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The strontium bismuth tantalate vanadate, $FBigV,.Og, (SBTV) layered perovskite
ferroelectrics were made by solid state powder sintering. It was found that the SBTV ferroelectrics
had the same crystal structure as that of strontium bismuth tantalateT&®j (SBT), but an
increased paraferroelectric transition temperature-360 °C as compared to 305 °C for SBT. In
addition, SBTV ferroelectrics showed a frequency dispersion at low frequencies and broadened
dielectric peaks at the paraferroelectric transition temperature that shifted to a higher temperature
with a reduced frequency. However, after a postsintering annealing at 850 °C in air for 60 h, SBTV
ferroelectrics showed reduced dielectric constants and tangent loss, particularly at high
temperatures. In addition, no frequency dependence of paraferroelectric transition was found in the
annealed SBTV ferroelectrics. Furthermore, there was a significant reduction in dc conductivity
with annealing. The prior results implied that the dielectric relaxation in the as-sintered SBTV
ferroelectrics was most likely due to the oxygen-vacancy-related dielectric relaxation instead of
relaxor ferroelectric behavior. @001 American Institute of Physic$DOI: 10.1063/1.1366657

I. INTRODUCTION transition of such ferroelectrics varies characteristically with

. ) . frequency. Such ferroelectrics are known as relaxor ferro-

Layered perovskite strontium bismuth tama'at&electrics, and typical examples include (Rlig;,3Nby9)O5

SrBi;Ta,0g, (SBT) is one of the most promising fatigue free (p\vN) and PI6Zn;,Nb,) 05 (PZN).1415 Although common
characteristic ferroelectrics for nonvolatile digital informa- rejaxors have isotropic perovskite structures, dielectric relax-
tion memory devices:® The dielectric and ferroelectric ation has also been reported in layered perovskite ferroelec-
properties of the SBT system have been widely studied in thgics, For example, there are reports on the relaxation process
form of bulk materials and thin films, and a sharp dielectrichg|ow the Curie point in bismuth titanate ceramics and single
constant peak corresponding to a paraferroelectric transitioerystab}ﬁ Another example is the SBN system with Bi-site
was reported in the range of 300-320%C.It has been g pstitution by tellurium and strontium by sodium or potas-
found that small changes in chemical composition, such agjym. A second maximum in the dielectric constant caused
strontium deficiency and/or excess bismuth, results in eNpy doping is found at higher temperature possibly corre-
hanced dielectric and ferroelectric properties including di'sponding to a relaxor ferroelectrié.
electric constant and remanent polarizafionin a related This article reports the electrical and dielectric properties
system, strontium bismuth niobate, $B8b,0q (SBN), par-  of the SBTV ferroelectrics. Dielectric constants and tangent
tial substitution of pentavalent niobium ions, Nb with |05 of SBTV ferroelectrics have been studied as functions of
smaller pentavalent vanadium ions?\/ resulted in en- frequency and temperature. Postsintering annealing at 850 °C
hanced dielectric and ferroelectric properties including bothy, air for 60 h was conducted to study the influences of
dielectric constants and remanent polarization, which wagyygen-vacancy-related dielectric relaxation. In addition, dc
attributed to an increased “rattling space” inside the oxygenconductivity of both as-sintered and annealed SBTV ferro-
octahedrd™*! Furthermore, partial substitution of strontium ejectrics were analyzed, in order to determine the change of
with other cations such as calcium and lanthanium in SB'\bxygen vacancies with postsintering annealing. The mecha-
ferroelectrics was reported to have modified dielectric andyism for the dielectric peak broadening and frequency dis-

electric properties including enhanced paraferroelectric tranyersion in the as-sintered SBTV ferroelectrics has been dis-
sition temperature and reduced electrical conducti@yar- ¢ ssed.

