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Polycrystalline (1—x)BaTiO3—0.5xBi(Mgg 5Tig5)03—0.5xBiScO3 (x = 0.4, 0.45,
0.5, and 0.55) samples have been prepared via a conventional mixed-oxide
solid-state sintering route. Phase analysis of the samples with x > 0.45 re-
vealed formation of single-phase cubic structure, while at x = 0.4, a minor
secondary phase formed. Complex impedance spectroscopy of the samples
revealed more than one type of transport mechanism (grain/bulk, grain
boundary, and electrode effect). At x = 0.4, the grain boundary was less con-
ducting than the grain; however, grains dominated the total conductivity with
further increase in x. At elevated temperatures, the higher conductivity values
suggest semiconducting-like behavior with negative temperature coefficient of
resistivity. The composition with x = 0.55 exhibited a temperature-stable rel-
ative permittivity (e.) of 1430 (£15% over 127°C to 500°C) and dielectric loss
(tan d) of <0.025 (over 150°C to 370°C).
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INTRODUCTION

Capacitors are used for a variety of functions such
as coupling, decoupling, filtering, and voltage
smoothing in electronic circuits.” High relative
permittivity (&) is an important parameter for
miniaturization of capacitors and hence electronic
devices. BaTiOs; (BT) has tetragonal structure at
room temperature and exhibits high ¢, of ~10,000 at
the ferro- to paraelectric phase transition (7';) near
130°C. T, occurs due to displacement of Ti** ion
relative to oxygen octahedra caused by hgbridiza-
tion between Ti 3d and oxygen 2p states.” Doping
BT has successfully produced temperature-stable ca-
pacitors operating in the range from —55°C to an
upper limit of ~200°C.®> However, many applica-
tions including deep oil and gas drilling, aircraft,
and automotive vehicles demand capacitors to oper-
ate in still harsher environments with temperatures
greater than 200°C.*° The temperature stability in
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these ceramics is mostly observed for the pseudocu-
bic/cubic phase(s).

Health and environmental effects of lead have
increased the importance of BT-based systems. Like
Pb2*, Bi®* possesses a lone pair of electrons which is
not involved in chemical bonding but is highly
polarizable, which helps to maintain high ¢, char-
acteristics of the host compound.? In general, solid
solutions of Bi-based and BT perovskites promote
relaxor behavior to flatten the sharp ¢, peak of the
conventional ferroelectric BT. Such flattening of the
& peak may be enhanced by compositional and
structural inhomogeneities, e.g., core—shell struc-
ture, reported for BT-BS and NaysKq5TiO3—
LiTaO3-BiScO; ceramics.®’ Dittmer et al.®
reported & of ~2000 (+£10%) at 1 kHz in the
temperature range of 43°C to 319°C for the
Big sNag 5TiO3-BaTiOs3—K, 5Nag sNbO3 system. In
this case, the flattening of the & peak was corre-
lated with the smearing of two distinct anomalies of
the end members.® Similarly, other compounds of
interest are BaTiO3-Bi(Mgy5Tip5)05 (BT-
BMT),>'°  BaTiO3-Bi(Mgg 5Zro5)03 (BT-BMZ),'*
BaTiO3-Bi(Zng sTip5)053 (BT-BZT),* BaTiOs—
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BiScO; (BT—BS) 6 and BaggCag 2T103—B1(Mg05
Ti0_5)03—NaNb03 Substltutlon of Ba** by Bi°*
and of Ti** by trivalent Sc®* ions has been used for
charge compensation, 6,10 resulting in temperature-
stable ¢, = 1000 from room temperature to 400°C.
On the other hand, BT-BMT compound exhibited
high ¢, = 2248 in the narrow temperature range of
238°C to 400°C. In the BT-BS system, &, is lower
but the operating temperature range is wider than
for BT-BMT. Also, Sc* is relatively more expan-
sive, so the Sc®' content can be decreased by
partial replacement with Mgy 5Tig5, which may
also increase ¢,.. Furthermore, very few studies on
complex impedance spectroscopy of these materials
exist in literature. In the present study, we report
the structure—property relation in (1—x)BaTiOsz—
0.5xBi(Mg 5Tig.5)03—0.5xBiScO3 (BT-BMT-BS)
solid solution using x-ray diffraction analysis,
dielectric measurements, and impedance
spectroscopy.

