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The ferroelectric properties of Srfia,Oq thin films grown by laser ablation were investigated as

a function of the SF? content in the films. Different target compositions were used to obtain films
with different Si2/Ta"® ratios. The initial composition was according to the stoichiometric
composition(1/2), and the SF2/Ta"> 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’df (®rto a

certain extent. Similarly, a decrease in the dielectric constant and the leakage current with the
decrease of SF in the film was observed. The dielectric transition temperature showed an increase
with the reduction of Si? content and was seen to approach the bulk value.

I. INTRODUCTION content in SBT thin films has been studied in light of their
structural properties, and the electrical properties, which in-
There has been an increasing interest in the area of ferrejuded polarization hysteresis, ac conductivity, phase transi-
electric materials owing to their interesting properties thatijon, and the dc leakage properties, etc. The reversible and
would be useful in memory devicé$.There are several on- jrreversible contributions to the total polarization as a func-
going research effortd searching for the most suitable tion of Sr*2 content was also estimated in this article in the
ferroelectric material that has reasonably high remanent pdight of the Rayleigh analysis, which is applicable both for
larization, low coercive field, and a very high fatigue lifetime magnetic and ferroelectric materiafs:2°
to ensure the reliability of a nonvolatile random access
memory. There had been an extensive survey on lead based
perovskite materials since they were seen to exhibit a ver
high value of the remanent polarizati¢d5 uC/cn?).>® But N EXPERIMENT
they did suffer from severe fatigue problems that caused the  Polycrystalline SBT thin films were grown using a KrF
remanent polarization to drop down by more than 20% aftepulsed excimer laser ablation techniqieambda Physik,
repeated read/write operatioh3herefore, a new group of 248 nm wavelength A dense single phase SBT ceramic pal-
materials was sought for this purpose, and it was seen that was used as the target. The base pressure was brought
the bismuth layered ferroelectric system could provide a fadown to 2< 10 ° Torr prior to the oxygen incorporation into
tigue free performance even beyond4fead/write cycleS.  the deposition chamber. The substrate temperature during
These materials possess a lower coercive field and, beingeposition was maintained at 400 °C, while oxygen partial
free from lead, they are relatively easier to be processed. Theressure was 100 mTorr. The as-grown films were subjected
most promising among this group of materials areto ex situannealing at different temperatures from 700 to
SrBi;Ta,Og (SBT) and SrBjNb,Og. There are numerous 800 °C for 30 min. The films were structurally characterized
reports that are mostly related to the optimization of theirpy means of x-ray diffractioriScintag, xds2000 and scan-
deposition conditions and characterizations of their variouwng electron microscopyCambridge Instrumenksvas used
properties, ' and to understand the underlying mechanismio study the microstructure, while the composition of the
for their fatigue resistance. The effects of the addition offims was determined by energy dispersive x-ray analysis
other elements into the various sites of the layered perovskit@xford Instruments Gold dots of 800 A thickness and 500
lattice have also been studi&d To improve the ferroelec- ym diameter were deposited to form the top electrodes on
tric properties, efforts have already been made to grow thenhe films. Ferroelectric hysteresis properties were studied by
nonstoichiometric SBT thin films by sol-gel technique asmeans of an RT-66A ferroelectric test systéwith a test
well as metal-organic chemical-vapor  depositionpulse width of 8 m9. Capacitance—voltageC(-V) charac-
techniquet*~*°It was reported by Noguclet al*’ that SBT  teristics were studied using a Keithley 3330 LCZ meter
thin films of 0.8/2.2/2Sr/Bi/Ta) composition showed an im- (coupled with a Keithley 230 voltage soujca frequencies
provement in remanent polarization. In the present articlefrom 1 to 100 kHz with an oscillation amplitude of 50 mV.
we have studied the effects of “Sr” deficiency in laser ab- The dielectric and ac electric properties of SBT thin films
lated SrBjTa,Og (SBT) thin films. The impact of the S%)  were investigated using an LCZ metémodel Keithley
3330. Impedance analysis was carried out over a frequency

AAuthor to whom correspondence should be addressed; electronic mail&N9€ of 0.1-100 kHz at the temperature range of
sbk@mrc.iisc.eret.in 30-350 °C.
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26(degree) FIG. 2. The polarization-electric field hysteresis loops for different nonsto-

) - ichiometric compounds.
FIG. 1. XRD patterns for various Sr compositions. The Sr contents for the
samples are mentioned on the respective curves.