tial substitution in perovskite ferroelectrics may also result in
the formation of a heterogeneous microstructure that consists
of microdomains that have slightly different chemical com-!I- EXPERIMENT

positions. These microdomains with various chemical com-  pqycrystalline strontium bismuth tantalate vanadate ce-
positions will have different paraferroelectric transition tem- o i samples with compositions of SgB&,0, (SBT) and
peratures, and thus lead to a broadened dielectric peak at t@BizTal V0.0, (SBTV) were prepared by solid state reac-
transition temperatur® In addition, the paraferroelectric tion sint'erin'g. The process carried out was similar to the
procedure applied in the preparation of strontium bismuth
¥Electronic mail: gzcao@u.washington.edu niobate vanadate ferroelectrits'! The starting materials
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used were SrCQ Bi,O3, V,05, and TgOs (all with a pu-
rity of 99%, Aldrich Chem. Cg. The powders were admixed
with the desired molar ratio. Approximately 3.5 wt % excess  soo SBTV
Bi,O; was added, which was to compensate weight loss of
Bi,O; due to its high vapor pressuré/50 mmHg at
1570 °Q.*® Powders were ball milled and then fired in air for
2 h at 850°C for SBTV and 1000 °C for SBT. The fired
powders were ground, admixed with about 1-1.5 wt % poly-
vinylalcohol (PVA, average M.W=50 000—85 000, Aldrich 100
Chem. Co). as a binder and pressed into pellets by uniaxial
pressing at~250 MPa. The pellets were sintered in closed 0
crucibles at 1000 °C for SBTV and 1200 °C for SBT for 2 h

in air. The total weight loss was found to be around 7 wt %,
including the loss of C@as a result of calcination of SFtGQ  FIG. 1. Dielectric constants vs temperature for SBT and SBTV ceramics at
the pyrolysis of PVA binder, and the evaporation of the rela-100 kHz.

tively volatile Bi,O;. The loss of BjO; is estimated to be

2.7 wt%, below the 3.5 wt% excess, B initially added

into the system. Annealing at 850 °C in air for various peri-stant of~400, whereas the SBTV sample has a broad peak
ods of time was applied to study the oxygen vacancy-relatedround 364 °C with a maximal dielectric constant of 454. In
dielectric relaxation. addition, the dielectric constant of the SBTV sample at tem-
Phase formation and crystallinity of the sintered samplegeratures above the paraferroelectric transition is signifi-
were characterized by means of x-ray diffracti®tRD) us-  cantly higher than that of SBT sample. Higher transition
ing CuKa radiation. Microstructures of both samples weretemperature and enhanced maximal dielectric constant at the
analyzed by optical microscopy and scanning electron mitransition temperature could be attributed to the partial sub-
croscopy(SEM, JSM 5200 For the electrical property mea- stjtution of pentavalent tantalum ior§a®*: 69 pnf% by
surements, the sintered pelldts10 mm in diameterwere  smaller pentavalent vanadium iof>*: 59 pnt?) in the B
polished to a thickness of1 mm and electroded with silver sites in the layered perovskite structure. Similar results were
paste on both sides and cured at 550 °C for 30 min on a h@bund in the SBN system when partial pentavalent niobium
plate. The dc electrical CondUCtiVity was measured at temi'ons were substituted by pentava|ent vanadium FBH%
peratures ranging from 300 to 600 °C using a FLUKE 8842AHowever, the appreciably broadened dielectric peak at the
multimeter (John Fluke Ing. The dielectric properties and transition temperature and significantly enhanced dielectric
ac conductivity measurements were carried out in the temconstants at temperatures above the transition point of the
perature range from 20 to 600 °C at various frequencies USSBTV sample were not found in the SBNV system. Two
ing a Hewlett-Packard 4284A Precision LCR meterpossible mechanisms may explain the broadened dielectric
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(Hewlett-Packard Co.with a signal voltage of 50 mV. constant of the SBTV ferroelectric material at the transition
temperature. One is that the partial substitution of tantalum
IIl. RESULTS AND DISCUSSION ions by vanadium ions in the B sites in the layered perovskite

