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Strontium bismuth niobate vanadates, SrBi2(VxNb1−x)2O9 (with 0 ø x ø 0.1), were
prepared by reaction sintering of powder mixtures of constituent oxides. With partial
substitution of niobium by vanadium cations (up to 10 at.%), the single-phase layered
perovskite structure was preserved, and the sintering temperature of the system was
significantly lowered (∼200 °C). The incorporation of vanadium into the layered
perovskite structure resulted in a shift of the Curie point to higher temperatures from
435 to 457 °C, with 10 at.% vanadium doping, and an increase in dielectric constant
from ∼700 to∼1100, with 10 at.% vanadium doping, at their respective Curie points.
The remanent polarization increased from∼2.4 to ∼8 mC/cm2, while the coercive field
decreased from∼63 to ∼45 kV/cm with 10 at.% V5+ doping.

I. INTRODUCTION

Ferroelectrics are excellent candidates for the applica-
tions in data storage in digital memory systems, in addi-
tion to many other important applications such as
piezoelectrics, pyroelectrics, and electro-optics in sen-
sors, actuators, and microelectromechanical systems
(MEMS).1–5 Random-access memories (RAMs) based
on semiconductor integrated technology have been a
great success; however, these semiconductor RAMs can
retain information only when power is on. A serious
drawback is that when power is interrupted, all informa-
tion is lost (volatile memory). Furthermore, these RAMs
are very sensitive to radiation and this is detrimental for
military and space applications.

Among ferroelectric materials, Pb(Zr,Ti)O3 (PZT) is
one of the most popular materials attracting many inves-
tigators for many years. PZT has an isotropic perovskite
crystal structure with a high remanent polarization
(30–50mC/cm2).6–8Unfortunately, PZT films tend to de-
grade most of the initial amount of switching charge
(so-called “fatigue”) after 106–108 cycles of full polari-
zation switching.9 To be competitive with electrically
erasable read-only memories (EEPROM), ferroelectric
memories (FeRAMs), which are also called nonvolatile
random-access memories (NvRAMs), must be improved
to withstand at least 1012 erase/rewrite operations or they
must have qualitatively different nondestructive read op-
erations.3 Recently, bismuth oxide layered perovskite
materials, such as SrBi2Nb2O9 (SBN), SrBi2Ta2O9

(SBT), and SrBi2(Nb,Ta)2O9 (SBTN), for FeRAM appli-
cations have attracted an increasing attention in the re-
search community, because they are fatigue-free and
lead-free and possess ferroelectric properties indepen-
dent of film thickness.10,11Layered perovskite ferroelec-
trics, however, suffer from two drawbacks: a relatively
low remanent polarization and a high processing tem-
perature.12 Recently, efforts have been made to enhance
the properties of layered perovskite ferroelectrics by the
addition or substitution of alternative cations. For ex-
ample, partial substitution of Sr2+ by Bi3+ has resulted in
the most noticeable improvement of ferroelectric prop-
erties.13–15 Both the Curie point and the peak dielectric
constant increased significantly with an increased Bi3+

substitution. The enhancement of ferroelectric properties
was reported to be accompanied with a linear decrease in
lattice parameters due to the substitution of relatively
larger cations (Sr2+: 143 pm) at A sites by relatively
smaller cations (Bi3+: ∼130 pm). However, the substitu-
tion of bivalent Sr2+ cations by trivalent Bi3+ required
introduction of cation vacancies to maintain electroneu-
trality. Although the influences of such cation vacancies
on the ferroelectric properties have not been studied, cat-
ion vacancies may result in a structural distortion of oxy-
gen octahedron and, thus, degrade the polarizability. The
incorporation of barium ions into strontium positions was
also reported to exhibit higher remanent polarization than
the intrinsic SrBi2Ta2O9 thin films.16

In our previous letters,17,18 we have reported that the
significant enhancement of ferroelectric properties of
SBN ferroelectrics through partial substitution of nio-
bium by pentavalent vanadium cations. The enhanced
ferroelectric properties were attributed to the increased
rattling space inside the oxygen octahedron due to the
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smaller size of vanadium cations. In this paper, we will
present a systematic study on the influences of vanadium
doping on the dielectric and ferroelectric properties of
SBN systems. The processing conditions, crystal and mi-
crostructures, and dielectric and ferroelectric properties
of vanadium-doped SBN ferroelectrics were studied. In
particular, the effects of vanadium doping on remanent
polarization, coercive field, the Curie point, and direct
current (dc) conductivity were discussed.

