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Abstract. (SrBi;TapOg)1—, (BizTiNDOg), ((SBT)1_,(BTN),) bulk ceramic was fabricated by

the conventional solid state reaction. The samples were characterized in terms of the structural,
dielectric, ac conductivity, and ferroelectric properties. The solid solution samples exhibited
improved electrical properties compared to end members SBT and BTN. The Curie temperature
of the solid solution was found to increase linearly with increasing BTN content. The solid
solution samples exhibited lower conductivity than the end members SBT and BTN. The solid
solution showed higher remanent polarization, but higher coercive field than SBT. The present
results indicate that théSBT)1_, (BTN), solid solution may be a useful SBT-based material

for FRAM applications.

1. Introduction

The intense research devoted to ferroelectric thin films in recent years has been motivated
by their potential application in non-volatiie memory and other electrical, optical and
pyroelectric devices [1-4]. RBr,Ti;_,)O3 (PZT) has been a promising candidate for non-
volatile memory applications, e.g., ferroelectric RAM devices (FRAM). However, there are
still some problems existing in PZT materials for non-volatile memory device applications,
such as fatigue, aging, retention, and imprint. Among them, fatigue, a decrease in switchable
polarization with increasing number of polarization reversals, is an important reliability issue
for FRAM devices which use a destructive readout operation (switching of polarization at
each read/write operation). To improve the fatigue characteristics of PZT-based capacitors,
the most successful technique is using oxide electrodes. Even though the fatigue rate of
PZT-based thin films is significantly improved by using the above technique, the electrical
conductivity of the oxide electrodes is not as high as that of metal electrodes typically used,
such as Pt. The lower conductivity of the oxide electrodes can contribute to undesirable
characteristics of ferroelectric non-volatile memories, such as a hig@etime constant of
the capacitor. In addition, oxide electrodes may lead to the formation of secondary non-
ferroelectric phases during film growth if carefully controlled processing condition are not
used [5, 6].

An alternative approach to control the fatigue problem in ferroelectric capacitors is to
use other ferroelectric materials. Recently, capacitors based on layered perovskites such
as SrByTaOg (SBT) and metallic electrodes such as Pt have generated interest because
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of their negligible polarization fatigue<(10'? cycles), long polarization retention, and very
low leakage currents [7—11]. But the major limitations for the application of SBT are
the high processing temperature 700°C) and lower remanent polarizatiorP,{ (~5—

10 «C cmi2), compared to the processing temperature of*@D&nd remanent polarization

of 20-30.C cmi 2 for PZT. The high processing temperature of SBT makes it not easy to
match the process of very-large-size-integrated circuit (VLSI) fabrication to produce high-
guality non-volatile memory. One of the approaches to solve the problem is to solve the
problems caused by the high processing temperature [12]. The other is to lower the SBT
processing temperature.

It has been found that the microstructure of SBT thin film has a significant influence
on the ferroelectric properties. The grain size of the polycrystal SBT thin film plays an
important role in improving the SBT capacitor ferroelectric properties. Dssal have
noticed that minimum ferroelectric properties are exhibited only when the grains approach
a critical size [13, 14]: the thin films show improved ferroelectric properties with increase of
the grain size. Therefore it may be a good way to achieve a highand lower processing
temperature by forming solid solutions of SBT and another ferroelectric material, which
has higherP,, larger grain size and lower processing temperature. Some SBT-based solid
solutions, especially SB/BrBi;Nb,Og (SBN) [9, 14], have been studied.

In this study, we added BTiNbOg (BTN) to SrBLTa,Og (SBT) to form a ferroelectric
solid solution. Both BTN and SBT belong to the Aurivillus family of bismuth layered
structure compounds of the general formula of,®i)—(M,-1R,03,+1) where M = Ba,

Pb, Sr, Bi, K, or Na,n = 2, 3, 4, or 5 and R= Ti, Nb, or Ta. Both compounds
have orthorhombic symmetry structure comprisednoperovskite-like units of nominal
composition MRQ between BiO, layers along the orthorhombicaxis [15-18]. Bi in
BTN occupies Bi and Sr sites in SBT, and Ti and Nb in BTN replace Ta in SBT. BTN
has higher theoretically calculated saturation polarizatiBy) ¢alues of 277 uC cni?,
compared to 14 1 C cm 2 for SBT [23, 24].