structure results in the formation of heterogeneous domains,

Both SBT and SBTV samples had dense microstructures/hich have various transition temperatures just like isotropic
with ~95% theoretical density. XRD analyses indicated bothperovskite relaxors such as (®g;;Nby)05.21 Another
SBT and SBTV ceramics consisted of a single layered perpossible explanation is due to the defect relaxation at el-
ovskite phase with no detectable secondary phase. This indévated temperatures, which has been found in bismuth-doped
cates that the layered perovskite structure of SBT was prestrontium titanate systef?.More experiments were carried
served with partial substitution of tantalum ions by vanadiumout in order to get a better understanding of the dielectric
ions up to 10 at. %. Although the radius of pentavalent vaproperties of the SBTV system.
nadium ions are significantly smaller than that of pentavalent  Figure 2 shows the dielectric constants of SBTV ferro-
tantalum ions, no appreciable change of lattice constants wadectrics as a function of temperature measured at different
found from the XRD spectra. The presence of@i' layers  frequencies ranging from 500 Hz to 500 kHz. At high fre-
might impose a restriction to prevent the possible reductiorquencies, there is a broad peak, whereas at 500 Hz, the broad
of lattice constants. Similar results were found in the SBNVpeak is almost completely shadowed by a gradual increased
system with less than 15 at. % vanadium substitutttt®EM  dielectric constant with an increasing temperature. The para-
observation revealed that SBT ceramics showing larger graiferroelectric transition temperature is found to increase with
size (~2 um) than that of SBTV ferroelectricé~1 um). a reduced frequency. Another important observation is that
This is possibly due to the higher sintering temperature usethe dielectric constants at low temperatures are the same re-
for the SBT system. gardless the frequencies used for the measurements, whereas

Figure 1 shows the dielectric constants of both SBT andhe dielectric constants at high temperatures vary markedly.
SBTV ceramics as a function of temperature measured &s the frequency changes from 500 Hz to 500 kHz, the di-
100 kHz. The SBT sample shows a typical paraelectric-electric constants of SBTV at 600 °C reduced frer800 to
ferroelectric transition at 305 °C with a peak dielectric con-~400, one order of magnitude reduction. The above results
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FIG. 2. Dielectric constants vs temperature for SB{@ at. % \) ceramics  FIG. 4. Dielectric properties of 60 h annealed samples at 1 k, 10 k, 100 kHz
at various frequencies. (from top to botton.

imply that there might be an extra mechanism contributing to

dielectric polarization at high temperatures, but not at low ) , ,

temperatures. Figure 3 depicts the dielectric constants an%leCtr'C constar:ts at h,'gh te_m,;,)eratures with a low frequengy.
tangent loss of SBTV sample as a function of temperaturd "€ Observed “negative shift” of apparent paraferroelectric
with two frequencies 10 and 100 kHz. The figure shows thaf'@nsition temperatures could also be explained as a result of
the transition temperatures are 378 and 364 °C at 10 and 168 overlap of the_: true p_araferrpelectnc tra_\nsmon du_alectrlg
kHz, respectively. The tangent loss increases with temperé:-onStam peak_W|th the increasing defect induced dielectric
ture; however, the change at 10 kHz is significantly fastef€l@xation at high temperatures. However, the overlap made
than that at 100 kHz. Since the temperature of the dielectrift difficult to precisely determine the true transition tempera-
constant maximum shifting to higher temperatures with arfure- , ) i , ,
increasing frequency has been reported as one characteristic P€fect induced dielectric relaxation would be directly
of relaxors®-2this negative shift might not come from the related to the concentration of defects, Whlch_ln the_ present
relaxor ferroelectric. Besides, the significantly enhanced diSyStem would be related to the oxygen vacancies. It is known
electric constants with a reduced frequency at high temperdfat the oxygen vacancy concentration would change with
tures could not be explained. Defect induced dielectric relaxtN€ POStsintering annealing. The change would depend on the
ation would be directly related to the concentration of2Nnealing temperature, gas atmosphere, and the materials in

defect?® In the present systems, the defects would be relate§U€stion- For example, an appreciable change of the oxygen

