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Abstract

The electrical properties of B-site donor and acceptor doped Aurivillius phase Bi3NbTiO9-based ceramics have been investigated. The effect
of donor and acceptor doping on the dielectric constant, coercive field, dc conductivity and piezoelectric constant are presented. The band
gap of Bi3NbTiO9 (BNTO) is about 3.4 ± 0.2 eV, determined from high-temperature dc conductivity measurements. All of the ceramics are
ferroelectrics with high Curie points (∼900 ◦C). In acceptor doped ceramics, a low-temperature peak in the dielectric loss tangent is explained
in terms of a Debye-type relaxation that results from an oxygen ion-jump mechanism. The activation energy for the relaxation is calculated as
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.93 ± 0.05 eV. The reduction of the piezoelectric constant below 500 C is produced by depolarization, which is produced by the switching
f thermally unstable non-180◦ domain walls.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

The general formula of Aurivillius phase materials is
Bi2O2)2+(Am−1BmO3m+1)2−, where A is a mono-, di- or
rivalent element (or combination) with cuboctahedral coor-
ination. B is a transition element suited to octahedral coor-
ination, e.g., Fe3+, Cr3+, Ga3+, Ti4+, Nb5+, Ta5+, Mo6+, or

6+; and m is the number of octahedral layers in the per-
vskite slab. The m value1 can vary from 1 to 6 and can
lso be fractional, with compounds with m = 1.5, 2.5 and 3.5
idely known.2 Millan et al.3–5 reported the substitution of
i3+ in [Bi2O2]2+ layers by other cations, such as Pb2+, Sb3+,
n2+ or Te4+, although Newnham et al.6 suggested that the
ismuth oxide layer is almost inviolate.

Bismuth layer-structured ferroelectrics (BLSF) is the
ommon acronym for the Aurivilius phase materials that
re ferroelectric. The spontaneous polarization for BLSFs
s along the a-axis direction for compounds with an even
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number of octahedral layers (m = 2n, where n is an inte-
ger) and in the a–c plane (major component in the [1 0 0]
direction) for odd layer compounds (m = 2n + 1). Compared
with the widely used PZT ceramics with perovskite struc-
ture, BLSF ceramics are characterized by high Curie points,
low dielectric constants, low dielectric losses, low aging,
high dielectric breakdown strengths, strong anisotropic elec-
tromechanical coupling factors and low temperature coef-
ficients of resonant frequency.7,8 In recent years, BLSFs
have been given much attention because some materials,
such as SrBi2Ta2O9 (SBT)9 and La0.75Bi3.25Ti3O12 (BLT),10

are excellent candidate materials for nonvolatile ferroelec-
tric random access memory (FRAM) applications. BLSFs are
also better candidates than PZT (Pb[Zr,Ti]O3) piezoelectrics
for high-temperature piezoelectric applications because of
their higher Curie points.

Bi3NbTiO9 was discovered by Aurivillius11 in 1949. Sub-
barao and Newnham12,13 showed it to be a ferroelectric with
the highest known Curie point in the BLSF family at that
time of 940 ◦C. However, the information about its electrical
properties and the effect of doping is still very limited. In
E-mail address: m.j.reece@qmul.ac.uk (M.J. Reece). the present study the electrical properties of the Bi3NbTiO9
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compound have been studied as a function of donor and
acceptor doping on the B-site.

2. Experimental procedure

Polycrystalline ceramic samples with nominal formulas
Bi3NbTiO9 (BNTO), donor doped Bi3Nb1.2Ti0.8O9 (BNTO-
D) and acceptor doped Bi3Nb0.8Ti1.2O9 (BNTO-A) were
prepared by conventional ceramic processing. The starting
raw materials were Bi2O3 of 99.975% purity, TiO2 of 99.6%
purity and Nb2O5 of 99.9% purity. The materials were mixed
by ball milling in ethanol, dried and sieved to under 250 �m,
and then calcined at 900 ◦C for 4 h. After calcination, the
powders were re-milled, dried and sieved to under 500 �m,
and then finally pressed into disks of 10 mm diameter in a
steel die at a pressure of about 200 MPa. The pressed speci-
mens were sintered at 920–1100 ◦C for 1 h in air. Electrodes
for room-temperature and high-temperature electrical prop-
erty measurements were fabricated with fired-on silver paste
(Johnson Matthey, E1100) and platinum paste (Gwent Elec-
tronic Materials Ltd., C2011004D5), respectively.

