
Impact of Sr content on dielectric and electrical properties of pulsed laser
ablated SrBi 2Ta2O9 thin films
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The ferroelectric properties of SrBi2Ta2O9 thin films grown by laser ablation were investigated as
a function of the Sr12 content in the films. Different target compositions were used to obtain films
with different Sr12/Ta15 ratios. The initial composition was according to the stoichiometric
composition~1/2!, and the Sr12/Ta15 ratio was varied to 0.7/2.0. It was seen that the remanent
polarization showed a consistent increase, as the film became more deficient of ‘‘Sr12’’ up to a
certain extent. Similarly, a decrease in the dielectric constant and the leakage current with the
decrease of Sr12 in the film was observed. The dielectric transition temperature showed an increase
with the reduction of Sr12 content and was seen to approach the bulk value.
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I. INTRODUCTION

There has been an increasing interest in the area of fe
electric materials owing to their interesting properties t
would be useful in memory devices.1,2 There are several on
going research efforts3,4 searching for the most suitabl
ferroelectric material that has reasonably high remanent
larization, low coercive field, and a very high fatigue lifetim
to ensure the reliability of a nonvolatile random acce
memory. There had been an extensive survey on lead b
perovskite materials since they were seen to exhibit a v
high value of the remanent polarization~35 mC/cm2!.5,6 But
they did suffer from severe fatigue problems that caused
remanent polarization to drop down by more than 20% a
repeated read/write operations.7 Therefore, a new group o
materials was sought for this purpose, and it was seen
the bismuth layered ferroelectric system could provide a
tigue free performance even beyond 1012 read/write cycles.8

These materials possess a lower coercive field and, b
free from lead, they are relatively easier to be processed.
most promising among this group of materials a
SrBi2Ta2O9 ~SBT! and SrBi2Nb2O9. There are numerou
reports that are mostly related to the optimization of th
deposition conditions and characterizations of their vari
properties,9–11 and to understand the underlying mechani
for their fatigue resistance. The effects of the addition
other elements into the various sites of the layered perovs
lattice have also been studied.12,13 To improve the ferroelec-
tric properties, efforts have already been made to grow
nonstoichiometric SBT thin films by sol-gel technique
well as metal-organic chemical-vapor depositi
technique.14–16 It was reported by Noguchiet al.17 that SBT
thin films of 0.8/2.2/2~Sr/Bi/Ta! composition showed an im
provement in remanent polarization. In the present arti
we have studied the effects of ‘‘Sr’’ deficiency in laser a
lated SrBi2Ta2O9 ~SBT! thin films. The impact of the Sr~%!
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content in SBT thin films has been studied in light of the
structural properties, and the electrical properties, which
cluded polarization hysteresis, ac conductivity, phase tra
tion, and the dc leakage properties, etc. The reversible
irreversible contributions to the total polarization as a fun
tion of Sr12 content was also estimated in this article in t
light of the Rayleigh analysis, which is applicable both f
magnetic and ferroelectric materials.18–20

II. EXPERIMENT

Polycrystalline SBT thin films were grown using a Kr
pulsed excimer laser ablation technique~Lambda Physik,
248 nm wavelength!. A dense single phase SBT ceramic pa
let was used as the target. The base pressure was bro
down to 231025 Torr prior to the oxygen incorporation into
the deposition chamber. The substrate temperature du
deposition was maintained at 400 °C, while oxygen par
pressure was 100 mTorr. The as-grown films were subjec
to ex situ annealing at different temperatures from 700
800 °C for 30 min. The films were structurally characteriz
by means of x-ray diffraction~Scintag, xds2000!, and scan-
ning electron microscopy~Cambridge Instruments! was used
to study the microstructure, while the composition of t
films was determined by energy dispersive x-ray analy
~Oxford Instruments!. Gold dots of 800 Å thickness and 50
mm diameter were deposited to form the top electrodes
the films. Ferroelectric hysteresis properties were studied
means of an RT-66A ferroelectric test system~with a test
pulse width of 8 ms.!. Capacitance–voltage (C–V) charac-
teristics were studied using a Keithley 3330 LCZ me
~coupled with a Keithley 230 voltage source! at frequencies
from 1 to 100 kHz with an oscillation amplitude of 50 mV
The dielectric and ac electric properties of SBT thin film
were investigated using an LCZ meter~model Keithley
3330!. Impedance analysis was carried out over a freque
range of 0.1–100 kHz at the temperature range
30–350 °C.
il:
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III. STRUCTURE

