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Oxygen-vacancy-related dielectric relaxation in SrBi 2Ta1.8V0.2O9
ferroelectrics
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The strontium bismuth tantalate vanadate, SrBi2Ta1.8V0.2O9 , ~SBTV! layered perovskite
ferroelectrics were made by solid state powder sintering. It was found that the SBTV ferroelectrics
had the same crystal structure as that of strontium bismuth tantalate, SrBi2Ta2O9 ~SBT!, but an
increased paraferroelectric transition temperature at;360 °C as compared to 305 °C for SBT. In
addition, SBTV ferroelectrics showed a frequency dispersion at low frequencies and broadened
dielectric peaks at the paraferroelectric transition temperature that shifted to a higher temperature
with a reduced frequency. However, after a postsintering annealing at 850 °C in air for 60 h, SBTV
ferroelectrics showed reduced dielectric constants and tangent loss, particularly at high
temperatures. In addition, no frequency dependence of paraferroelectric transition was found in the
annealed SBTV ferroelectrics. Furthermore, there was a significant reduction in dc conductivity
with annealing. The prior results implied that the dielectric relaxation in the as-sintered SBTV
ferroelectrics was most likely due to the oxygen-vacancy-related dielectric relaxation instead of
relaxor ferroelectric behavior. ©2001 American Institute of Physics.@DOI: 10.1063/1.1366657#
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I. INTRODUCTION

Layered perovskite strontium bismuth tantala
SrBi2Ta2O9, ~SBT! is one of the most promising fatigue fre
characteristic ferroelectrics for nonvolatile digital inform
tion memory devices.1–3 The dielectric and ferroelectric
properties of the SBT system have been widely studied in
form of bulk materials and thin films, and a sharp dielect
constant peak corresponding to a paraferroelectric trans
was reported in the range of 300–320 °C.4–6 It has been
found that small changes in chemical composition, such
strontium deficiency and/or excess bismuth, results in
hanced dielectric and ferroelectric properties including
electric constant and remanent polarization.7–9 In a related
system, strontium bismuth niobate, SrBi2Nb2O9 ~SBN!, par-
tial substitution of pentavalent niobium ions, Nb51, with
smaller pentavalent vanadium ions, V51, resulted in en-
hanced dielectric and ferroelectric properties including b
dielectric constants and remanent polarization, which w
attributed to an increased ‘‘rattling space’’ inside the oxyg
octahedra.10,11 Furthermore, partial substitution of strontiu
with other cations such as calcium and lanthanium in S
ferroelectrics was reported to have modified dielectric a
electric properties including enhanced paraferroelectric tr
sition temperature and reduced electrical conductivity.12 Par-
tial substitution in perovskite ferroelectrics may also resul
the formation of a heterogeneous microstructure that con
of microdomains that have slightly different chemical co
positions. These microdomains with various chemical co
positions will have different paraferroelectric transition te
peratures, and thus lead to a broadened dielectric peak a
transition temperature.13 In addition, the paraferroelectri
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transition of such ferroelectrics varies characteristically w
frequency. Such ferroelectrics are known as relaxor fer
electrics, and typical examples include Pb~Mg1/3Nb2/3!O3

~PMN! and Pb~Zn1/3Nb2/3!O3 ~PZN!.14,15 Although common
relaxors have isotropic perovskite structures, dielectric rel
ation has also been reported in layered perovskite ferroe
trics. For example, there are reports on the relaxation pro
below the Curie point in bismuth titanate ceramics and sin
crystals.16 Another example is the SBN system with Bi-si
substitution by tellurium and strontium by sodium or pota
sium. A second maximum in the dielectric constant cau
by doping is found at higher temperature possibly cor
sponding to a relaxor ferroelectric.17

This article reports the electrical and dielectric propert
of the SBTV ferroelectrics. Dielectric constants and tang
loss of SBTV ferroelectrics have been studied as function
frequency and temperature. Postsintering annealing at 85
in air for 60 h was conducted to study the influences
oxygen-vacancy-related dielectric relaxation. In addition,
conductivity of both as-sintered and annealed SBTV fer
electrics were analyzed, in order to determine the chang
oxygen vacancies with postsintering annealing. The mec
nism for the dielectric peak broadening and frequency d
persion in the as-sintered SBTV ferroelectrics has been
cussed.