V. ELECTRICAL PROPERTIES
A. The polarization hysteresis

IIl. STRUCTURE The hysteresis loops for different compositions are
shown in Fig. 2. It is evident from the figure that there is an
Figure 1 shows the x-ray diffractiofKRD) patterns of increase in the remanent polarization with the incorporation
the SEBi, eTa,0q thin films with “x” varying from 1 to 0.7.  of Sr*? vacancies into the latticshown in Fig. 3. This is
All these films were annealed at a temperature of 750 °C foconsistent with the earlier report§and was explained on
half an hour. The XRDs of the samples showed the existencéhe basis of the bismuth ions occupying the vacant?Sr
of a polycrystalline phase. However, the degree of polycryssites, because the ionic radii of 'Srand Bi*® are nearly
tallinity was different for different Si2 content. The degree equal® It is also known that the ionic polarizability of BF
of randomness of orientation was concluded by looking ais higher than that of S, which could make the polariza-
the ratio of the intensities of tha to ¢ axis peaks. It was tion increase with this replacement. It has been also observed
observed that the to a axis peak ratio decreased towards thethat the grain size of the samples with lesset?Szontent is
Sr2 deficient phases, which indicated a more preferred orilarger than the stoichiometric value. Inside a larger grain, the
entation along thafa) direction. One more phenomenon was motion of the domain walls would be relatively easier, since
observed from th€200) peak positions for films with differ- it would come across a lesser number of grain boundaries,
ent Si2 content. The peak exhibited a shift towards higherresulting in relatively less chances of domain pinning. The
angles for lower St? concentrations. It was already reported domain pinning was explained to be one of the major causes
that the lowering of the amount of St could cause an in- of the decrease of polarization in fatigued ferroelectric
crease of grain size, and also the bismuth ions would occupgamples?
the SF 2 positions in the (SrTag) octahedr&® Bismuth ions There was a slight increase in the coercive field in the
are smaller in size compared to that of strontium, so that th&r"2-deficient samples. A similar phenomenon was observed
lattice would contract, which was reflected in the shift of thefor sol-gel derived Sr?-deficient thin films.’ and was attrib-
XRD peaks towards the higher angles in the present case.uted to the increased polarizability due to the replacement of
Sr*2 jons by the Bi 3 ions. This could make the polarization

14
IV. COMPOSITION ANALYSIS
131
The composition analysis obtained from the EDAX mea- — 12l
surements showed that there was indeed a strontium defi- e |
ciency in the resultant films. There was also a slight bismuth L 11
; Q
loss during the heat treatment. It was already checked that a EN
target composition with Sr/Bi/Fal/2.5/2 could produce a o 10
stoichiometric SBT film after the heat treatment. Hence, in 9'_
the case of Sr deficient films, the initial composition of the I \
target was chosen as Sr/BiFd1—x)/(2.5+x)/2.00. With 8l
this initial composition, the films obtained after annealing ' g
o . . 60 70 80 90 100
had a composition of gr ,)Bi(;xTaxOy. The excess bis- 'St content (%)

muth after the annealing gave an indication of the bismuth
ions occupying the vacant Sr sites. FIG. 3. The remanent polarizatio®() as a function of Sr content.
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FIG. 4. Dielectric constante) as a function of Sr content.

FIG. 5. Absolute permittivity in the Rayleigh plot for §Bi, 5Ta0qg thin
films.

more stable so that it would not be easily disturbed by the

application of external field. The saturation polarization,

however, did not show any trend of increase or decrease witthe domain wall contribution at lower fieldsThe trap cen-
the SF? content. ters would be separated by small energy barriers, which
could be overcome with a little higher signal field. This
would lead to an irreversibility, and hence a nonlinearity in
the dielectric constant. The magnitude of the dielectric con-