II. EXPERIMENTAL

The polycrystalline strontium bismuth vanadium nio-
bate ceramic samples with a composit ion of
SrBi2(VxNb1−x)2O9 (SBVN) with x ranging from 0 to 0.1
(10 at.%) were prepared by solid-state reaction sintering.
The starting materials used were SrCO3, Bi2O3, V2O5,
and Nb2O5 (Aldrich Chem. Co., Milwaukee, WI), all
with a purity of 99%. The powders were admixed with a
desired weight ratio with approximately 4.5 wt% excess
Bi2O3, which was to compensate weight loss of Bi2O3

due to its high vapor pressure (750 mmHg at 1570 °C),
which is on the order of that of lead oxide (750 mmHg at
1760 °C).19 Powders were ball milled with acetone for
24 h, and the mixtures were dried at 150 °C for 6 h. A
two-step firing process was applied. The powder mix-
tures were first fired at 850–1000 °C in air for 2 h. The
fired powders were ground and admixed with about
1–1.5 wt% poly(vinyl alcohol) (PVA; Aldrich Chem.
Co.) as a binder and then pressed into pellets uniaxially
at ∼300 MPa. The pellets were then sintered in closed
alumina crucibles at 950–1150 °C for 2 h in air. The
typical firing conditions for samples with various com-
positions are summarized in Table I. Prior to character-
ization and property measurements, all the samples were
annealed at 800 °C for 3 h in oxygen. X-ray diffractom-
etry (XRD; Philips 1830, Eindhoven, The Netherlands),
scanning electron microscopy (SEM; JEOL 52100, To-
kyo, Japan), and optical microscopy were all used to
characterize the fired powders and sintered pellets.

The pellets were polished to have flat and parallel
surfaces and about 0.25–1 mm in thickness and elec-
troded by sputtering Au/Pd or Pt on both sides for elec-
trical property measurements. The dielectric constant and
loss tangent as functions of temperature up to 600 °C and
frequency ranging from 20 Hz to 1 MHz were measured

by a HP Precision LCR Meter 4284A (Hewlett Packard
Co., Tokyo, Japan). The alternating current (ac) imped-
ance data at various temperatures were also obtained us-
ing the HP 4284A LCR meter. The dc conductivity was
estimated from the bulk resistance,Rg, which was de-
rived from the equivalent circuit model in complex im-
pedance planes of resistor and capacitor in parallel.23

TheP–Ehysteresis loops were measured using a stan-
dard Sawyer–Tower circuit with a reference resistor of
107 ohm and a reference capacitor of 9.43 × 10−7 F. The
parameters used for the measurement were the following:
peak voltage, 3500 V; frequency, 10 Hz; wave form, tri-
angle. Due to the high coercive field of the materials, the
samples for theP–E hysteresis loop measurement were
polished to∼0.25 mm in thickness. In addition, in order
to get betterP–E hysteresis loops, the measurements
were conducted at temperatures of 165–178 °C, which
are significantly lower than the Curie points.

III. RESULTS AND DISCUSSION

A. Sample preparation

XRD analyses (see Fig. 1) indicated that single-phase
layered perovskites were formed within the composition
range studied in this work; no secondary phase was de-
tectable. Although pentavalent vanadium cations (58 pm)
are much smaller in radius than that of pentavalent nio-
bium cations (69 pm),20 there was a slight decrease in
crystal lattice constants as the amount of vanadium in-
creased (see Table I). The change of crystal parameters
was significantly smaller than that reported in the case of
substitution of Sr2+ by Bi3+.14

According to the work on isotropic perovskites, the
structural stability could be described by the so-called
“tolerance factor,”t, which is defined by21