In this paper, bulk(SBT);_(BTN), (x = 0, 0.2, 0.4, 0.6, 0.8, 1) samples were
fabricated using conventional ceramic processing. The structural, dielectric, ac conductivity,
and ferroelectric properties of the materials were determined and discussed. The results
of the present study provided useful information to improve the properties of the
(SBT);_,(BTN), thin films.

2. Experimental details

Stoichiometric mixtures ofSBT);_,(BTN), with x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0 were
prepared for the present study. SgQ&isher Scientific), Tz0s (Fisher Scientific), TiQ

(Alfa AESAR), and NbOs (Fisher Scientific) were used as the starting materials for the
preparation of bulk samples. The powders were mixed and ball milled in plastic jars using
ethyl alcohol as dispersing media, and then dried. The powder mixture was then calcined at
1120°C in a covered alumina crucible for 3 h. The calcined powder was pressed at 15 MPa
to form pellets with diameter of 18.5 mm and then sintered at 1€3for 3 h. The BTN

(x = 1.0) sample was sintered at a lower temperature of 2098s it evaporated at higher
temperatures.

The dielectric and impedance measurements were conducted on pellets with a typical
thickness of 0.15 cm and an area 00 Zn?. Platinum electrodes were attached to both
the surfaces of the pellets using platinum paste. For ferroelectric measurements, the pellets
with typical thickness of 0.04 cm were used. The Pt electrodes were deposited on both the
surfaces by sputtering using a shadow mask with an area0afnt.
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The complex impedance measurements were conducted using an HP4192A impedance
analyser with a four-terminal configuration. The impedance measurements were conducted
at different temperatures as a function of frequency in the range 50 Hz—1 MHz by applying
a small ac signal of 50 mV amplitude. The measurement temperature was varied in the
range 25-900C using a stand-alone oven controlled by an Omega-CN90000 temperature
controller. The dielectric measurements were also conducted using an HP4192A impedance
analyser. The ferroelectric properties were measured by using an RT66A ferroelectric test
system with an external high-voltage (4 kV) supply (Trek-609D-6 high-voltage amplifier).

3. Results and discussion

3.1. Structure and morphology

Figure 1 shows the x-ray diffraction (XRD) patterns of the bulk samples withthe range
0-10. The samples were found to be well crystallized in the orthorhombic single phase.
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Figure 1. XRD patterns of(SBT)1_,(BTN), (x = 0,0.2,0.4,0.6, 0.8, 1) samples. Powders
were calcined at 1120C for 3 hours.
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Figure 2. AFM pictures of (SBT)1—,(BTN), (x = 0,0.2,0.4,0.6,0.8, 1) samples. The bulk
BTN sample was sintered at 1190 for 3 hours; the others were sintered at 128Gor 3 hours.

There were no detectable secondary phases, indicating the complete solid solution of the
SBT and BTN compositions. It can be seen from figure 1 that all the patterns are similar,
and the peaks [115], [020], [220], [224], [315], and [11E8e shifting towards higher

260 value with increase in the BTN contemt This slight shifting is caused by gradual
distortion of the unit cell as the substitutional solid solution is formed. Figure 2 shows the
atomic force micrographs (AFMs) of the solid solution compositions sintered under similar
conditions and withx in the range 0-1.0. The grain size was found to increase with the
increase in the BTN content, and both pure SBT and BTN have the smallest grain size
among the solid solutions.

3.2. Dielectric properties

The dielectric properties were measured in terms of the dielectric constant loss factor

tans. The dielectric measurements were conducted in the frequency range 10-1000 kHz as
a function of temperature for th¢sBT);_,(BTN), system withx = 0, 0.2, 0.4, 0.6, and

0.8. It was not possible to measure the dielectric properties of BTN in the vicinity of its
transition temperature because of its high conductivity.