EXPERIMENTAL PROCEDURES

(1—x)BaT103—05xB1(Mg05T105)03—05xB18003
(BT-BMT-BS) (x = 0.4, 0.45, 0.5, and 0.55) samples
were prepared through a solid-state sintering route.
Initial ingredients (BaCOgs, BiyO3, TiO5, MgO, and
Sco03) were dried at 180°C prior to weighing. The raw
materials were weighed according to the stoichio-
metric ratios and then mixed/milled in polyethylene
milling jars for 12 h using isopropanol as lubricant
and Y-toughened zirconia balls as milling medium.
The mixed/milled powders were calcined at 925°C for
6 h in covered alumina crucible and then remilled
using agate mortar to dissociate agglomerates (f
any). The calcined powders were pressed into cylin-
drical pellets using an isostatic pellet press at
50 MPa and sintered at 1000°C to 1175°C for 4 h.

The density of the pellets was measured using a
high-precision electronic densitometer (Mettler
Toledo, Switzerland). Phase analysis was carried
out using a D-5000 Siemens x-ray diffractometer
operated at 40 kV and 30 mA, with Cu K, radiation
(A =1.54018 A). Data were collected in the
20° <20 < 70° range, with step size of 0.02° at
1.5 min/step. ¢. and tan 6 at 1 kHz to 1 MHz were
measured in the temperature range of ~25°C to
500°C, using a HP 4284A precision LCR meter with
an applied alternating-current (ac) voltage of
100 mV. Impedance spectroscopy of these samples
was carried out using an E4980A (Agilent) impe-
dance analyzer in the frequency range from 20 Hz
to 2 MHz.

RESULTS AND DISCUSSION

Figure 1 presents the x-ray diffraction patterns of
the BT-BMT-BS samples sintered at 1150°C for
4 h. The Bragg reflections from all the sample
matched PDF#01-073-6325 for cubic (Pm 3m) struc-
ture; however, an extra reflection was observed for
the sample with x = 0.4, which could not be assigned
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and needs further investigation using transmission
electron microscopy to determine the unknown
phase and_its distribution in the local structure.
Bi®* (1.03 A < rg; < 1.61 A) and Ba?* (rg, = 1.61 A)
10ns occupy the A-site, while Ti * (rpy = 0. 605 A)
Mg?* (ryg = 0.72 A), and Sc® (rg, = 0.745 A) ions
occupy the B-site of the lattice.'® The lattice param-
eters were calculated using the least-squaregs
method, indicating a slight change from 4.0444 A
(for x = 0.4) to 4.0567 A (for x = 0.55). The observed
increase in lattice parameter with increase in x
leads to an increase in the unit cell volume, which
may be attributed to substitution of B-site cation
(Mg** and Sc®*). The B-site cations with larger ionic
radii replacing Ti** with smaller ionic radius may
increase the volume of BOg octahedra and hence the
unit cell volume.'*

The temperature dependence of the relative per-
mittivity and loss tangent at different frequencies
for the BT-BMT-BS samples is shown in Fig. 2a—d.
The observed relaxor-like behavior may be due to
relaxation of polar nanoregions arising due to
chemical disorder, i.e., random dlstrlbutlon of
cations with dlfferent s1ze and charge (Bi®* Ba2+)
and (M 2", Ti**, Sc®*), on equivalent lattice
sites.>®~1" The temperature of maximum permit-
tivity (T,) increased with increase in x, probably
due to an increase in compositional disorder. The
stability of the relative permittivity as a function of
temperature increased with increase in x from 0.4 to
0.55 (Table I), and optimum dielectric properties
were observed for the sample with x = 0.55, i.e.,
& = 1430 (+15% in the temperature range of 127°C
to 500°C) and tan ¢ of <0.025 over the temperature
range of 150°C to 370°C.