II. EXPERIMENT

Polycrystalline strontium bismuth tantalate vanadate
ramic samples with compositions of SrBi2Ta2O9 ~SBT! and
SrBi2Ta1.8V0.2O9 ~SBTV! were prepared by solid state rea
tion sintering. The process carried out was similar to
procedure applied in the preparation of strontium bism
niobate vanadate ferroelectrics.10,11 The starting materials
7 © 2001 American Institute of Physics
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used were SrCO3, Bi2O3 , V2O5, and Ta2O5 ~all with a pu-
rity of 99%, Aldrich Chem. Co.!. The powders were admixe
with the desired molar ratio. Approximately 3.5 wt % exce
Bi2O3 was added, which was to compensate weight loss
Bi2O3 due to its high vapor pressure~750 mm Hg at
1570 °C!.18 Powders were ball milled and then fired in air f
2 h at 850 °C for SBTV and 1000 °C for SBT. The fire
powders were ground, admixed with about 1–1.5 wt % po
vinylalcohol ~PVA, average M.W.550 000–85 000, Aldrich
Chem. Co.! as a binder and pressed into pellets by uniax
pressing at;250 MPa. The pellets were sintered in clos
crucibles at 1000 °C for SBTV and 1200 °C for SBT for 2
in air. The total weight loss was found to be around 7 wt
including the loss of CO2 as a result of calcination of SrCO3,
the pyrolysis of PVA binder, and the evaporation of the re
tively volatile Bi2O3 . The loss of Bi2O3 is estimated to be
2.7 wt %, below the 3.5 wt % excess Bi2O3 initially added
into the system. Annealing at 850 °C in air for various pe
ods of time was applied to study the oxygen vacancy-rela
dielectric relaxation.

Phase formation and crystallinity of the sintered samp
were characterized by means of x-ray diffraction~XRD! us-
ing CuKa radiation. Microstructures of both samples we
analyzed by optical microscopy and scanning electron
croscopy~SEM, JSM 5200!. For the electrical property mea
surements, the sintered pellets~;10 mm in diameter! were
polished to a thickness of;1 mm and electroded with silve
paste on both sides and cured at 550 °C for 30 min on a
plate. The dc electrical conductivity was measured at te
peratures ranging from 300 to 600 °C using a FLUKE 884
multimeter ~John Fluke Inc.!. The dielectric properties an
ac conductivity measurements were carried out in the t
perature range from 20 to 600 °C at various frequencies
ing a Hewlett-Packard 4284A Precision LCR me
~Hewlett-Packard Co.! with a signal voltage of 50 mV.

III. RESULTS AND DISCUSSION

Both SBT and SBTV samples had dense microstructu
with ;95% theoretical density. XRD analyses indicated b
SBT and SBTV ceramics consisted of a single layered p
ovskite phase with no detectable secondary phase. This
cates that the layered perovskite structure of SBT was
served with partial substitution of tantalum ions by vanadi
ions up to 10 at. %. Although the radius of pentavalent
nadium ions are significantly smaller than that of pentava
tantalum ions, no appreciable change of lattice constants
found from the XRD spectra. The presence of Bi2O2

21 layers
might impose a restriction to prevent the possible reduc
of lattice constants. Similar results were found in the SBN
system with less than 15 at. % vanadium substitution.19 SEM
observation revealed that SBT ceramics showing larger g
size ~;2 mm! than that of SBTV ferroelectrics~;1 mm!.
This is possibly due to the higher sintering temperature u
for the SBT system.