Figure 3 shows the dielectric constant of the samples measured at 100 kHz as a function
of temperature. The Curie temperature was found to increase with the increase in BTN
content in the solid solution system. Figure 4 shows the Curie temperature as a function of
BTN contentx. The Curie temperature was found to increase linearly with the increase in the
BTN contentx. The Curie temperature of BTN was found to be 938by extrapolation



Electrical properties of (SBT),(BTN), 10229

900
—e— 20% SBT -+ 80% BTN
—a— 40% SBT + 60% BTN
800 - —a— 60% SBT +40% BTN
| —»— 80% SBT + 20% BTN
—o— SBT
700 — \
§ 600 — f
[2]
2 J
3
o 500
G
2
2 400
s}
300 -
200
Frequency: 100 kHz
A0 g e e
0 200 400 600 800

Temperature (°C)

Figure 3. Temperature dependence of dielectric constantS&ET);_, (BTN), (0 < x < 0.8)
bulk solid solutions at the frequency of 100 kHz.
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Figure 4. The relationship of Curie temperature andn (SBT);_,(BTN), solid solutions.

of the Curie temperature—plot. The linearity of the Curie temperature suggests that a
series of complete substitutional solid solutions was formed by mixing SBT and BTN. The
formation of a complete substitutional solid solution is reasonable as SBT and BTN have
the same layered-perovskite structure, the lattice parameter differences of SBT and BTN
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Figure 5. Temperature dependence of dielectric constant and loss)(&rfrequencies of 10,
100, and 1000 kHz for (& = 0.4 and (b)x = 0.6 (SBT);1_,(BTN), solid solutions.

are as low as 5%, and the differences of displacive ions are 2.65%%o@a8d BE*, 5.7%
for Ta>*, Ti**, and NB*.

It can also be seen from figure 3 that the samples witk 0, 0.6, and 0.8 obey the
Curie-Weiss law at temperature above the transition point while the samples with.2
and 0.4 exhibit broad dielectric constant peaks. The broad dielectric constant peak of the
samples withy = 0.2 and 0.4 implies that the ferroelectric—paraelectric phase transition does
not occur at discrete temperature but over a temperature range. The broad dielectric constant
peak may be due to the variation of ferroelectric—paraelectric phase transitions from one
unit cell to another, although these solid solutions show homogeneity in the macroscopic
region. It appears that SBT and BTN are not resolved completely at atomic levels in the
solid solutions withx = 0.2 and 0.4. Despite the existence of broad dielectric constant
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peaks, we still selected the dielectric constant peak as the Curie temperature for samples
with x = 0.2 and 0.4. The Curie-Weiss temperatures were found to be,8806°C, and

754°C and the Curie constants were2& 104, 5.9 x 10%, and 54 x 10* for samples with

x = 0, 0.6, and 0.8, respectively, at an applied frequency of 100 kHz. The Curie-Weiss
temperature of 189C for SBT is about the same as the reported value of°CO(19];
however, the Curie constant of28x 10* is lower than the published datum ofo2< 10°

[19].

Figure 5 shows the typical dielectric constant and the loss factor—temperature plots
measured at different frequencies for samples exhibiting sharp transition (e.g., sample with
x = 0.6) and broad transition (e.g., sample with= 0.4). The dielectric constant peaks
were not found to shift with frequency in the range 10-1000 kHz for all the samples. The
dielectric loss tangent was lower than 0.0008 for the entire solid solution system under room-
temperature conditions and was found to increase in the vicinity of the Curie temperature.
The dielectric constant peak found to be sharpfoe 0.4 and broad forxr = 0.4 at all
frequencies.

3.3. AC impedance and conductivity

The complex impedance of the samples was measured over a wide range of temperatures
(25-900°C) and frequencies (50 Hz-1 MHz). Each sample showed only one perfect
semicircle arc (the high-frequency arc) in the low-temperature range (25€30Qith the
semicircle centre slightly below the real axis. Figure 6 shows the typical complex impedance
plot for a (SBT);_,(BTN), sample measured at 26 and 485C. The semicircle radius

was found to decrease with increasing temperature resulting in a smaller intercept on the real
axis. The intercept on the real axis represents the sum of the resistances offered by intergrain
and grain regions except electrode effects. In the higher temperature sa#ge°C), the
semicircle was followed by an inclined straight line at lower frequencies, which may be
due to electrode—ceramic interfacial effects. Similar effects have been observed in other
materials by Armstron@t al [21] and Singhet al [22].
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Figure 6. Complex impendance diagram f@8BT)os(BTN)g 2 at temperature of (a) 2% and
(b) 485°C.
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Figure 7. The variation of electrical conductivity as a function of temperature for the
(SBT)1—x (BTN), system in the low temperature range.