Figure 1 shows the x-ray diffraction~XRD! patterns of
the SrxBi2.5Ta2O9 thin films with ‘‘x’’ varying from 1 to 0.7.
All these films were annealed at a temperature of 750 °C
half an hour. The XRDs of the samples showed the existe
of a polycrystalline phase. However, the degree of polycr
tallinity was different for different Sr12 content. The degree
of randomness of orientation was concluded by looking
the ratio of the intensities of thea to c axis peaks. It was
observed that thec to a axis peak ratio decreased towards t
Sr12 deficient phases, which indicated a more preferred
entation along that~a! direction. One more phenomenon w
observed from the~200! peak positions for films with differ-
ent Sr12 content. The peak exhibited a shift towards high
angles for lower Sr12 concentrations. It was already reporte
that the lowering of the amount of Sr12 could cause an in-
crease of grain size, and also the bismuth ions would occ
the Sr12 positions in the (SrTaO6) octahedra.21 Bismuth ions
are smaller in size compared to that of strontium, so that
lattice would contract, which was reflected in the shift of t
XRD peaks towards the higher angles in the present cas

IV. COMPOSITION ANALYSIS

The composition analysis obtained from the EDAX me
surements showed that there was indeed a strontium
ciency in the resultant films. There was also a slight bism
loss during the heat treatment. It was already checked th
target composition with Sr/Bi/Ta51/2.5/2 could produce a
stoichiometric SBT film after the heat treatment. Hence,
the case of Sr deficient films, the initial composition of t
target was chosen as Sr/Bi/Ta5(12x)/(2.51x)/2.00. With
this initial composition, the films obtained after anneali
had a composition of Sr(12x)Bi(21x)Ta2O9 . The excess bis-
muth after the annealing gave an indication of the bism
ions occupying the vacant Sr sites.

FIG. 1. XRD patterns for various Sr compositions. The Sr contents for
samples are mentioned on the respective curves.
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V. ELECTRICAL PROPERTIES

A. The polarization hysteresis

The hysteresis loops for different compositions a
shown in Fig. 2. It is evident from the figure that there is
increase in the remanent polarization with the incorporat
of Sr12 vacancies into the lattice~shown in Fig. 3!. This is
consistent with the earlier reports,17 and was explained on
the basis of the bismuth ions occupying the vacant S12

sites, because the ionic radii of Sr12 and Bi13 are nearly
equal.22 It is also known that the ionic polarizability of Bi13

is higher than that of Sr12, which could make the polariza
tion increase with this replacement. It has been also obse
that the grain size of the samples with lesser Sr12 content is
larger than the stoichiometric value. Inside a larger grain,
motion of the domain walls would be relatively easier, sin
it would come across a lesser number of grain boundar
resulting in relatively less chances of domain pinning. T
domain pinning was explained to be one of the major cau
of the decrease of polarization in fatigued ferroelect
samples.23

There was a slight increase in the coercive field in
Sr12-deficient samples. A similar phenomenon was obser
for sol-gel derived Sr12-deficient thin films,17 and was attrib-
uted to the increased polarizability due to the replacemen
Sr12 ions by the Bi13 ions. This could make the polarizatio

e

FIG. 2. The polarization-electric field hysteresis loops for different nons
ichiometric compounds.

FIG. 3. The remanent polarization (Pr) as a function of Sr content.
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more stable so that it would not be easily disturbed by
application of external field. The saturation polarizatio
however, did not show any trend of increase or decrease
the Sr12 content.

B. The dielectric and ac electrical studies

Figure 4 shows the change in the dielectric constant w
different Sr content. The results were apparently contra
tory to the results obtained from the hysteresis meas
ments. Like the remanent polarization, the dielectric po
ization should also have increased. There could be
explanations for this, one being the increase in the poro
in the structure in the film due to the increase of grain si
and hence the effective density of dipole moment was
duced. The other explanation would be the difference
tween the inherent and the induced polarizations. The re
nent polarization is considered to be the inbuilt deformat
of the unit cell, while the dielectric constant corresponds
the induced polarization, which involves small displaceme
of ions about their mean positions~in ferroelectric materials,
the positions of the ions are such that the system is spo
neously polarized!. Such displacements could be induced
the application of a small signal external field. The high
remanent~or spontaneous! polarization would correspond t
a highly deformed perovskite cell, and very little further d
tortion may be allowed by the application of an extern
field. However, there was an anomaly observed below a S12

percentage of 80%. The polarization started to decrease
this value of the Sr12 percentage. The dielectric consta
started increasing beyond this composition. To distingu
between the small signal and large signal responses, we
performed the Rayleigh analysis on our samples by vary
the ac signal amplitude and observing its effect. It w
known that the large signal response of a ferroelectric fi
consists of a reversible polarization, and the rest is irrev
ible polarization, which is responsible for its hystere
loop.24 On the other hand, it is also known that the sm
signal response, which is supposed to be reversible, also
hibits some amount of irreversibility,19 and this irreversibility
increases with the increase of the signal amplitude. This
reversibility is believed to arise from the domain wall pi
ning at the defect sites~the dielectric constant comes due