Figure 1 shows the dielectric constants of both SBT a
SBTV ceramics as a function of temperature measured
100 kHz. The SBT sample shows a typical paraelectr
ferroelectric transition at 305 °C with a peak dielectric co
Downloaded 29 Sep 2003 to 128.95.118.114. Redistribution subject to A
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stant of;400, whereas the SBTV sample has a broad p
around 364 °C with a maximal dielectric constant of 454.
addition, the dielectric constant of the SBTV sample at te
peratures above the paraferroelectric transition is sign
cantly higher than that of SBT sample. Higher transiti
temperature and enhanced maximal dielectric constant a
transition temperature could be attributed to the partial s
stitution of pentavalent tantalum ions~Ta51: 69 pm20! by
smaller pentavalent vanadium ions~V51: 59 pm20! in the B
sites in the layered perovskite structure. Similar results w
found in the SBN system when partial pentavalent niobi
ions were substituted by pentavalent vanadium ions.10,11

However, the appreciably broadened dielectric peak at
transition temperature and significantly enhanced dielec
constants at temperatures above the transition point of
SBTV sample were not found in the SBNV system. Tw
possible mechanisms may explain the broadened diele
constant of the SBTV ferroelectric material at the transiti
temperature. One is that the partial substitution of tantal
ions by vanadium ions in the B sites in the layered perovs
structure results in the formation of heterogeneous doma
which have various transition temperatures just like isotro
perovskite relaxors such as Pb~Mg1/3Nb2/3!O3.21 Another
possible explanation is due to the defect relaxation at
evated temperatures, which has been found in bismuth-do
strontium titanate system.22 More experiments were carrie
out in order to get a better understanding of the dielec
properties of the SBTV system.

Figure 2 shows the dielectric constants of SBTV ferr
electrics as a function of temperature measured at diffe
frequencies ranging from 500 Hz to 500 kHz. At high fr
quencies, there is a broad peak, whereas at 500 Hz, the b
peak is almost completely shadowed by a gradual increa
dielectric constant with an increasing temperature. The p
ferroelectric transition temperature is found to increase w
a reduced frequency. Another important observation is t
the dielectric constants at low temperatures are the sam
gardless the frequencies used for the measurements, wh
the dielectric constants at high temperatures vary marke
As the frequency changes from 500 Hz to 500 kHz, the
electric constants of SBTV at 600 °C reduced from;4800 to
;400, one order of magnitude reduction. The above res

FIG. 1. Dielectric constants vs temperature for SBT and SBTV ceramic
100 kHz.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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imply that there might be an extra mechanism contributing
dielectric polarization at high temperatures, but not at l
temperatures. Figure 3 depicts the dielectric constants
tangent loss of SBTV sample as a function of temperat
with two frequencies 10 and 100 kHz. The figure shows t
the transition temperatures are 378 and 364 °C at 10 and
kHz, respectively. The tangent loss increases with temp
ture; however, the change at 10 kHz is significantly fas
than that at 100 kHz. Since the temperature of the dielec
constant maximum shifting to higher temperatures with
increasing frequency has been reported as one characte
of relaxors,23–25 this negative shift might not come from th
relaxor ferroelectric. Besides, the significantly enhanced
electric constants with a reduced frequency at high temp
tures could not be explained. Defect induced dielectric rel
ation would be directly related to the concentration
defect.26 In the present systems, the defects would be rela
to the oxygen vacancies. The significantly enhanced die
tric constant at high temperatures may be due to the mo
charge carriers, which may be related to the oxygen vac
cies. It is well known that the oxygen vacancies play
important role in the electrical polarization of perovsk
materials.22 Oxygen vacancy induced polarization becom
more predominant at high temperatures due to an incre
vacancy concentration, and low frequencies due to the ine
of oxygen ions. This explains the significantly enhanced

FIG. 2. Dielectric constants vs temperature for SBTV~10 at. % V! ceramics
at various frequencies.

