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Layered perovskite ferroelectrics, such as SrBiaNba0y
{SBN) and SrBis Ta;Og (SBT), are excellent candidates
for applications in information data storage in digi-
tal memory systems, since they offer several advan-
tages like being fatigue-free and having independence
of ferroelectric properties with film thickness, as com-
pared with isotropic perovskite ferroelectrics such as
PhiZr, TiOs (PZT) [1-3]. Much work has been done in
the development of layered perovskite ferroelectrics for
applications in information storage such as ferroelectric
random access memories (FeRAM) [4-6]. Lavered per-
ovskite ferroelectrics, however, suffer from two draw-
hacks: a relatively low remanent polarization and a high
processing temperature [7]. In addition, the d.c. con-
ductivity of layered perovskite ferroelectrics is higher
than that of PZT. Efforts have been made to enhance
the properties of lavered perovskite ferroelectrics by
the addition or substitution of alternative cations. For
example, partial substitution of S$r** by Bi** has re-
sulted in the most noticeable improvement of ferro-
electric properties [8-10]. Both the Curie points and
the peak dielectric constant increased significantly with
an increased Bi'* substitution. The substitution of bi-
valent Sr** cations by trivalent Bi*" introduces cation
vacancies, 50 as Lo maintain electroneutrality. The in-
corporation of barium ions into strontium positions was
also reported 1o produce higher remanent polarization
than the intrinsic SrBi=Taz Oy thin films [11].

Our approach is to substitute Nb™ with a much
smaller cation V3* to enhance the ferroelectric proper-
ties through increasing “the rattling space’ and thus the
polarizability in SBN, Our previous letter reported that
layered perovskite ferroelectrics, SBN, with niobium
substituted by vanadium up to 10 at%, by solid state
reaction sintering, retained the same crystalline struc-
ture with a slight decrease in crystal lattices, in spite
of the significant difference in ionic radii of vanadium
(58 pm) and niobium (69 pm) cations [12]. The par-
tial substitution of niobium by vanadium resulted in an
appreciably decreased sintering temperature, partially
due to the low melting point of V205, The resultant
SrBiz(V,Nby_ 130y (SBVN, with x =0.1) ceramics
exhibit enhanced ferroelectric properties as indicated
by the shift of the Curie point towards higher temper-
atures and increased dielectric constants at the Curie
points. In addition, it was found that the incorporation
of vanadium into the layered perovskite structure did
not result in an inerease in loss tangent. In this letter, we
report the study on the £- £ hysteresis loops and the d.c.
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conductivity of the new layered perovskite ferroelectric
SBVN prepared by solid state reaction sintering. The ef-
fects of vanadium incorporation on remanent polariza-
tion, coercive field and d.c. conductivity are discussed
as well.

Detailed information of sample preparation was pre-
sented in our previous letter [13] and the follow-
ing is a brief summary of the preparation procedure.
The polycrystalline vanadium doped strontium bismuth
vanadium niobate ceramic samples with a composition
of SrBi;(V,Nb_,)20q (SBVN} with x ranging from
0o 0.1 (10 at%) were prepared by solid state reac-
tion sintering. The starting materials used were SrCOs,
Biz04, V205, and Nba Os (Aldrich Chem. Co.), all with
a purity of 99%. The powders were admixed with a de-
sired weight ratio with approximately 4.5 wi% excess
Biz05, which was to compensate for the weight loss
of Bi;Os due to its high vapor pressure (750 mmHg at
1570°C). Powders were ball milled and then fired in air
for 2 hat 8501000 “C. The fired powders were ground,
admixed with about 1-1.5 wt% palyvinylalcohol (PVA,
Aldrich Chem. Co.) as a binder and pressed into pellets
uniaxially at ~300 MPa. The pellets were sintered in
closed crucibles at 950-1150°C for 0.5-2 h in air. All
sintered pellets had a relative density above 94% with
less than 3 wit% weight loss. X-ray diffraction analy-
ses indicated all samples consisted of a single layered
perovskite phase without detectable secondary phase.
Table I summarizes some information on the three sam-
ples studied in this letter, Prior to property measure-
ments, all the samples were annealed at 800°C for
3 hin oxygen. The pellets (~8.6 mm in diameter) were
polished to a thickness of approximately 0.25 mm and
electroded by sputtering Pt on both sides.