X-ray diffraction (XRD) patterns for the sintered ceramics
were obtained with an X-ray diffractometer (Siemens D5000)
using Cu K� radiation. The microstructures of the ceramic
specimens were studied using a scanning electron microscope
(
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Fig. 1. X-ray powder diffraction patterns of: (a) BNTO, (b) BNTO-D and
(c) BNTO-A crushed ceramics sintered at 1100 ◦C for 1 h.

BNTO-D and BNTO-A ceramics also contain BIT phase.
The amount of second phase in BNTO-A is higher than that
in BNTO, which may be a consequence of the higher per-
centage of Ti in BNTO-A compositions. Fig. 2 shows the
secondary electron SEM micrographs of BNTO, BNTO-D
and BNTO-A ceramics. All the grains are platelike, which is
the typical morphology of Aurivillius phase ceramics.

Pure BNTO has A21am orthorhombic symmetry with the
polarization along the a-axis. Atomic displacements along
the a-axis from the corresponding positions in the parent
tetragonal (I4/mmm) structure cause ferroelectric sponta-
neous polarization. Polarization caused by the displacements
along the b and c axes, in contrast, are cancelled due to
the presence of glide and mirror planes, respectively, and
thus do not contribute to the total polarization. Based on the
atomic displacements, the total polarization of the displacive-
type ferroelectric Bi3NbTiO9 was calculated using Y. Shi-
makawa’s model,15

Ps =
∑

i

(mi × �xi × Qie)

V
(1)

where mi is the site multiplicity, �xi is the atomic displace-
ment along the a-axis from the corresponding position in the
tetragonal structure, Qie is the ionic charge of the ith con-
stitute ion, and V is the volume of the unit cell. Based on
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JEOL JSM 6300). The samples for the SEM study were pol-
shed and then thermally etched at about 100 ◦C below their
intering temperatures for 15 min. Samples for piezoelectric
easurements were poled by applying a DC electric field

f 8–11 kV/mm for 5–15 min in silicone oil at 200 ◦C. The
iezoelectric constant, d33, was measured using a piezo d33
eter (ZJ-3B, Institute of Acoustics, Academia Sinica). The
C resistivity, ρ, was measured as a function of tempera-

ure using an electrometer (KEITHLEY, Model 6517A) with
ontacts to the samples within a high temperature furnace.
he dielectric constants, losses and Curie points were mea-
ured at different frequencies using an LCR meter (Agilent
284A). The ferroelectric P–E hysteresis loops were mea-
ured at 200 ◦C using a ferroelectric hysteresis measurement
ester (NPL, UK). Thermal depoling experiments were con-
ucted by holding the poled samples with platinum electrodes
or 2 h at various high temperatures, cooling to room temper-
ture, measuring d33, and repeating the procedure at intervals
f 100 ◦C up to 915 ◦C for BNTO and 900 ◦C for BNTO-D
r BNTO-A.

. Results and discussion

Fig. 1 shows the XRD patterns for sintered BNTO, BNTO-
and BNTO-A ceramic powders. In the XRD patterns for

NTO, most of the diffraction peaks match those of the
NTO structure reported previously14 with the exception of
small peak (marked as S) at about 2θ = 30◦, which matches

he strongest peak (1 1 7) for Bi4Ti3O12 (BIT). The doped
he crystal structure parameters of Bi3NbTiO9 reported by
olfe et al.,12 which are different from Thompson et al.,16 the

tomic displacements along the a-axis and the contributions
f each constituent ion to the total ferroelectric polarization
re shown in Fig. 3(a) and (b), respectively. The total spon-
aneous polarization is estimated as 38.7 �C/cm2.