Figure 4 shows the change in the dielectric constant withstant is known to vary with the signal amplitude according to
different Sr content. The results were apparently contradicthe following relation:

tory to the results obtained from the hysteresis measure-

ments. Like the remanent polarization, the dielectric polar- €~ €iniial + @Eo, @
ization should also have increased. There could be twavheree,,, is the dielectric constant at very low signal volt-
explanations for this, one being the increase in the porositage, andg, is the oscillation field produced by the signal
in the structure in the film due to the increase of grain sizeyoltage, for a thin film, which might be significantly high.
and hence the effective density of dipole moment was reThe parameter &” is known as the Rayleigh parameter.
duced. The other explanation would be the difference be- According to Rayleigh’s theory, the frequency dispersion
tween the inherent and the induced polarizations. The remaf the dielectric constant would be as follows:

nent polarization is considered to be the inbuilt deformation

of the unit cell, while the dielectric constant corresponds to ~ €(®) = €(0) ~klogo. 2
the induced polarization, which involves small displacementsThis is what is known as the domain-wall relaxation.

of ions about their mean positiol(is ferroelectric materials, The result of this kind of measurement for a typical
the positions of the ions are such that the system is spont@ample(with a Sr content of 0.8is displayed in Fig. 5. The
neously polarized Such displacements could be induced bydielectric constant followed Rayleigh type dispersion quite
the application of a small signal external field. The higheraccurately; the behavior was more evident at higher signal
remanenior spontaneoyspolarization would correspond to amplitudes. This was most probably due to the improved
a highly deformed perovskite cell, and very little further dis- sensitivity of the measuring instrument at higher signal volt-
tortion may be allowed by the application of an externalages. The signal amplitud&g) dependence of the dielectric
field. However, there was an anomaly observed below'd Sr constant is also shown in Fig. 6 for the same film. The other
percentage of 80%. The polarization started to decrease aftéims (with different Sr contentalso exhibited a similar type
this value of the St? percentage. The dielectric constant of behavior. The variation of the parameter Is shown in
started increasing beyond this composition. To distinguishhe inset of Fig. 6. It was seen that the parametdecreased
between the small signal and large signal responses, we hawéth the decrease of the Sr percentage in the sample. This
performed the Rayleigh analysis on our samples by varyinge-established the validity of Rayleigh’s law in the case of
the ac signal amplitude and observing its effect. It wasferroelectric materials also. Kronher'® proved that, in case
known that the large signal response of a ferroelectric filmof magnetic materials, the value of the Rayleigh coefficient
consists of a reversible polarization, and the rest is irreverss inversely proportional to the density of dislocations. Waser
ible polarization, which is responsible for its hysteresiset al?® had shown that this relationship could be applied to
loop2* On the other hand, it is also known that the smalldoped BaTiQ samples. In our samples, it could also be as-
signal response, which is supposed to be reversible, also estmed that the increased degree of Sr deficiency led to the
hibits some amount of irreversibilify,and this irreversibility ~ formation of more defect sites, and henceforthwas de-
increases with the increase of the signal amplitude. This irereased. It was reported that the "Phimpurities in P2
reversibility is believed to arise from the domain wall pin- sites in piezoelectric transducer could act as the pinning cen-
ning at the defect siteghe dielectric constant comes due to ters for the holed® Consequently, we could assume that the

B. The dielectric and ac electrical studies
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FIG. 6. The absolute permittivity of a typical nonstoichiometric composi-
tion (Sp gBi2 sTa;0y) as a function of the ac oscillation field amplitude. The the compositions of the samples studied. This meant that the
Rayleighconstant is shown for different Sr content in the inset. change in the Sr content did not result in much change in the
interaction parameter. The conductivity of the sample was
g - found to come down as the concentration of the strontium
!3' h ions in the Sr—_criﬁflc:jent S,BT salinples \I’éou:d also behar\:‘?ons was reduced, even though the frequency dependence of
In the same way. The domain walls would also attract they,q .. conductivity was still the same. This might have been

holes, because near the domain walls there would be unb Ue to the compensation of thwetype charge carrieté due
anced (even though bound polarization charges, which fo the Bi*? doping(which would act as donor impuritigsit

could attract free charge carriers. In effect, the domain wal s knowr?® that the bismuth ions after occupying the'&r

boundary would be trapped due to the presence of tfi€ Bi sites remain in the triply ionized state, so that they could

ggr}ters: This m|ght br:e tgedref{:\s_on for th:a IO\E)vermg of thecontribute the excesslonoi electrons.
lelectric con§tant n t € orde ICI.EI.’It sampies, because Itwas e activation energies were close to that of the oxygen
already mentioned that in Sr-deficient compositions, the v

a\'/acancies, indicating that there was a significant contribution
cant SF? sites would be replaced by the 'Biions. g g

from oxygen vacancies in the ac conduction through the
sample, particularly at low frequencies. But as a whole, the
C. ac conductivity net conduction phenomenon was a result of the interaction
between the charge carriers, and the sample behaved like a
Curie-von Scwideler type element, which was evident from
the Cole-Cole plots of their ac impedance in the complex