RA + RO 4 t√2 (RB + RO) , (1)

whereRA, RB, andRO are the radii of respective A, B,
and O ions in isotropic perovskite ABO3. A stable iso-
tropic perovskite structure requires a tolerance factor be-
tween 0.80 and 1.02. The layered perovskite structure
would be more restrictive, since the (Bi2O2)

2+ interlayers
impose a great constraint for structural relaxation. Such a
structural constraint induced from the (Bi2O2)

2+ interlayers
may well explain the lack of an appreciable decrease in
lattice parameters with an increased amount of vanadium

TABLE I. Compositions, sintering condition, relative density, and lattice parameters of the layered perovskite SBVN.

Sample Prefiring Sintering condition Relative density (%) Lattice parameters (Å)a

SBVN (X 4 0) 1000 °C, 2 h 1150 °C, 0.5 h 94 a 4 3.900,c 4 25.062
SBVN (X 4 0.05) 850 °C, 2 h 950 °C, 2 h 96 a 4 3.898,c 4 25.043
SBVN (X 4 0.1) 850 °C, 2 h 950 °C, 2 h 97 a 4 3.897,c 4 25.060

aThe accuracy of lattice parameters is 0.002 Å (pseudotetragonal).
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doping. This may further explain the fact that although
the tolerance factor for SrBi2V2O9 equals to 1.02, there
exists no stable layered perovskite structure for this com-
pound. The experimental results from this work indicated
that although V5+ is too small to form a stable layered
perovskite structure, the layered perovskite structure can
be preserved with partial substitution by pentavalent va-
nadium cation, at least up to 10 at.%. The above results
also imply that the vanadium doping SBN has a more
“loose” crystal structure and there is a relatively larger
space between the constituent ions, in particular, between
the oxygen and vanadium ions.

A two-step firing process was applied in this study.
The first step, firing at relatively low temperatures
(850–1000 °C), was to promote the chemical reactions
among the constituent compounds so as to form a single-
phase layered perovskite. The second step, firing at rela-
tively high temperatures (950–1150 °C), was to achieve
high densification. Using this two-step firing process, all
sintered pellets had a relative density above 94% (see
Table I) and the total weight loss in all samples was
found to be less than 3 wt% when the weight loss from
the decomposition of SrCO3 was excluded. This weight
loss was presumably due to the evaporation of Bi2O3 and
was less than the excess Bi2O3 that was initially added.
Thus, all the samples presumably contained approxi-
mately 1.5 wt% excess Bi2O3 after sintering. The influ-
ences of the extra 1.5 wt% Bi2O3 on the physical
properties would be the same in all the samples and, thus,
is neglected hereinafter in discussing the influences of
vanadium doping. SEM observation also revealed that
there exists no detectable second phase and all samples

have a homogeneous microstructure. The incorporation
of vanadium exhibits no appreciable influences on the
microstructure of the layered perovskite, SBVN, ferro-
electric ceramics.

Further, it was found that the addition of vanadium
oxide lowered the sintered temperature at least 200 °C,
while an appreciably higher density was achieved. In
addition, the incorporation of vanadium appreciably im-
proved the sinterability of ceramics (see Table I). The
maximum achievable density for SBN sample was ap-
proximately 94%, while the samples with vanadium dop-
ing can easily reach a density of 96% or above. The
lowered sintering temperature in this study is due partly
to the low melting point of vanadium oxide (∼690 °C),
which was also reported as one effective sintering aid for
low-firing ceramics,22 and also to the possible formation
of an eutectic liquid phase in this multiple oxide system.
Furthermore, it is noted that the sintering temperature
used in the present study for the SBN is lower than that
reported in the literature. For example, Chenet al.23 pre-
pared the SBN and SBT pellets by sintering the pellets at
1280 °C for 3 h. Toriiet al.14 reported that SBT ceramic
samples with relative density of 85–92% were prepared
by sintering at 1200–1280 °C for 2 h in a closed alumina
crucible.