to the oxygen vacancies. The significantly enhanced dielec/2€@ncy concentration was found in the SBNV system with

tric constant at high temperatures may be due to the mob”gostsintering annealing at various atmosphéfes this

charge carriers, which may be related to the oxygen vacaﬁ’york’ the as-sintered SBTV ceramic sample was annealed at

cies. It is well known that the oxygen vacancies play and20°C for 60 h in air to lower the concentration of oxygen

important role in the electrical polarization of perovskite Yacancies. Since the annealing temperature is much lower

material?? Oxygen vacancy induced polarization becomestha” the sintering temperature, SEM images showed there

more predominant at high temperatures due to an increase{fS N0 detectable change in the microstructure including

vacancy concentration, and low frequencies due to the inertiflfin sizé and porosity of the SBTV sample before and after

of oxygen ions. This explains the significantly enhanced di_annealing. Figure 4 shows the dielectric constants of the

SBTV sample annealed in air at 850 °C for 60 h as a function
of temperature at frequencies of 1 k, 10 k, and 100 kHz. In

1000 3 comparison with the data in Fig. 2, the dielectric constants of
900 the annealed SBTV sample at high temperatures are lower
800 P25 than that of as-sintered SBTV sample, particularly measured

§ 700 o 1o W with low frequencies. However, the dielectric constants at
é 600 o N\ syl § temperatures below the paraferroelectric transition remain
o 500 - ' '\ 1155 more or less unchanged. In addition, the transition tempera-
g 400 ] 3 ture of the annealed SBTV sample is found to be indepen-
2 300 |

jn& 10 khz ] dent of frequency, whereas the transition temperature shows
200 |, gsuusss > 05 a negative shift with an increasing frequency for the as sin-
R N— tene: 100Kz tered SBTV. The above results could be attributed to a re-

O ‘ 0 duced ion of ies by th I
200 250 300 350 400 450 500 uced concentration of oxygen vacancies by the annealing.
: Temperature (°C) Thus the broadening of the dielectric peak and the shift of
paraferroelectric transition of as-sintered SBTV ferroelec-
FIG. 3. Dielectric constants and tangent loss of STV at. % \j ceramics ~ LI1CS are most likely que to the defect-mduced-d|623Iectr|c re-
vs temperature at 10 k and 100 k Hz. laxation as reported in the Bi-doped SrEi®ysten?? not a
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result of diffused phase transition as that in a relaxor ferro-

electric. 350 — 070

In the SBTV system, oxygen vacancies could be gener- E - -+ - tangent loss - 0.60

. . . 300 _____ dielectric constant
ated during the sintering and due to the presence of the re & AN 1 o050
duced valence state of vanadium ions. Although it is in- 3 250 As sintered 040 a
tended to partially substitute pentavalent tantalum ions, § 1 g
Ta>*, with pentavalent vanadium ions?V, in the B sites of B 200 AN r030 2
the layered perovskite structure, tetravalent vanadium ions 2 A"“j"e“ \ Loz "
% XT;'X;‘

V4*, may form and enter the crystal structure as found inthe ~ 150 | W .x "\
SBNV system® One oxygen vacancy will form with two - R WIGIRI IR =y
tetravalent vanadium ions entering the crystal structure, in 100 oAt A L Ak 1S
order to keep the electroneutrality, and the overall reaction
could be described using Kroger—Vink notation:

0.10
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5+ « 4+ P FIG. 5. Room temperature dielectric properties of as sintered and annealed
2V +Oo:>2V + Vo + Eoz(g) (1) SBVT: ([]) dielectric constant of as sintered samil&) tangent loss of as