The P-E hysteresis loop measurement was perform-
ed using a standard Sawver-Tower circuit with a ref-
erence resistor of 107 ohm and a reference capacitor
of 9.43 x 10~7 mF. The parameters used for the mea-
surement were: peak voltage, 3500 V; frequency, 10 Hz;

TABLE | Composttions, sintering condition, relative density, and the
Curne points of the lavered perovskite SBN samples with and without
visnadium doping

Sintering Relative Curie poinis
Sample condition density (%) {°C)
SBN 1150 ' C0.5h a4 =435
SBYN (5 0% V) 950°C-2 h s ~-455
SBYN (1D ai% V) 9500 C-2 h a7 ~dd 3
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Figure | P-E hysteresis loops Tor SBVN samples withoul vanadium
(%, al 178°C), with 5 ot% vanadium (0, at 165 °C and with 10w
vanadium (&, at 165°C).

and wave form, triangle. Fig. 1 shows the P-E hys-
teresis loops of the SBVN samples with x =0, 0.05,
and 0.1 respectively. The P-E hysteresis loop of the
SBN sample was measured at 178 °C; while those
of SBVYN with + =005 and 0.1 were determined al
165 °C with all other measurement parameters the
same, This figure clearly demonstrated that the sub-
stitution of niobium by vanadium has a significant
influence on the ferroelectric properties. The coercive
field reduces from 2E. =(E., — Eo_)=125k¥ ¢m™!
for SBN without vanadium doping to 80-90 kV em™'
for SBVIN with 5-10 at% vanadium doping. The rema-
nent polarization increases significantly from approx-
imately 2P, =(P. — P.)=4.8 uCem - for SBN
without vanadium doping to 2P, = 7 puC em ™" for 5 at%
doped SBVN, and to 2P, = 16 uC cm* for 10 a%
doped SBVI. From the literature, typical 2F, and 2£,
for SBN films were found to be around 5-20 uC em ™~
and 200-250 kY cm™' [14-16]. Considering the dif-
ference in measuring temperature and processing con-
ditions, and the difference between thin films and bulk
ceramics, the ferroelectric properties of the SBN ce-
ramic in this study shows very good agreement with
the literature,

The exact mechanism by which the substitution of
miobium by vanadium results in a significant enhance-
ment in polarization and a decrease in coercive feld
is a subject for further study. One possible explana-
tion is the increased “'rattling space” inside the oxygen
octahedron. The polarizability in isotropic perovskites
{ABOs) has been a subject of intensive study and it has
been found that the polarizability is largely determined
by the sizes of the A and B cations [17]. In general, asize
decrease of B cations (located inside an oxygen octa-
hedron) 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 in-
crease of A cations leads to an increased size of the oxy-
gen octahedron and thus results in an increase in both
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polarizability and the Curie point. The crystal structure
of SBN consists of the perovskite sheet (SrNbaO; )
interleaved with bismuth oxide lavers where distorted
NbOg octahedral are the origin of ferroelectricity as a
result of the shift of Nb™ away from the center posi-
tion below the Curie temperature. Although V7 can
have six-fold coordination of oxygen, it is too small
to form a stable layered perovskite structure. How-
ever, partial substitution of Nb** by V** up 1o 10 at%
results in a stable layered perovskilte structure as re-
ported in our previous work [13]. A significant size
decrease from Nb*t (69 pm) to V¥ (58 pm) would
certainly result in an increase in the “rattling space”
inside the oxygen octahedron and thus a significant in-
crease in polarization.