Ferroelectric ceramics are typically characterized
by measurements at fixed frequency (1 kHz). For
better understanding of the dielectric loss and
relative permittivity, measurements at variable
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Fig. 1. XRD patterns of BT-BMT-BS, showing formation of single-
phase cubic perovskite for samples with x > 0.45, and an unknown
(?) peak for the composition with x = 0.4.
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Fig. 2. & and tan 6 of BT-BMT-BS as functions of temperature.
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Table 1. ¢, tan 3, and their operating temperature ranges for BT-BMT-BS

T Range (°C) ¢, + 15%

T Range (°C) tan é < 0.025

Sample & + 15% (1 kHz) (1 kHz) (1 kHz)
x =0.40 1190 110-425 87-245
x =0.45 1140 140-430 113-255
x =0.50 1250 120-495 137-314
x =0.55 1430 127-500 150-370

frequency give information about its origin (in-
trinsic/extrinsic). Therefore, impedance spec-
troscopy is a useful technique to investigate the
electrical properties of grains and grain bound-
aries. The resistance (R) and capacitance (C) of an
electrical response can be represented by an
equivalent circuit. BT-based ceramics usually con-
sist of bulk and grain boundary regions which can
be represented by two parallel RC elements
connected in series.'® Each RC element gives a
semicircle in the Nyquist plot (Z) and electric
modulus (M), and a Debye peak in spectroscopic
plots (Z” and M”/eo versus log /). Z' complex-plane
plots (Z’ versus Z”) of the samples with x = 0.40 to
0.55 are shown in Fig. 3, revealing more than one
semicircle which are overlapped, indicative of an
electrically heterogeneous character. According to
the relationship by Ervine et al.,!® the low-fre-
quency arc corresponds to grain boundary while
the high-frequency arc corresponds to bulk. In
oxides with ionically or electronically conducting
grains, grain boundaries are generally more

resistive than grain interiors.?’ The Nyquist plot
for the sample with x = 0.4 shows three arcs, each
indicating an electroactive region, but the highly
resistive component is bulk, which is in contradic-
tion to the general relationship. This result shows
that the grain boundary is more conductive than
the grain, which may be due to presence of
impurities within the grain boundaries, consistent
with the present XRD data (Fig. 1). Therefore, the
boundary region dominates and electrical conduc-
tion takes place primarily through the boundaries.
The temperature-dependent resistivity of samples
indicated semiconducting behavior, which may be
due to an increase in the migration of charge
carriers, a typical characteristic of material with
negative temperature coefficient of resistivity. As x
was increased from 0.4 to 0.55, the height of the
semicircular arc corresponding to grain boundary
(higher frequency) increased, indicating an
increase in the resistivity of grain boundary
(Fig. 3). The third overlapped arc towards lowest
frequency can be attributed to the sample—
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Fig. 3. Nyquist plots of BT-BMT-BS system.
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electrode (space charge) effect, almost disappear-
ing for the sample with x = 0.55. Generally, the
electrode effect is very small in insulating sam-
ples, consistent with the present resistance data
(Table II).

To further confirm the observed change in resis-
tivity of grain boundary, the combined Z” and M"/¢q
versus log f plots were used (Fig. 4). The resistance
of bulk and grain boundary was extracted using the
following equations:

R=27" (1)

1
S 2
2n x fmax(Z”)C ( )

The resistivity, conductivity, and capacitance values
of the samples at 600°C are given in Table II, which
shows an increase in resistivity with increase in
BMT and BS content. Similarly, a decrease in
capacitance was also observed, where Cg, (in nF)
and C, ~ 107 1°F to 10 ' F are the capacitance
values corresponding to girrain boundary and bulk
ferroelectric, respectively.®

The bulk (0},) and grain-boundary conductivity
(ogp) Were observed to decrease with increase in x.
Arrhenius plots of conductivity for the BT-BMT-BS
samples as a function of temperature are shown in
Fig. 5. The conductivity is represented by Eq. 3.