P . . . sintered sample{Hl) dielectric constant of annealed sampl&;) tangent
whereVg ™ is the oxygen vacancy with two effective posi- |oss of annealed samplsolid line for dielectric constant and dashed line for

tive charges and ®is the oxygen ion in oxygen site with tangent loss
zero effective charge. It is known from thermodynamics, that
annealing at lower temperature would result in further oxi-
dation of low valence-state ions, provided that the atmotemperature due to the annealing was within the range of
sphere gas remains unchanged. In the present study, wherperimental error. However, annealing at 850 °C in air for a
V4" is further oxidized to V* during annealing at 850 °C in  prolonged period of time, for example 160 h, resulted in an
air, the system will intake oxygen from air to fill the oxygen increase of transition temperature at 100 kHz from 364 °C of
vacancy. The reaction will be the opposite direction of reacthe as-sintered SBTV sample to 369 °C of 160 h annealed
tion (1). Decrease of oxygen vacancies as a result of anneasample.
ing at 850 °C in air for 60 h, would lead to an appreciable  Figure 5 shows the room temperature dielectric con-
decrease in oxygen vacancy related dielectric relaxation. stants and tangent loss of as-sintered and 60 h annealed
Contribution to the dielectric constant from the oxygenSBTV ceramics as a function of frequency. Both dielectric
vacancy induced dielectric relaxation is significantly larger atconstants and tangent loss of the as-sintered SBTV sample
high temperatures than that at low temperatures, particularljave a sharp decrease as the frequency increases from 20 to
below the paraferroelectric transition. Oxygen vacancy in-100 Hz and become constant at frequencies above 1000 Hz.
duced dielectric relaxation is a diffusion-related process|n contrast, dielectric constants of the annealed SBTV
which is an activated process and exponentially dependersiample remain almost constant throughout the frequency
on temperature. At lower temperatures, there is not enougtange, though there is a slight decrease of tangent loss at low
energy to overcome the diffusion energy barrier and the oxyfrequencies from 20 to 1000 Hz. A sharp decrease of both
gen vacancy induced dielectric relaxation is negligible. Atdielectric constants and tangent loss as frequency increases
high temperatures, there is sufficient energy and the contrirom 20 to 1000 Hz can be explained by the space charge
bution of the oxygen vacancy induced dielectric relaxationpolarization?® In the SBTV system, space charge polariza-
becomes significant. In addition, the paraferroelectric transition is attributed to the limited motion of oxygen vacancies,
tion is also a crystal structure transition. At temperaturessince the concentration of multivalent vanadium ions in the
higher than the transition point, SBTV has a layered tetragSBTV crystal is below the minimum to form a percolated
onal structure, whereas below the transition, it has an orthaaetwork and no electrical conduction would be possible via
rhombic structuré® For a given system, tetragonal structure the hopping mechanism. The significant reduction of both
imposes lower activation energy, in comparison with thedielectric constants and tangent loss of annealed SBTV
orthorhombic or other lower symmetric structure. sample at frequencies below 100 Hz indicates that the an-
The annealing at 850 °C in air for 60 h did not result in nealing reduced the concentration of oxygen vacancies as a
a distinct shift of the paraferroelectric transition temperatureresult of further oxidation of tetravalent vanadium ions to
of SBTV ferroelectric as was found in the SBNV systém. pentavalent ions.
This difference may be the result of the difference in anneal- The effect of annealing on the concentration of oxygen
ing conditions used in two systems. In the SBNV systemyacancies in the SBTV samples could also be verified from
pure oxygen and pure nitrogen gases were used to furthéhe dc conductivity measurements. dc conductivity of both
oxidize or reduce the vanadium ions, in order to significantlyas-sintered and annealed SBTV ferroelectrics as a function of
increase or reduce the concentration of oxygen vacancies. bemperature is plotted in Fig. 6. Throughout the temperature
this study, air was used for the annealing. Thus, the changenge, the dc conductivity of annealed SBTV ferroelectric
in oxygen vacancy concentration would not be as prosample is one order of magnitude lower than that of as-
nounced as that in the SBNV system annealed in either oxysintered SBTV sample, which could be attributed to the re-
gen or nitrogen. Consequently, the concentration change afuced concentration of oxygen vacancies after annealing.
penta- and tetravalent vanadium ions would be relativelyThe dc conductivity,oy., of the SBTV sample can be de-
small. The possible change of paraferroelectric transitiorscribed as the ordered diffusion of oxygen vacancies under
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the dielectric constant and the tangent loss at low frequencies
increase much faster than at high frequencies.