FIG. 3. Dielectric constants and tangent loss of SBTV~10 at. % V! ceramics
vs temperature at 10 k and 100 k Hz.
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electric constants at high temperatures with a low frequen
The observed ‘‘negative shift’’ of apparent paraferroelect
transition temperatures could also be explained as a resu
an overlap of the true paraferroelectric transition dielec
constant peak with the increasing defect induced dielec
relaxation at high temperatures. However, the overlap m
it difficult to precisely determine the true transition tempe
ture.

Defect induced dielectric relaxation would be direct
related to the concentration of defects, which in the pres
system would be related to the oxygen vacancies. It is kno
that the oxygen vacancy concentration would change w
the postsintering annealing. The change would depend on
annealing temperature, gas atmosphere, and the materia
question. For example, an appreciable change of the oxy
vacancy concentration was found in the SBNV system w
postsintering annealing at various atmospheres.27 In this
work, the as-sintered SBTV ceramic sample was anneale
850 °C for 60 h in air to lower the concentration of oxyge
vacancies. Since the annealing temperature is much lo
than the sintering temperature, SEM images showed th
was no detectable change in the microstructure includ
grain size and porosity of the SBTV sample before and a
annealing. Figure 4 shows the dielectric constants of
SBTV sample annealed in air at 850 °C for 60 h as a funct
of temperature at frequencies of 1 k, 10 k, and 100 kHz.
comparison with the data in Fig. 2, the dielectric constants
the annealed SBTV sample at high temperatures are lo
than that of as-sintered SBTV sample, particularly measu
with low frequencies. However, the dielectric constants
temperatures below the paraferroelectric transition rem
more or less unchanged. In addition, the transition temp
ture of the annealed SBTV sample is found to be indep
dent of frequency, whereas the transition temperature sh
a negative shift with an increasing frequency for the as s
tered SBTV. The above results could be attributed to a
duced concentration of oxygen vacancies by the annea
Thus the broadening of the dielectric peak and the shift
paraferroelectric transition of as-sintered SBTV ferroele
trics are most likely due to the defect-induced-dielectric
laxation as reported in the Bi-doped SrTiO3 system,22 not a

FIG. 4. Dielectric properties of 60 h annealed samples at 1 k, 10 k, 100
~from top to bottom!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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5650 J. Appl. Phys., Vol. 89, No. 10, 15 May 2001 Wu et al.
result of diffused phase transition as that in a relaxor fer
electric.

In the SBTV system, oxygen vacancies could be gen
ated during the sintering and due to the presence of the
duced valence state of vanadium ions. Although it is
tended to partially substitute pentavalent tantalum io
Ta51, with pentavalent vanadium ions, V51, in the B sites of
the layered perovskite structure, tetravalent vanadium io
V41, may form and enter the crystal structure as found in
SBNV system.19 One oxygen vacancy will form with two
tetravalent vanadium ions entering the crystal structure
order to keep the electroneutrality, and the overall reac
could be described using Kroger–Vink notation:

2V511OO
x ⇒2V411VO

dd11
2O2~g! ~1!

whereVO
dd is the oxygen vacancy with two effective pos

tive charges and OO
x is the oxygen ion in oxygen site with

zero effective charge. It is known from thermodynamics, t
annealing at lower temperature would result in further o
dation of low valence-state ions, provided that the atm
sphere gas remains unchanged. In the present study, w
V41 is further oxidized to V51 during annealing at 850 °C in
air, the system will intake oxygen from air to fill the oxyge
vacancy. The reaction will be the opposite direction of re
tion ~1!. Decrease of oxygen vacancies as a result of ann
ing at 850 °C in air for 60 h, would lead to an appreciab
decrease in oxygen vacancy related dielectric relaxation