Fig. 4 shows the P–E hysteresis loops of BNTO, BNTO-D
nd BNTO-A ceramics at 200 ◦C. Due to the limited sample
hickness we could use (0.10–0.15 mm) because of polishing
amage, maximum voltage available (4 kV), conductivity at
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Fig. 2. Secondary electron SEM micrographs showing typical microstruc-
tures for: (a) BNTO (1100 ◦C), (b) BNTO-D (1100 ◦C) and (c) BNTO-A
(1080 ◦C) ceramics.

high voltages, and high coercive field (Ec), it was not possi-
ble to obtain saturated P–E hysteresis loops. Similar problems
have been noted previously for Aurivillius phase materials.17

The values of Pr are consequently much less than the theo-
retical spontaneous polarizations calculated in Fig. 3. It has

Fig. 3. Schematic drawing of: (a) ion displacement and (b) contribution to
the total spontaneous polarization Ps of each ion of Bi3NbTiO9.

been reported that Bi4Ti3O12
18 and SrBi4Ti4O15

19 ceram-
ics exhibit p-type electronic conductivity; therefore, donor
doping should decrease conductivity while acceptor doping
should increase it. Because of the effect of conductivity in
BNTO-A, the apparent polarization increased strongly with
decreasing frequency for the P–E loops. Although none of
the P–E hysteresis loops are fully saturated, the BNTO and
BNTO-D show small peaks in the I–E loops, which are indica-
tive of some degree of domain switching. No such current
peaks were observed for BNTO-A. It can be therefore con-
cluded that the coercive field Ec of BNTO-A is greater than
that of BNTO. This is because of the domain wall pinning
caused by the oxygen vacancies (VO

••) in BNTO-A, which
makes the movement of domain walls more difficult. How-
ever, the Ec of donor doped BNTO-D is lower than that of
BNTO because the bismuth vacancies (V ′′′

Bi) make the move-
ment of domain walls easier.
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Fig. 4. P–E hysteresis loops of BNTO, BNTO-D and BNTO-A ceramics.

Fig. 5 shows the temperature dependence of DC resistivity
of BNTO, BNTO-D and BNTO-A ceramics. The resistiv-
ity of BNTO-A is the lowest among the three materials.
This can be attributed to the increase in the concentration of
charge carriers. Acceptor doping further increases the con-
centration of holes in BNTO-A. The resistivity of BNTO-D
is greater than that of BNTO in the low temperature range,

Fig. 5. Temperature dependence of DC resistivity of BNTO, BNTO-D and
BNTO-A ceramics.

which is a consequence of the compensating donor doping in
BNTO-D. The conductivity activation energy Ea at high tem-
perature was obtained from an Arrhenius plot (see in Fig. 5).
The conductivity activation energy Ea is 1.7 ± 0.1 eV for the
BNTO and BNTO-D ceramics. The intrinsic electronic con-
ductivity activation energy is equal to half the energy of
the band gap, Eg; therefore, the band gap of BNTO and
BNTO-D is 3.4 ± 0.2 eV. This value fits in well with those
of Bi4Ti3O12, BaBi4Ti4O15 and BaTiO3, which are all about
3.3 eV.20 The similarity of the band gap is due to the common
TiO6 octahedra.20 The activation energy, Ea, of 1.2 ± 0.1 eV
for BNTO-A is close to the high-temperature dc conductivity
activation energy (1.0 eV) reported for acceptor doped BIT.18

Fig. 6 shows the room-temperature dielectric properties
of BNTO, BNTO-D and BNTO-A ceramics sintered at dif-
ferent temperatures. The dielectric constants of BNTO are
lower than those of BNTO-D and higher than those of BNTO-
A. The reason for the differences in the dielectric proper-
ties is that the bismuth vacancies (V ′′′

Bi) produced by donor
doping make domain wall movement easier, but the oxy-
gen vacancies (VO

••) produced by acceptor doping make
the domain wall movement more difficult.21 An oxygen
vacancy–acceptor ion dipole may interact with polarization
within a domain and make movement of the domain wall
more difficult. The frequency dependence of dielectric con-
stants of BNTO-A is also weaker than that of BNTO-D
b
d
d
t
f

s
d
B
g
d
t

ecause of domain wall pinning. The weak frequency depen-
ence of dielectric constant of BNTO-A also shows that the
ielectric constant was dominated by the main phase rather
han the second phase, Nb doped BIT, which is relatively
erroelectrically soft and strongly frequency dependent.