Efforts were made to determine the amount of oxygen
vacancies and/or tetravalent vanadium ions presented in the
SBTV samples prior to and after annealing. The maximal
possible weight change as a result of the formation or elimi-
nation of oxygen vacancies is calculated to $6.162%,
assuming all vanadium ions would have a tetravalence state

D prior to annealing and change to the pentavalent state when
subjected to annealing. In practice, only a very small fraction
1 12 14 16 18 of tetravalent vanadium ions would be present in the SBTV
system, as indicated by the dielectric properties. This would
explain that no weight loss was found during the annealing.
FIG. 6. dc conductivity of the as-sintered SB®) and air annealed  X-ray photoelectron spectrosco¥PS) was also applied to
sample([]). determine the valence states of vanadium ions in the SBTV
samples. Although there was an indication of the presence of
V4* ions prior to annealing, no definite conclusion could be
an applied electric field, and is given by the following equa-drawn about the change of valence states of vanadium ions
tion, assuming no appreciable contribution from intrinsicrom the measurements. In the SBTV samples, only 10 at. %

As sintered

-10

Ln (cT) (@ cm)”" K

-12

14

1000/T (K ™)

defects: tantalum ions were replaced by vanadium. It is most likely
that only a very small fraction of vanadium may have a tet-

Tg=NGu = ﬂex;{ __E) ?) ravalence state,_ anq a definite measu_re.ment Qf valence
RT RT change of vanadium ions could be very difficult using XPS.

However, the change of the valence state of vanadium ions

has been reported in sol-gel prepared vanadium oxide films
¢ that underwent different heat treatment conditidhxPS re-
sults from SBTV samples revealed that annealing did not
result in any detectable change in other ions. Extended X-ray

wheren is the concentration of oxygen vacancigsis the
number of charges of each charge carrjelis the mobility
of oxygen vacancied), is the preexponential constant o
diffusion, andE is the activation energy of oxygen vacancy

diffusion. According to Eq(2), it is evident that the decrease ) : X
absorption fine structuréEXAFS) experiments were also

in dc conductivity of the SBTV samples after 60 h annealing : : .
is attributed to the reduction of oxygen vacancies. In addiconducted to obtain some information of the valence state of

tion, the activation energy for the dc conductivity increased’@nadium ions; however, no definite conclusion could be de-
from ~1.16+ eV for the as-sintered SBTV sample to rived from these EXAFS analyses at this moment. Further-

~1.26+ eV for the 60 h annealed sample. more, EXAFS experiments revealed that there were no

Figure 7 plotted both dc and ac conductivity of the as_changes in other constituent elements with annealing.

sintered SBTV ferroelectrics as a function of temperature. ac
conductivity, o5, IS given by considering a sinusoidal |y, CONCLUSION
voltage?®
Partial substitution(10 at.%) of pentavalent tatanlum
ions by pentavalent vanadium ions with a relatively smaller
wheref is the frequencyeg, is the permittivity of vacuume, ionic radius in the SBT layered perovskite ferroelectrics
is the dielectric constant, and the téis the tangent loss. At leads to an enhanced dielectric constants, a broadened peak,
a given temperature, the ac conductivity would increase witlnd a reduced stability of layered tetragonal perovskite struc-
increasing frequency. However, at high temperatures, botklre, as evidenced by an increased paraferroelectric transition
temperature. It was found that the frequency dependence of
paraferroelectric transition temperature and broadening of di-
2 electric constant peak in the SBTV system resulted from
oxygen-vacancy-induced dielectric relaxation, not from dif-
fused phase transition. Postsintering annealing at 850 °C in
air appreciably reduced the concentration of oxygen vacan-
cies and thus, led to a reduced dielectric constant and tangent
loss, particularly at high temperatures. In addition, dc con-
ductivity of the SBTV sample was reduced with postsinter-
ing annealing.

o= 27l ege, tan s, 3

Ln (¢T) (g cm)y'K
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