Figure 7 shows the ldg 7)-10°/T plots measured in the low-temperature region for
samples withx in the range 0-1.0. The conductivity was calculated from the semicircle
radius. For all the samples, the conductivity was found to increase with the increase in
temperature. The conductivity of various samples was found to vary in a small range with
temperature and composition. In the low temperature range (25€30€he conductivity
of various samples obeyed the Arrhenius equatidh= (o T)oexXp(—E/kT), wherekE is
the activation energy is the Boltzmann constant, arfdis the absolute temperature. The
activation energies of various samples were found to be very close to each other as shown in
table 1. Figure 8 shows the dependence of the room-temperature conductivity on the BTN
contentx. The conductivity of the solid solution compositions was found to be lower than
the end members SBT and BTN. The lowest conductivity was obtained for the composition
with x = 0.6. In the higher temperature range400°C), the conductivity was found to
increase at a much faster rate with temperature than in the low temperature range as shown
in figure 9. The slopes for all the samples were close except fo$Bd)o2(BTN)og
composition which exhibited almost double activation energy compared to other samples
as shown in table 1. The end members SBT and BTN exhibited higher conductivity than
other compositions even in the higher temperature range.

3.4. Ferroelectric properties

The ferroelectric hysteresis loops were measured at room temperature. It was possible to
obtain good hysteresis loops only for samples with- 0 and 0.2 as shown in figure 10.

The (SBT)og(BTN)o2 composition exhibited higher remanent polarization.414C cm2)

and coercive field (40 kV cit) values compared to the values of.81uC cm™2 and
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Table 1. The activation energyE) calculated from the Arrhenius equation.

Activation energy (eV)

X Low temperature  High temperature
((SBT)1-x(BTN),)  (25-300°C) (400-900C)

0 0.018 0.524

0.2 0.025 0.425

0.4 0.028 0.512

0.6 0.027 0.471

0.8 0.026 0.929

1 0.025 0.478

30

1 —o— (SBT),4(BTN),, P.=14.4 uClem’ E_=40kV/em
—e— SBT P,=118uClem’ E_=32kV/cm

20 1

10

Polarization (uC/cm?)
(=]

b ]

-100 -50 0 50 100
Applied Field (kv/cm)

Figure 10. Hysteresis loops of the bulk SBT an8BT)og(BTN)p2 samples.

32 kV cmit for the SBT composition. The other samples did not show any hysteresis loop
even at the maximum voltage of 4 k\w(00 kV cni'!) applied by our external voltage
source. This is possibly due to highgp of these samples causing the failure of domain
direction alignment in these samples even at the maximum applied field possible with the
present setup. It is difficult to make these brick samples thinner than 0.04 cm due to
polishing and grinding problems at lower thickness.

4. Conclusions

(SBT);_(BTN), solid solution ceramics were fabricated by the conventional solid state
reaction. The solid solution exhibited improved dielectric, conductivity, and ferroelectric
properties compared to the SBT material. The important results are as follows.
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(1) The (SBT)ps(BTN)g2 showed higher remanent polarization and coercive field
compared to SBT material.

(2) The solid solution compositions exhibited lower conductivity than the end members
SBT and BTN. The lowest conductivity was obtained for the composition with0.6.

(3) The Curie temperature was found to increase linearly with increasing BTN content.

In addition to the fact that the solid solution has larger grain size than SBT [20], the
solid solution shows improved electrical properties compared to SBT. The higher-Curie-
temperature, lower-conductivity, and higher-remanent-polarization properties of the solid
solution compared to SBT mean that it will probably become a useful SBT-based material
for FRAM applications.
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