With increasing sintering temperature, the dielectric con-
tants decrease (Fig. 6). The optimum sintering temperatures
etermined by the highest density are about 1020 ◦C for
NTO and BNTO-D and 980 ◦C for BNTO-A. This sug-
ests that it is the effect of grain size rather than ceramic
ensity caused the dielectric constants to decrease with sin-
ering temperatures. Based on the research of the dielectric
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Fig. 6. Room temperature dielectric properties of BNTO, BNTO-D and
BNTO-A ceramics.

constants of ferroelectric BaTiO3 and PbTiO3 ceramics, the
dielectric constants have a maximum value at a critical grain
size.22,23 When the grain size is smaller than this critical
size ferroelectric domains are absent. The dielectric constants
then increase with increasing grain size because of increas-
ing internal stress.24 However, when the grain size is larger
than the critical value ferroelectric domains are nucleated,
the internal stresses decrease and the dielectric constants
decrease. Based on the domain wall model,25 the extrinsic
contribution from the 90◦ domain walls to the dielectric con-
stant is proportional to the total area of 90◦ walls/volume,
Atot. With increasing sintering temperature, the grain size and
the domain size increases. Therefore, Atot and the contribu-
tion from domain walls to the dielectric constant decrease. In
Bi3NbTiO9 ceramics, the presence of 90◦ domain walls was
also confirmed based on a transmission electron microscopy
(TEM) study.26 Therefore, the observed decrease in the
dielectric constants with increasing sintering temperature
of the BNTO ceramics can be attributed to a decreased
contribution from the domain walls with increasing grain
size.

Figs. 7–9 show the temperature dependence of dielectric
constant and loss of BNTO, BNTO-D and BNTO-A at dif-
ferent frequencies. The peak of the dielectric constant at the
Curie point is clear for the higher frequencies, although it is
masked by conductivity at the lower frequencies. The Curie
p
9
f
t

Fig. 7. Temperature dependence of dielectric constant and loss of BNTO at
different frequencies.

Fig. 8. Temperature dependence of dielectric constant and loss of BNTO-D
at different frequencies.

Fig. 9. Temperature dependence of dielectric constant and loss of BNTO-A
at different frequencies.
oints for the BNTO, BNTO-D and BNTO-A ceramics are
13, 886, and 900 ◦C, respectively. All of the Curie points are
requency independent. Compared with pure BNTO ceramic,
he Tc of BNTO-A is lower, although some acceptor-dopants
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can increase the Curie point of Aurivillius phase materials.27

This suggests that the amount or nature of dopant might be
critical to this behaviour. Above the Curie point the losses
increase dramatically because of the contribution from con-
ductivity. There is a loss peak at a few degrees below the
Curie point for all compositions. A possible explanation for
these peaks is the movement of the ferroelectric domain walls.
Displacement of domain walls contributes to the dielectric
and mechanical losses of ferroelectric materials and, partic-
ularly near the phase transition temperature, may dominate
other loss mechanisms.21 According to Newnham’s results,6

the phase transition at the Curie-point is second-order for
the BLSF’s compounds with an even number of layers. The
Bi3NbTiO9 is such a compound, so the phase transition at
the Curie point for BNTO should be second-order. For the
materials with second- or weak first-order ferroelectric phase
transitions, there is a dielectric loss peak, as we observe here,
at a few degrees below Tc, which is typically attributed to the
movement of domain walls.28