In general, the substitution of alternative cations in
isotropic perovskite ferroelectrics would have the ef-
fect of restricting domain wall motion, and would thus
result in an increased coercive field [18]. A decrease in
coercive fields with an increasing amount of vanadium
substitution in the present study suggests a different
mechanism is predominant. It is possible that vanadium
cations with a much smaller ionic radius require a lower
potential energy 1o rattle from one position 1o another
inside the oxygen octahedron and that this leads o a
lowered coercive field.

The d.c. conductivity of the new layered perovskite
ferroelecirics, SBYN were studied by means of the
a.c. impedance measurements using a Hewlett Packard
Precision 4284A LCR Meter at temperatures ranging
from 60°C to 700°C in a frequency range from 20 Hz
to 1 MHz. Fig, 2 shows the d.c. conductivities of the
SBVN ferroelectrics as a function of temperature. For
all three cases. a transition temperature between 250 °C
and 320°C was observed at which the conduction
mechanism changed. This figure shows that there are
two predominant conduction mechanisms at different
temperature ranges, regardiess of vanadium doping. Al
temperatures below the transition point, the electrical
conduction 15 likely to be dominated by extrinsic de-
fects, such as unintentionally introduced impurities and
the d.c. conductivities for all three samples were found
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TABLE 11 Activation energies. transition temperature and d.c. con-
ductivity at 60 “C for samples with different vanadium doping

Transition ¢, conductivity at
Sample E(eV)  temperare {"Ci  60°C(Sem™')
SBN 1174 ~250 2.12 % 1077
SBVNI(Sat%h V) 1114 ~Z80 2.4 x 1077
SEBYN(ID at®e V) 1074 ~320 2,08 x 107"

the same at approximately 2 x 10~ S cm™'. This d.c.
conductivity is approximately 2 orders of magnitude
lower than that reported in the literature but is still
higher than the result from PZT [19, 20]. At temper-
atures higher than the transition point, the conduction
is presumably dominated by the intrinsic defects. It is
found that the d.c. conductivities of the SBVN ceram-
ics decreased with an increased doping content at the
higher temperature range, while there was an apprecia-
ble decrease from 1.174 eV to 1.074 eV as the vanadium
doping increased from 0 to 10 at%, Table Il summarizes
the conduction transition temperature, activation ener-
gies for intrinsic conduction and d.c. conductivities at
60 °C.

Since the d.c. conductivity depends on both the
concentration and mobility of charge carriers. a re-
duced d.c. conduetivity suggests a reduced concentra-
tion and/or mohility of charge carriers. The substitu-
tion of niobium by vanadium may result in increased
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 vana-
dium doping, however, suggests that the concentra-
tion of intrinsic charge carriers may increase due to
the incorporation of vanadium cations. If the primary
intrinsic charge carriers in the layered perovskite fer-
roelectrics, SBNY, are oxygen vacancies, a relatively
lower diatomic bond strength of V-0 bonds (~627 kl
mol™ "), as compared to that of Nb-O bonds (~703 ki
mol~") [21], could be responsible for the reduced acti-
vation energy with an increasing amount of vanadium
doping. In addition, the multivalence state of vana-
dium cations may contribute extra electrical condue-
tion, leading to a lower activation energy. The exper-
imental results observed in this study suggest that the
effects of vanadium doping on the d.c. conduction is
complex, and further analysis is required to achieve a
better understanding.

In summary, the ferroelectric properties of the lay-
ered perovskite, SBN, have been significantly enhanced
with vanadium doping up to 10 at%, while the lay-
ered perovskite structure was preserved, Substitution of
niobium by much smaller vanadium cations resulted in
an increased “rattling space.” leading to a significantly
higher remanent polarization from ~2.4 pC em™ to
~8 uCem™* with 10 at% V> doping and a lower coer-

cive field from ~63kV em ™" to~45kV em™' . Atlower
temperatures, the SBVN samples show almost the
same d.c. conductivities (~107" § em~ ') regardless of
vanadium doping, while at the higher temperature range
the vanadium doped samples have lower conductivities,
Reduced d.c. conductivities at high temperatures may
be atributed to the increased complexity in crystal
structure with partial substitution of niobium by vana-
dium.
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