B. P–E hysteresis loops

Figure 2 shows ferroelectric-characteristic temperature
dependence of dielectric constant of three samples in the
SBVN system at a frequency of 100 kHz with an oscil-
lating amplitude (50 mV). The Curie point of the layered
perovskites increased from 435 °C for SBN to 440 °C for
SBVN with respective 5 at.% vanadium and 457 °C with
10 at.% vanadium doping. The peak dielectric constants
at their respective Curie points also increased more than

FIG. 1. XRD results of the SBVN pellets: (a) SBN pellet sintered at
1150 °C, 0.5 h; (b) SBN doped with 5% vanadium sintered at 950 °C,
2 h; and (c) SBN doped with 10% vanadium sintered at 950 °C, 2 h.

FIG. 2. Temperature dependence of dielectric constants of (d) SBN
and (h) SBN with 5 at.% vanadium and (×) 10 at.% vanadium deter-
mined using a frequency of 100 kHz and an oscillation amplitude of
50 mV.
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50%. Table II summarizes the Curie points and peak di-
electric constants for all three samples. According to the
literature on the layered perovskite ferroelectrics,24 the
shift of the Curie point to a higher temperature corre-
sponding to a larger polarizability could well be ex-
plained by the increasing “rattling space” due to the
incorporation of smaller pentavalent vanadium cations.25

The shift of Curie point and the increase in peak dielec-
tric constant corroborate theP–E hysteresis results de-
scribed below.

Figure 3 shows theP–Ehysteresis loops of the SBVN
samples withx 4 0, 0.05, and 0.1, respectively. TheP–E
hysteresis loop of the SBN sample was measured at
178 °C, while those of SBVN withx 4 0.05 and 0.1
were determined at 165 °C with all other measurement
parameters the same. This figure clearly demonstrated
that the substitution of niobium by vanadium has a sig-
nificant influence on the ferroelectric properties. The co-
ercive field reduces from 2Ec 4 (Ec+ − Ec−) 4 125 kV/
cm for SBN without vanadium doping to 80–90 kV/cm
for SBVN with 5–10 at.% vanadium doping. The rema-
nent polarization increases significantly from approxi-
mately 2Pr 4 (Pr+ − Pr−) 4 4.8 mC/cm2 for SBN
without vanadium doping to 2Pr 4 7 mC/cm2 for 5 at.%
doped SBVN and to 2Pr 4 16 mC/cm2 for 10 at.% doped
SBVN. For comparison,Pr andEc for all three samples
were also summarized in Table II. From the literature,
typical 2Pr and 2Ec for SBN films were found to be
around 5–20mC/cm2 and 200–250 kV/cm.26–28Consid-
ering the difference in measuring temperature and proc-
essing conditions, and the difference between thin films
and bulk ceramics, the ferroelectric properties of the
SBN ceramic in this study show very good agreement
with the literature. It is also noted that no optimization of
processing condition was conducted in this work. Better
ferroelectric and dielectric properties would be obtained
if the processing conditions were optimized.

The exact mechanism that the substitution of niobium
by vanadium results in a significant enhancement of po-
larization and a decrease in coercive field is a subject for
further study. One possible explanation is the increased
“rattling space” inside the oxygen octahedron. The po-
larizability in isotropic perovskites (ABO3) has been a
subject of intensive study, and it has been found that the
polarizability is largely determined by the sizes of A and
B cations.29 In general, a size decrease of B cations (lo-

cated inside an oxygen octahedron) results in an increase
in both polarizability and the Curie point due to “a larger
rattling space” available for B cations, provided that the
perovskite structure is preserved. The size change of A
cations has an opposite influence compared to that of B
cations, since a size increase of A cations leads to an
increased size of the oxygen octahedron and thus results
in an increase in both polarizability and the Curie point.
The crystal structure of SBN consists of the perovskite
sheet (SrNb2O7