For BNTO-A there is a peak in the dielectric constants in
the 600–700 ◦C temperature range (Fig. 9). This is close to the
Curie point of pure Bi4Ti3O12 (675 ◦C).18 It may therefore
be a contribution from the B site Nb doped Bi4Ti3O12-based
second phase in the BNTO-A ceramics. There is also a set
of loss peaks that are clearly distinguished between 200 and
6 ◦ 29
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where Ea is the activation energy, k the Boltzmann’s con-
stant, T the absolute temperature at which the relaxation peak
has maximum loss, and ωo the angular frequency. The fitted
activation energy, Ea, is 0.93 ± 0.05 eV and the angular fre-
quency, ωo, is 6.7 × 1011 Hz. The frequency range of lattice
vibrations for ionic solids is on the order of 1011–1013 Hz;30

therefore the fitted values are in good agreement with param-
eters that are attributed to an oxygen ion-jump mechanism.
In pure Bi4Ti3O12 ceramics similar low temperature loss
peaks were found and attributed to the ion-jump of oxygen
ions (ωo = 0.9 × 1011 Hz, Ea = 0.73 eV).29 Research on the
internal friction of SrBi2Ta2O9 (SBT)31,32 showed that the
activation energy for the migration of oxygen vacancies is
from 0.95 to 0.97 eV, which is very close to our fitted activa-
tion energy of 0.93 ± 0.05 eV.

The piezoelectric constant d33 of BNTO, BNTO-
D and BNTO-A ceramics are 5.2 ± 0.2, 6.8 ± 0.2 and
1.2 ± 0.2 pC/N, respectively. The thermal depoling behaviour
of the samples is shown in Fig. 11, in which the piezoelec-
tric constants are plotted against annealing temperature. The
BNTO-D is much less stable to thermal depolarisation com-
pared with BNTO and BNTO-A. In ferroelectric materials,
domain wall movement can produce a significant contribu-
tion to the piezoelectric properties.33,34 In Aurivillius phase
materials, even-layer materials, such as SrBi4Ti4O15 (m = 4),
show relatively little piezoelectric hysteresis.35,36 A possi-
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00 C. According to the results of Shulman et al., there are
o loss peaks within this temperature range for Nb doped BIT,
o these loss peaks must originate from the contribution of
he main BNTO-A phase. The position of the loss peaks shifts
o higher temperatures as the frequency is increased. This is
ypical of a thermally activated Debye relaxation. When the
ogarithms of the frequencies are plotted versus the reciprocal
f the peak temperature, a straight line is obtained (Fig. 10).
he relaxation fits an Arrhenius relationship:

= wo exp

(−Ea

kT

)
(2)

ig. 10. Logarithm of the peak in frequency vs. reciprocal temperatrue of
he peak (from Fig. 9) showing an Arrhenius relationship.
le reason for this linear stable behaviour is the absence
f a contribution from the piezoelectrically active non-180◦
omain walls. This is not the case for the odd-layer materials,
uch as Bi4Ti3O12 (m = 3), which has several types of non-
80◦ domain walls.36,37 The frequency dependence of the
ielectric constant of BNTO-D (Fig. 6) suggest that there is
significant contribution from non-180◦ domain walls to the
roperties at room temperature. We suggest that these domain
alls are thermally unstable well below the Curie point, and
ive rise to the observed degradation of d33 below 400 ◦C. For
he BNTO there is a smaller corresponding decrease of d33

ig. 11. Effect of annealing temperatrue (for 2 h) on the d33 of BNTO system
eramics.
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with temperature up to 400 ◦C. This suggests a smaller con-
tribution from the piezoelectrically active non-180◦ domain
walls, which is consistent with the relatively smaller fre-
quency dependence of the permittivity (Fig. 6). The d33 value
of BNTO-A decreases continuously up to the Curie point.
There is a slight drop in the d33 at about 600 ◦C, which may
be attributed to the depoling of the Nb doped BIT second
phase as the temperature approaches its Curie point.38

4. Conclusion

Donor and acceptor doping of Bi3NbTiO9 was found to
have a significant influence on their properties. The dielectric
constants were increased and coercive fields decreased due
to the effect of bismuth vacancies produced by donor doping
with Nb on the B-site. However, acceptor doping led to a
decrease in the dielectric constant and increase in coercive
field because of the effect of oxygen vacancies, which make
the movement of domain walls more difficult. With increasing
sintering temperature, the dielectric constants decreased due
to a decrease in the extrinsic contribution from domain wall
movement. The spontaneous polarization of Bi3NbTiO9 was
calculated as 38.7 �C/cm2 using previously reported crystal
parameters. Based on the high-temperature dc conductivity,
the band gap of BNTO was determined to be 3.4 ± 0.2 eV. All
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