Contribution to the dielectric constant from the oxyg
vacancy induced dielectric relaxation is significantly larger
high temperatures than that at low temperatures, particul
below the paraferroelectric transition. Oxygen vacancy
duced dielectric relaxation is a diffusion-related proce
which is an activated process and exponentially depen
on temperature. At lower temperatures, there is not eno
energy to overcome the diffusion energy barrier and the o
gen vacancy induced dielectric relaxation is negligible.
high temperatures, there is sufficient energy and the co
bution of the oxygen vacancy induced dielectric relaxat
becomes significant. In addition, the paraferroelectric tra
tion is also a crystal structure transition. At temperatu
higher than the transition point, SBTV has a layered tetr
onal structure, whereas below the transition, it has an or
rhombic structure.28 For a given system, tetragonal structu
imposes lower activation energy, in comparison with t
orthorhombic or other lower symmetric structure.

The annealing at 850 °C in air for 60 h did not result
a distinct shift of the paraferroelectric transition temperat
of SBTV ferroelectric as was found in the SBNV system27

This difference may be the result of the difference in anne
ing conditions used in two systems. In the SBNV syste
pure oxygen and pure nitrogen gases were used to fur
oxidize or reduce the vanadium ions, in order to significan
increase or reduce the concentration of oxygen vacancie
this study, air was used for the annealing. Thus, the cha
in oxygen vacancy concentration would not be as p
nounced as that in the SBNV system annealed in either o
gen or nitrogen. Consequently, the concentration chang
penta- and tetravalent vanadium ions would be relativ
small. The possible change of paraferroelectric transit
Downloaded 29 Sep 2003 to 128.95.118.114. Redistribution subject to A
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temperature due to the annealing was within the range
experimental error. However, annealing at 850 °C in air fo
prolonged period of time, for example 160 h, resulted in
increase of transition temperature at 100 kHz from 364 °C
the as-sintered SBTV sample to 369 °C of 160 h annea
sample.

Figure 5 shows the room temperature dielectric co
stants and tangent loss of as-sintered and 60 h anne
SBTV ceramics as a function of frequency. Both dielect
constants and tangent loss of the as-sintered SBTV sam
have a sharp decrease as the frequency increases from
100 Hz and become constant at frequencies above 1000
In contrast, dielectric constants of the annealed SB
sample remain almost constant throughout the freque
range, though there is a slight decrease of tangent loss at
frequencies from 20 to 1000 Hz. A sharp decrease of b
dielectric constants and tangent loss as frequency incre
from 20 to 1000 Hz can be explained by the space cha
polarization.29 In the SBTV system, space charge polariz
tion is attributed to the limited motion of oxygen vacancie
since the concentration of multivalent vanadium ions in
SBTV crystal is below the minimum to form a percolate
network and no electrical conduction would be possible
the hopping mechanism. The significant reduction of b
dielectric constants and tangent loss of annealed SB
sample at frequencies below 100 Hz indicates that the
nealing reduced the concentration of oxygen vacancies
result of further oxidation of tetravalent vanadium ions
pentavalent ions.

The effect of annealing on the concentration of oxyg
vacancies in the SBTV samples could also be verified fr
the dc conductivity measurements. dc conductivity of bo
as-sintered and annealed SBTV ferroelectrics as a functio
temperature is plotted in Fig. 6. Throughout the temperat
range, the dc conductivity of annealed SBTV ferroelect
sample is one order of magnitude lower than that of
sintered SBTV sample, which could be attributed to the
duced concentration of oxygen vacancies after anneal
The dc conductivity,sdc, of the SBTV sample can be de
scribed as the ordered diffusion of oxygen vacancies un

FIG. 5. Room temperature dielectric properties of as sintered and anne
SBVT: ~-! dielectric constant of as sintered sample;~m! tangent loss of as
sintered sample;~j! dielectric constant of annealed sample;~3! tangent
loss of annealed sample~solid line for dielectric constant and dashed line f
tangent loss!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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an applied electric field, and is given by the following equ
tion, assuming no appreciable contribution from intrins
defects:

sdc5nqm5
4nD0

RT
expS 2E

RTD , ~2!