—Ea
g = gpesT, (3)

where oy is the preexponential factor, E, is the
activation energy, and kg is the Boltzmann
constant.

The activation energies of bulk and grain bound-
ary were calculated from the slope of conductivity
plots (Table II). The activation energies of bulk did
not change significantly (0.88 eV to 0.93 eV) with
increase in x, suggesting that the bulk conduction
mechanism did not change with x. In ferroelectric
perovskitesi the charge carriers are usually oxygen
vacancies.?’ Bi®** has low melting point and
exhibits a volatile nature, therefore, during the
sintering process, Bi** may evaporate, which is
compensated by creation of oxygen vacancies.
Oxygen vacancies are also produced due to escape
of oxygen from the host lattice, which can be
controlled in an oxidizing environment.?? A stoi-
chiometric ABO3; perovskite has E, > 2 eV, while
the value of E, is 1 eV for ABOy g5 and 0.5 eV for
ABOg 99.2% The present activation energies of bulk
suggest that oxygen vacancies are responsible for
the conduction in BT-BMT-BS. On the other
hand, the activation energy of grain boundary
increased from 1.12 eV to 1.66 eV (Table II). A
similar effect was previously reported for BaTiO3—
Bi(Zny/sTi12)05 ceramics.’® The data clearly sug-
gest that grain boundary is the main influencing
factor that controls the conduction mechanism in
the BT-BMT-BS system. However, it is not clear
at the present stage whether the minor secondary
phase still exists at x =0.45 or not, which is
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Table II. Activation energy, resistivity, and capacitance of bulk and grain boundary for BT-BMT-BS
samples at 600°C

Sample E, (eV) Eg, (eV) pe (kQ cm) Peb (KQ cm) C, (pF) Cgq, (nF)
x =0.40 0.88 1.12 35 20 66 3
x =0.45 0.93 1.29 51 62 94 1.8
x = 0.50 0.88 1.30 87 265 91 0.3
x = 0.55 0.90 1.66 169 806 114 0.22
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Fig. 4. Z’ and M’/¢q versus log f plots of BT-BMT-BS at 650°C.
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Fig. 5. Arrhenius plot of bulk and grain-boundary conductivity data of BT-BMT-BS as a function of temperature.

worthy of further investigation using transmission decrease the leakage current and hence the dielec-
electron microscopy to understand the defect chem- tric loss for the sample with x = 0.55, which may
istry of BT-BMT-BS. Furthermore, control of be a suitable candidate material for high-temper-
oxygen vacancies in oxidizing environment may ature applications.
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CONCLUSIONS

Lead-free BT-BMT-BS samples were prepared
through a conventional mixed-oxide route. Phase
analysis revealed formation of an unknown sec-
ondary phase for the sample with x = 0.4, while
single-phase cubic perovskite formed for the sam-
ples with x > 0.45 within the in-house XRD facility
detection limit. Impedance spectroscopy of the sam-
ples indicated more than one electroactive region,
corresponding to an electrically heterogeneous char-
acter due to the existence of different transport
mechanisms. The activation energies of bulk
(0.88 eV to 0.93 eV) suggested conduction due to
generation of oxygen vacancies (ionic conduction).
However, the activation energy of grain boundary
was observed to increase from 1.12 eV to 1.66 eV,
which significantly affected the overall conductivity
of the sample and hence the dielectric loss. The
sample with x = 0.55 exhibited a temperature-
stable ¢, of ~1430 (+15% in the operating range of
127°C to 500°C) with tan 6 <0.025 (150°C to 370°C),
which may be useful for high-temperature capacitor
applications.
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