2−) interleaved with bismuth oxide layers
where distorted NbO6 octahedral are the origin of ferro-
electricity as a result of the shift of Nb5+ away from the
center position below the Curie temperature. Although
V5+ can have 6 coordination of oxygen, it is too small to
form a stable layered perovskite structure. However, par-
tial substitution of Nb5+ by V5+ up to 10 at.% results in
a stable layered perovskite structure. A significant size
decrease from Nb5+ (69 pm) to V5+ (58 pm), while with-
out an appreciable decrease in crystal lattice constants
(Table I), would certainly result in an increase in the
rattling space inside the oxygen octahedron and thus a
significant increase in polarization. In general, the sub-
stitution of alternative cations in isotropic perovskite fer-
roelectrics would have the effect of restricting domain
wall motion and, thus, result in an increased coercive
field.30 A decrease in coercive fields with an increasing
amount of vanadium substitution in the present study
suggests a different mechanism being predominant. It is
possible that vanadium cations with a much smaller ionic
radius, resided inside almost unchanged oxygen octahe-
dra, require a lower energy to rattle from one position to
another inside the oxygen octahedron and thus lead to a
lowered coercive field.

TABLE II. Peak er, Ec, and Pr of the layered perovskite SBVN
samples.

Sample Tc (°C) Peaker
a Ec (kV/cm) Pr (mC/cm2)

SBVN (X 4 0) ∼435 ∼700 63 3
SBVN (X 4 0.05) ∼440 ∼1140 40 3.5
SBVN (X 4 0.1) ∼456 ∼1040 50 8

aMeasured with a frequency of 100 kHz.

FIG. 3. P–Ehysteresis loops for SBVN samples (* ) at 178 °C without
vanadium, (s) at 165 °C with 5 at.% vanadium, and (m) at 165 °C
with 10 at.% vanadium.
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The P–E hysteresis measurements were also per-
formed at various temperatures for the vanadium-doped
samples. Although the measuring temperatures are far
below the Curie points, the samples showed higher spon-
taneous polarization at higher temperatures, which might
be attributable to the expanded crystal lattice.

C. Frequency dependence

Figure 4 shows the dielectric constant and loss tangent
as a function of frequency ranging from 20 Hz to 1 MHz
at room temperature. There was a small variation in di-
electric constants over the frequency range, while the
loss tangent decreased noticeably from∼4% at 20 Hz to
less than 1% at frequencies higher than 103 Hz. The
samples with vanadium doping showed a slight decrease
in dielectric constants at room temperature, particularly
at a high substitution content (10 at.%), while vanadium
doping (noticeably 5 at.%) resulted in only a negligible
increase in loss tangent at frequencies below 103 Hz.

Dielectric constant,er, is a combined contribution of
four polarization: atomic polarization (ea, responding
frequency, 1015 Hz); ionic polarization (ei, 1013 Hz);
dipolar polarization (ed, ∼1010 Hz); space charge (es,
∼102 Hz):30

er 4 ea + ei + ed + es . (2)

At frequencies below∼102 Hz, all polarization mecha-
nisms, including space charge, contribute to dielectric
constant; however, at frequencies above 102 Hz, space
charge will no longer contribute to the dielectric con-
stant. A negligible change of dielectric constant as fre-
quency changes from low frequencies to high
frequencies (above 103 Hz) implies that there is no ap-
preciable contribution of space charge.

The experimental results obtained above, (i.e., con-
stant er over a wide frequency range), imply that the
incorporation of vanadium cations into the layered

perovskite structure did not lead to a significant increase
in space charge. This further indicates that the incorpo-
ration of vanadium into the crystal structure did not in-
troduce mobile charge carriers: free electrons, electron
holes, or oxygen vacancies. This observation could be
explained by two possible mechanisms. One is that pen-
tavalent vanadium cations are stable in the layered
perovskite structure, particularly after oxygen annealing
and, thus, no oxygen vacancies are created and no oxy-
gen ionic conduction is introduced to the system.
Another possibility is that there might coexist both tetra-
and pentavalent vanadium cations; however, the multi-
valent and variable valent vanadium cations did not form
continuous chains which are required for the nearest
neighbor hopping conduction mechanism. In the latter,
there would exist oxygen vacancies so as to satisfy the
electroneutrality. As discussed above, these oxygen va-
cancies would contribute to ionic conduction and lead to
space charge polarization. The lack of space charge po-
larization in the vanadium-doped layered perovskite sys-
tem indicates that it is unlikely that there exists
tetravalent vanadium cations. However, it is possible that
if the vanadium doping content exceeds a critical point, a
hopping chain may form, resulting in an appreciable in-
crease in both loss tangent and electrical conductivity.
For example, in the Bi2VO5.5 system, with niobium sub-
stitution for vanadium (Bi2NbxV1−xO5.5), both the dielec-
tric constant and the loss tangent value decrease with a
decreased amount of vanadium.31 However, it is worthy
to notice that a reduction of loss tangent as frequency
reduces from 20 to 103 Hz (see Fig. 4) implies that there
exists structural relaxation at low frequencies.