wheren is the concentration of oxygen vacancies,q is the
number of charges of each charge carrier,m is the mobility
of oxygen vacancies,D0 is the preexponential constant o
diffusion, andE is the activation energy of oxygen vacan
diffusion. According to Eq.~2!, it is evident that the decreas
in dc conductivity of the SBTV samples after 60 h anneal
is attributed to the reduction of oxygen vacancies. In ad
tion, the activation energy for the dc conductivity increas
from ;1.166 eV for the as-sintered SBTV sample
;1.266 eV for the 60 h annealed sample.

Figure 7 plotted both dc and ac conductivity of the a
sintered SBTV ferroelectrics as a function of temperature
conductivity, sac, is given by considering a sinusoida
voltage:29

sac52p f e0e r tand, ~3!

wheref is the frequency,e0 is the permittivity of vacuum,e r

is the dielectric constant, and the tand is the tangent loss. A
a given temperature, the ac conductivity would increase w
increasing frequency. However, at high temperatures, b

FIG. 6. dc conductivity of the as-sintered SBVT~l! and air annealed
sample~-!.

FIG. 7. dc and ac conductivities of as-sintered SBVT sample.
Downloaded 29 Sep 2003 to 128.95.118.114. Redistribution subject to A
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the dielectric constant and the tangent loss at low frequen
increase much faster than at high frequencies.

Efforts were made to determine the amount of oxyg
vacancies and/or tetravalent vanadium ions presented in
SBTV samples prior to and after annealing. The maxim
possible weight change as a result of the formation or eli
nation of oxygen vacancies is calculated to be;0.162%,
assuming all vanadium ions would have a tetravalence s
prior to annealing and change to the pentavalent state w
subjected to annealing. In practice, only a very small fract
of tetravalent vanadium ions would be present in the SB
system, as indicated by the dielectric properties. This wo
explain that no weight loss was found during the anneali
X-ray photoelectron spectroscopy~XPS! was also applied to
determine the valence states of vanadium ions in the SB
samples. Although there was an indication of the presenc
V41 ions prior to annealing, no definite conclusion could
drawn about the change of valence states of vanadium
from the measurements. In the SBTV samples, only 10 a
tantalum ions were replaced by vanadium. It is most like
that only a very small fraction of vanadium may have a t
ravalence state, and a definite measurement of vale
change of vanadium ions could be very difficult using XP
However, the change of the valence state of vanadium i
has been reported in sol-gel prepared vanadium oxide fi
that underwent different heat treatment conditions.30 XPS re-
sults from SBTV samples revealed that annealing did
result in any detectable change in other ions. Extended X
absorption fine structure~EXAFS! experiments were also
conducted to obtain some information of the valence stat
vanadium ions; however, no definite conclusion could be
rived from these EXAFS analyses at this moment. Furth
more, EXAFS experiments revealed that there were
changes in other constituent elements with annealing.

IV. CONCLUSION

Partial substitution~10 at. %! of pentavalent tatanlum
ions by pentavalent vanadium ions with a relatively sma
ionic radius in the SBT layered perovskite ferroelectr
leads to an enhanced dielectric constants, a broadened
and a reduced stability of layered tetragonal perovskite st
ture, as evidenced by an increased paraferroelectric trans
temperature. It was found that the frequency dependenc
paraferroelectric transition temperature and broadening o
electric constant peak in the SBTV system resulted fr
oxygen-vacancy-induced dielectric relaxation, not from d
fused phase transition. Postsintering annealing at 850 °C
air appreciably reduced the concentration of oxygen vac
cies and thus, led to a reduced dielectric constant and tan
loss, particularly at high temperatures. In addition, dc co
ductivity of the SBTV sample was reduced with postsint
ing annealing.
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