the diffuseness parameter is o.

The degree of DPT based on the parameter ¢ can be
determined from the slope of ¢’ versus (7-T,,)° as shown
Figure 8. Although the slope calculated from Eq. (4) was
5.5x10™ close to the reported value [29, 30] and the pa-
rameter ¢ was 257 K for 33% ordered SL film, was found
to be higher than the reported value for other of relaxor
ferroelectric materials [31]. These means that 33% ordered
BTS SL film has wide DPT. Hence, it can be concluded
that a degree of order of 33% is necessary to produce re-
laxor behavior in BTS SL films.

4. Conclusions

We studied the relaxor behavior in BTS ceramics, SS
films, and SL films, which cannot become naturally or-
dered due to the absence of a charge difference between
their B-site ions. The degree of order in the controlled SL
films was discussed on the basis of the y value calculated
from the Curie-Weiss law and modified quadric law.

The Curie temperature was found to decrease linearly
with increasing BaSnOs; content, and Sn*" was found to
have a very large effect as a shifter dopant. BTS solid solu-
tion have largest dielectric constant at the composition of
x=0.15. The degree of order controlled SL films were ob-
tained with the average composition of x=0.15. The dielec-
tric loss was less than 0.05, so that the SL films were good
ferroelectrics with low leakage currents. The y value was
found to be close to 2.0 for 33% ordered SL film. A broad
phase transition and frequency dispersion were also ob-
served. The value of o, which elucidate the degree of DPT,
was significant higher than the value of reported other re-
laxor ferroelectrics. It was confirmed that clear relaxor
behavior was exhibited by the 33% ordered SL film. In
summary, the degree of order in BTS was successfully
controlled and the influence of the order-disorder transition
on relaxor behavior was clarified.
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