FIG. 4. Dielectric constant~e! as a function of Sr content.
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the domain wall contribution at lower fields!. The trap cen-
ters would be separated by small energy barriers, wh
could be overcome with a little higher signal field. Th
would lead to an irreversibility, and hence a nonlinearity
the dielectric constant. The magnitude of the dielectric c
stant is known to vary with the signal amplitude according
the following relation:

e5e initial1aE0 , ~1!

wheree initial is the dielectric constant at very low signal vol
age, andE0 is the oscillation field produced by the sign
voltage, for a thin film, which might be significantly high
The parameter ‘‘a’’ is known as the Rayleigh parameter.

According to Rayleigh’s theory, the frequency dispersi
of the dielectric constant would be as follows:

e~v!5e~0!2k logv. ~2!

This is what is known as the domain-wall relaxation.
The result of this kind of measurement for a typic

sample~with a Sr content of 0.8! is displayed in Fig. 5. The
dielectric constant followed Rayleigh type dispersion qu
accurately; the behavior was more evident at higher sig
amplitudes. This was most probably due to the improv
sensitivity of the measuring instrument at higher signal vo
ages. The signal amplitude (E0) dependence of the dielectri
constant is also shown in Fig. 6 for the same film. The ot
films ~with different Sr content! also exhibited a similar type
of behavior. The variation of the parameter ‘a’ is shown in
the inset of Fig. 6. It was seen that the parametera decreased
with the decrease of the Sr percentage in the sample.
re-established the validity of Rayleigh’s law in the case
ferroelectric materials also. Kronmu¨ller18 proved that, in case
of magnetic materials, the value of the Rayleigh coefficie
is inversely proportional to the density of dislocations. Wa
et al.25 had shown that this relationship could be applied
doped BaTiO3 samples. In our samples, it could also be a
sumed that the increased degree of Sr deficiency led to
formation of more defect sites, and hencefortha was de-
creased. It was reported that the Pb13 impurities in Pb12

sites in piezoelectric transducer could act as the pinning c
ters for the holes.26 Consequently, we could assume that t

FIG. 5. Absolute permittivity in the Rayleigh plot for Sr0.8Bi2.5Ta2O9 thin
films.



av
th
b

a
i

th
w
va

ion
he
ic
n-
a
o
a

the
the
as

um
ce of
en

uld

en
ion
the
the
tion
ike a
m

lex

een
t
0 °C
ob-

to
in-
lso
than

si-
lue
al-
he
ase

ght

e to
he

si-
e

si-
Bi13 ions in the Sr-deficient SBT samples would also beh
in the same way. The domain walls would also attract
holes, because near the domain walls there would be un
anced ~even though bound! polarization charges, which
could attract free charge carriers. In effect, the domain w
boundary would be trapped due to the presence of the B13

centers. This might be the reason for the lowering of
dielectric constant in the Sr-deficient samples, because it
already mentioned that in Sr-deficient compositions, the
cant Sr12 sites would be replaced by the Bi13 ions.

C. ac conductivity

The ac conductivity for three compositions as a funct
of frequency is shown in Fig. 7. It was seen that, like t
other thin films of layered perovskite ferroelectr
materials,11 the conductivity showed a power law depe
dence on the frequency of the driving ac field, indicating
interacting system of charge carriers dominating the ac c
duction. The exponent of this power law was the same for

FIG. 6. The absolute permittivity of a typical nonstoichiometric compo
tion (Sr0.8Bi2.5Ta2O9) as a function of the ac oscillation field amplitude. Th
Rayleighconstant is shown for different Sr content in the inset.

FIG. 7. The ac conductivity plot for different nonstoichiometric compo
tions.
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the compositions of the samples studied. This meant that
change in the Sr content did not result in much change in
interaction parameter. The conductivity of the sample w
found to come down as the concentration of the stronti
ions was reduced, even though the frequency dependen
the ac conductivity was still the same. This might have be
due to the compensation of thep-type charge carriers27 due
to the Bi13 doping~which would act as donor impurities!. It
is known28 that the bismuth ions after occupying the Sr12

sites remain in the triply ionized state, so that they co
contribute the excess~donor! electrons.