The ac conductivity for three compositions as a function
of frequency is shown in Fig. 7. It was seen that, like the
other thin films of layered perovskite ferroelectric o
materialst! the conductivity showed a power law depen- plot (shown in Fig. 8.
dence on the frequency of the driving ac field, indicating an
interacting system of charge carriers dominating the ac corP- The dielectric phase transition

duction. The exponent of this power law was the same for all e ferroparaelectric phase transition curves have been

plotted in Figs. @) and 9b), respectively. It was seen that
the phase transition temperature increased by about 150 °C
—m—0.8/2572.0 j' with a change of S_r percentage by 20%. This was also ob-
10°l —o—092520 /vy;é@ served earlier by different workgrouﬂ)‘éand was attributed
—v—1.0/2.5/2.0 v 0 to the increase in the stability of ferroelectric phase due to
W;O’ the bismuth doping. The increased coercive field with in-
10°E v,v'y . creasing Sr deficiency also confirmed this. But it should also
/O,o-O be mentioned that the transition temperatures were less than
Wl the reported values for the bulk SB350 °Q).?° Particularly,
v Y o d v at a stoichiometric concentration of the strontium, the transi-

[ O/O' tion temperature was found to be far below the bulk value
10° r/ (180—-200°¢C, and it was found to increase with the anneal-
ing of the films, which was clearly a result of increase in the
107 10 10° 10° grain size. Therefore, the observed increase of the phase
transition temperature with reduced strontium content might
have been, at least for a very less percentage of @acan-

FIG. 7. The ac conductivity plot for different nonstoichiometric composi- CIES, @& consequence of the increase of the grain size due to
tions. the incorporation of this defect. It is already known that the

o (@ .m")
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FIG. 11. The variation of the leakage current density as a function of Sr
340 content at an electric field of 10 kV/cm.
(b)
320}
be considered to be just a perturbation to the stoichiometric
300 SBT, rather, it would behave as a completely different sys-
§ 280 - tem.
'
—° 260} E. The dc electrical properties
240} The dc current voltage characteristics of the films with
varying St2 content are shown in Fig. 10. We have already
220 . ' . . demonstrated the existence of space charge controlled con-
07 0.8 0.9 1.0 duction in SBT films to govern the nonlinear conduction pro-
Sr content (x) cess in the film3? It was seen that the current was a mono-

tonically decreasing function of the percentage of Sr up to a
FIG. 9. (a) Dielectric phase transition for three compositiofiy. The tran-  certain level80%). Following this, an increase in the current
sition temperature as a function of the Sr content. was observed. The trap filled limit, however, was a steadily

increasing function of the Sr deficiency. The variation of the

current density in the linear regidd0 kV/cm) as a function

. : . .. of Sr content has been separately shown in Fig. 11. The
transition temperature varies very abruptly with grain size

. . . . decrease in the leakage current could be attributed to the
for ultrafine grained sampléS For grains of sizes less than a . ) X .
. . : compensation of th@-type charge carriers as explained in
critical value, the transition temperature is usually lesser thal . . .
the preceding section. After a certain percentage of Sr, when

the bulk transition temperature and the Curie temperatuntnh : ,
. L . o L . e compensation would have been completed, the film
increases with increasing grain size. In principle, it should

. . showed a tendency to behave asype material, and the
asymptotically approach th&. of bulk. However, in our dioi h q q
case, as the doping density increased, the system could nClEIrrent S'.[arte . t(.) Increase as t © Sr content decreased. From

’ ' e trap filled limit, the trap density was calculated as a func-

tion of the Sr content of the film and is shown in Fig. 12, and
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