Figure 5 shows the loss tangent at 100 kHz from room
temperature to 600 °C. The tangent losses of all three
samples increase as the temperature rises. However, the
values were very similar and rather low at temperatures

FIG. 4. Dielectric constants and tangent loss of the three samples over
frequency at room temperature: (d) SBN sample, (s) SBN doped
with 5% vanadium, and (.) SBN doped with 10% vanadium.

FIG. 5. Temperature dependence of dielectric loss at 100 kHz for
(h) SBN sample and (d) SBN doped with 5 at.% vanadium and (×)
10 at.% vanadium.
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below 400 °C. Above 400 °C (near their Curie points) the
loss tangents increase rather quickly. Among them, the
sample without vanadium doping shows much higher
tangent loss values and the sample with the highest
amount of vanadium doping (10 at.%) shows the lowest
loss values. This suggests that, at the high frequency
range (around 100 kHz) at temperatures near the Curie
point, the dielectric losses at high temperature were mini-
mized by the partial doping of vanadium. It is not known
if it could be attributed to the structural complication due
to the vanadium doping.

D. Electrical conduction

The dc conductivity of new layered perovskite ferro-
electrics, SBVN, was studied by means of the ac imped-
ance measurements at temperatures ranging from 60 to
700 °C in a frequency range from 20 Hz to 1 MHz. This
dc conductivity was estimated from the bulk resistance,
Rg, which was derived from the equivalent circuit model
in complex impedance planes of resistor and capacitor in
parallel.23 Figure 6 shows the bulk ionic conductivity of
the SBVN ferroelectrics as a function of temperature. For
all three cases, a transition temperature between 250 and
320 °C was observed at which the conduction mecha-
nism changed. There are two predominant conduction
mechanisms at different temperature ranges, regardless
of vanadium doping. At temperatures below the transi-
tion point, the electrical conduction is likely dominated
by extrinsic defects, such as unintentionally introduced
impurities, and the dc conductivity for all three samples
was found the same of approximately 2 × 10−9 S/cm.
This dc conductivity is approximately 2 orders of mag-
nitude lower than that reported in literature23 but still
higher than the result from PZT.32 At temperatures
higher than the transition point, the conduction is pre-
sumably dominated by the intrinsic defects. It is found

that the dc conductivity of the SBVN ceramics decreased
with an increased doping content at the higher tempera-
ture range, while there was an appreciable decrease in
activation energy from 1.174 to 1.074 eV as the vana-
dium doping increased from 0 to 10 at.%. Table III
summarizes the conduction transition temperature, acti-
vation energies for intrinsic conduction, and dc conduc-
tivity at 60 °C.

For a single-phase material with a homogenous micro-
structure, the electrical conductivity,s, depends on both
the concentration and mobility of charge carriers and can
be presented by the following simplified equation:

s 4 nqm 4 A exp(−Ea/kT ) , (3)

where n is the concentration of charge carriers,q the
number of charges per charge carrier,m the mobility of
charge carriers,A a temperature-independent constant,
Ea the nominal activation energy per charge carrier, k
Boltzman’s constant, andT the temperature. At low tem-
peratures, when the extrinsic conduction is predominant,
the nominal activation energy equals diffusion activation
energy. However, at high temperatures when intrinsic
conduction predominates, the nominal activation is the
sum of diffusion activation,Ed, and formation energy of
charge carrier,Ef:

Ea 4 Ed + Ef . (4)

Therefore, a reduced dc conductivity suggests a reduced
concentration and/or mobility of charge carriers. The
substitution of niobium by vanadium may result in in-
creased complexity in the crystal structure and, thus, a
reduced mobility (or diffusivity) of charge carriers. A
decrease in activation energy with an increasing amount
of vanadium doping, however, suggests that the concen-
tration of intrinsic charge carriers may increase due to the
incorporation of vanadium cations. If the primary intrin-
sic charge carriers in the layered perovskite ferroelec-
trics, SBVN, are oxygen vacancies, a relatively lower
diatomic bond strength of V–O bonds (∼627 kJ/mol), as
compared to that of Nb–O bonds (∼703 kJ/mol),19 could
be responsible for the reduced activation energy with an
increasing amount of vanadium doping. In addition, the
multivalence state of vanadium cations may contribute
extra electrical conduction, leading to a lower activation
energy. The experimental results observed in this study

FIG. 6. Temperature dependence of dc conductivity of (d) pure SBN
sample and (s) SBN doped with 5 at.% vanadium and (.) 10 at.%
vanadium.

TABLE III. Activation energies, transition temperature, and bulk
ionic conductivity at 60 °C for SBVN ferroelectrics.

Sample Ea (eV) TTrans (°C) sdc at 60 °C (S/cm)

SBVN (X 4 0) 1.174 ∼250 2.12 × 10−9

SBVN (X 4 0.05) 1.114 ∼280 2.14 × 10−9

SBVN (X 4 0.1) 1.074 ∼320 2.09 × 10−9
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suggest that the effects of vanadium doping on the dc
conduction is complex, and further analysis is required to
achieve a better understanding.

The above discussion was based on the assumption
that the microstructure of all SBVN samples remains the
same regardless of the vanadium substitution. It is as-
sumed that all vanadium was incorporated into layered
perovskite structure and no grain boundary phase or sec-
ondary phase was formed. Our XRD and SEM observa-
tion supported the above assumption. However, XRD
and SEM may not be sensitive enough to reveal the fine
details of microstructure due to their relatively low sen-
sitivity and/or magnification. More detailed microstruc-
ture analysis, e.g., transmission electron microscopy, is
needed to verify the above assumption.

Figure 7 is the ac conductivity at 100 kHz of these
samples. The abnormal conductivity was observed at
their Curie points for all the samples which might be
influenced by the corresponding phase transitions. After
this conductivity peak, the conductivity of SBN increases
much faster than the doped samples. This might be due to
the same mechanisms we discussed in the bulk ionic
conductivity measurements.

IV. SUMMARY

In summary, the dielectric and ferroelectric properties
of the layered perovskite, SBN, have been significantly
enhanced with vanadium doping up to 10 at.%, while the
layered perovskite structure was preserved. Substitution
of niobium by much smaller vanadium cations, while
without an appreciable decrease in crystal lattice con-
stants, resulted in an increased rattling space for the cat-
ions inside the oxygen octahedra, leading to a higher
Curie temperature and a larger dielectric constant at the
Curie point. In addition, the increased rattling space

resulted in a significantly higher remanent polarization
from ∼2.4 to ∼8 mC/cm2 and lower coercive field from
∼63 to ∼45 kV/cm with 10 at.% V5+ doping. Further-
more, experiments revealed that the incorporation of va-
nadium did not increase the loss tangent and the dc
conductivity. On the contrary, the loss tangent at
100 kHz decreased by the vanadium doping at tempera-
tures near the Curie point. At lower temperatures, the
SBVN samples show almost the same ac (∼10−6 S/cm at
100 kHz) and dc conductivity (∼10−9 S/cm) regardless
vanadium doping, while, at the higher temperature range
(>320 °C), the vanadium-doped samples showed lower
dc conductivity. Reduced dc conductivity at high tem-
peratures may be attributed to the increased complexity
in crystal structure and, thus, a reduced mobility of
charged carriers, with partial substitution of niobium by
vanadium.
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