The activation energies were close to that of the oxyg
vacancies, indicating that there was a significant contribut
from oxygen vacancies in the ac conduction through
sample, particularly at low frequencies. But as a whole,
net conduction phenomenon was a result of the interac
between the charge carriers, and the sample behaved l
Curie-von Scwideler type element, which was evident fro
the Cole-Cole plots of their ac impedance in the comp
plot ~shown in Fig. 8!.

D. The dielectric phase transition

The ferroparaelectric phase transition curves have b
plotted in Figs. 9~a! and 9~b!, respectively. It was seen tha
the phase transition temperature increased by about 15
with a change of Sr percentage by 20%. This was also
served earlier by different workgroups,14 and was attributed
to the increase in the stability of ferroelectric phase due
the bismuth doping. The increased coercive field with
creasing Sr deficiency also confirmed this. But it should a
be mentioned that the transition temperatures were less
the reported values for the bulk SBT~350 °C!.29 Particularly,
at a stoichiometric concentration of the strontium, the tran
tion temperature was found to be far below the bulk va
~180–200 °C!, and it was found to increase with the anne
ing of the films, which was clearly a result of increase in t
grain size. Therefore, the observed increase of the ph
transition temperature with reduced strontium content mi
have been, at least for a very less percentage of Sr12 vacan-
cies, a consequence of the increase of the grain size du
the incorporation of this defect. It is already known that t

FIG. 8. TheCole–Cole plot of a typical composition with Sr content50.8.
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transition temperature varies very abruptly with grain s
for ultrafine grained samples.30 For grains of sizes less than
critical value, the transition temperature is usually lesser t
the bulk transition temperature and the Curie tempera
increases with increasing grain size. In principle, it sho
asymptotically approach theTc of bulk. However, in our
case, as the doping density increased, the system could

FIG. 10. dc leakage current plots for different Sr contents.

FIG. 9. ~a! Dielectric phase transition for three compositions.~b! The tran-
sition temperature as a function of the Sr content.
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be considered to be just a perturbation to the stoichiome
SBT, rather, it would behave as a completely different s
tem.

E. The dc electrical properties

The dc current voltage characteristics of the films w
varying Sr12 content are shown in Fig. 10. We have alrea
demonstrated the existence of space charge controlled
duction in SBT films to govern the nonlinear conduction pr
cess in the films.31 It was seen that the current was a mon
tonically decreasing function of the percentage of Sr up t
certain level~80%!. Following this, an increase in the curre
was observed. The trap filled limit, however, was a stead
increasing function of the Sr deficiency. The variation of t
current density in the linear region~10 kV/cm! as a function
of Sr content has been separately shown in Fig. 11.
decrease in the leakage current could be attributed to
compensation of thep-type charge carriers as explained
the preceding section. After a certain percentage of Sr, w
the compensation would have been completed, the
showed a tendency to behave asn-type material, and the
current started to increase as the Sr content decreased.
the trap filled limit, the trap density was calculated as a fu
tion of the Sr content of the film and is shown in Fig. 12, a

FIG. 11. The variation of the leakage current density as a function o
content at an electric field of 10 kV/cm.

FIG. 12. The trap concentration as a function of Sr content.
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it was seen to increase with the decrease of the Sr perc
age. This was, however, expected since the incorporatio
one Sr deficiency would introduce more defect states ins
the sample, and would also increase the number of tr
However, an interesting observation was that the increas
the trap density was not a linear function of the Sr de
ciency; instead it increased exponentially with the amoun
the Sr deficiency. This indicated that the Sr deficiencies al
were not the cause of the increase of the charge traps
they might have also influenced other atoms/ions which
sulted in the formation of more traps than the number of
Sr deficiencies introduced.

VI. CONCLUSIONS

In conclusion to this section, it may be mentioned th
the Sr-deficient compositions exhibited relatively super
ferroelectric and leakage properties over the stoichiome
composition. However, this trend showed an improvemen
properties up to a Sr content of 0.8, whereas there wa
decrease in the ferroelectricity beyond this. Therefore,
nonstoichiometric Sr0.8Bi2.5Ta2O9 composition was the opti
mum composition for NVRAM applications. The dc leaka
also showed a decrease up tox50.8, and then started in
creasing. The trap concentration was consistently increa
with the Sr content, due to increase in the disorder in
lattice. The increase in trap concentration was also refle
in the decrease in theRaleighconstant~which would be in-
versely related with the number of domain pinning cente!
with the incorporation of Sr deficiencies.
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