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Ferroelectric and dielectric characteristics of two types of SrBi2Nb2O9 thin films grown by pulsed
laser deposition on Pt electrodes were determined: a randomly oriented SrBi2Nb2O9 film ssample
Ad, grown on a so-called polycrystalline Pt/Ti/SiO2/Si sPt/Sid and an epitaxial SrBi2Nb2O9 film
ssample Bd grown on as110dPt electrode epitaxially grown ons110dSrTiO3. Some h00 texturation
was suggested by the strong intensity of the 200 diffraction peak in sample A whereas the epitaxial
sample B presents a stronglys116d preferential orientation as evidenced by x-ray diffraction and
electron channeling patterns. Remanent polarizationsPrd determined from the hysteresis loops
recorded on several electrodes on samples A and B was typically in the range of 5–8.5mC/cm2 for
both samples. The Curie temperaturesTCd determined from dielectric permittivity measurements
versus temperature was 705 K, for both samples, which differ, in fact, in structural characteristics
but not in composition. The Curie–Weiss temperature was found lower thanTC, suggesting that the
transition is of first order. The evolution of dielectric permittivity and dissipation factor was
recorded versus frequency at different temperatures. At room temperature and low frequency
s100 Hzd, «8 is close to 150 on both films. When increasing the frequency up to 1 MHz, the«8 value
decreased down to 137 for sample A and 129 for sample B. This evolution corresponds to a weak
dispersion effect in relation with the high crystallization quality of the ferroelectric films. At the
same time, dissipation factortgd increased from 1.5% to 1.8% and from 3.3% to 5.5% for samples
A and B, respectively, when increasing the frequency from 100 Hz to 1 MHz. Further
measurements at higher frequency were performed on the epitaxial film. As expected, dielectric
permittivity decreased to about 100 when increasing the frequency to 0.5 GHz at room temperature,
whereastgd increased up to about 9%. Decreasing the temperature down to 110 K contributes to
decrease«8 from 150 at room temperature to 122 at 110 K at 1 kHz and from 100 to 87 at 0.5 GHz.
Simultaneously,tgd decreases from 8.7% to 5.6% at 0.5 GHz. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1904726g

I. INTRODUCTION

Ferroelectric Aurivillius-layered compounds such as
SrBi2Ta2O9 sSBTd or SrBi2Nb2O9 sRef. 1d sSBNd are cur-
rently intensively investigated as thin films in view of vari-
ous applications. Indeed, their fatigue-resistant properties,
whatever is the nature of the electrodesmetal or oxided, are
of first interest for nonvolatile memoriesfferroelectric ran-
dom access memorysFERAMdg.2,3 Thus, several methods
have been used for SrBi2Ta2O9 or SBN thin-film deposition,
such as sol-gel,4 polymeric precursors,5 sputtering,6 or pulsed

laser depositionsPLDd.7–9 Epitaxial growth of SBN sa
=0.551 54 nm,b=0.551 89 nm, andc=2.511 24 nmd10 is re-
quired to study its anisotropic propertiesfthe polarization
vector lies in thesa,bd plane11g, as well as to control the films
microstructure which strongly depends on the orientation12,13

and to avoid the grain-to-grain polarization variation in high-
density integrated devices.14,15 Several conducting oxides
have been reported as potential bottom electrodes allowing
an epitaxial regrowth of SrBi2Nb2O9, such as
sLa1−xSrxdCoO3,

8 YBa2Cu3O7−x,
6 LaNiO3,

16 and SrRuO3.
9 In

contrast, there are only a few reports on the use of metal
layers in view of SBN epitaxial growth, whereas Pt is com-
monly used in the case of randomly oriented films on silicon
substrates. Moreover, as SrBi2Nb2O9 presents a weak polar-
ization fatigue,2,3 simple metallic sublayers can be expected
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to be good candidates as electrodes for SBN. Platinumsa
=0.392 31 nmd appears as a suitable candidate for this pur-
pose, due to its oxidization resistance, its low vapor pressure
even at high temperatures, and its small misfit with both
SBN and SrTiO3 sa=0.3905 nmd: ,0.4% referring to
aSBNÎ2/2 or bSBNÎ2/2, and aSrTiO3

. The growth of
SrBi2Ta2O9 or SrBi2Nb2O9 on Pt on single-crystal substrates
has been reported ons100dMgO and s100dSrTiO3 with
s100dPt orientation, leading to thec-axis SBN orientation.17

We have reported on the growth of SBN ons110dPt sRef. 18d
and s111dPt sRef. 19d epitaxial sublayers in view to achieve
an orientation of SBN different from thec axis. This con-
figuration is required to fit the request of a nonzero contri-
bution of the polarization vector along the normal to the
sample surface, that is achieved, for instance, fors116dSBN
orientation. Otherwise, ferroelectric compounds are also of
interest for applications in the microwave range, to develop,
for instance, frequency tunable devices according to the
variation of the dielectric constant with an applied voltage,
or to elaborate small capacitive elements in microelectronic
devices.20,21 In this frame, the knowledge of the behavior of
such compounds at high frequency, additionally to their low-
frequency ferroelectric behavior, is of first importance.

In this paper, we report on the dielectric properties in a
broad frequency range of two SrBi2Nb2O9 thin films from
which ferroelectric characteristics were previously deter-
mined at low frequency: the first oneslabeled Ad was depos-
ited on a standard Pt-textured electrode on Si and the second
oneslabeled Bd epitaxially grown on epitaxials110dPt grown
on s110dSrTiO3. Moreover, some dielectric measurements
were performed at high temperature in order to record the
ferroelectric/paraelectric phase transition. Dielectric permit-
tivity and dissipation factor were also determined at low tem-
perature in view to integrate ferroelectric films in devices
with metallic as well as superconducting materials21,22which
requires cooling of devices.

II. EXPERIMENT

A. Thin-film synthesis

,400-nm-thick SrBi2Nb2O9 thin films were grown by
pulsed laser deposition from a Bi-enriched homemade sin-
tered targetstypically 30% excess of Bi2O3 in weightd using
a XeCl excimer lasersl=308 nmd operated at 2 Hz, with a
fluence of about 3.5 J/cm2 on the target. Bi enrichment is
required to avoid Bi deficiency in the films deposited at high
temperature, under an oxygen pressure of 0.3 mbar.23 Two
types of substrates were used: a so-called polycrystalline
Pt/Ti/SiO2/Si sPt/Sid and a s110dPt epitaxially grown on
s110dSrTiO3. In the case of polycrystalline substrates
sPt/Sid, a deposition at high temperature, typically at
700 °C, leads to a predominantc orientation.23 In order to
avoid this texture, a SBN filmssample Ad was deposited at
400 °C and then annealed at 750 °C in air, during 2 h. In
contrast, to obtainin situ a SBN epitaxial filmssample Bd,
deposition was performed at 700 °C on thes110dPt bottom
electrode. This,200-nm-thick Pt film was deposited by dc

sputtering ons110dSrTiO3 single-crystal substrates from a
metallic foil at 450 °C, under an Ar pressure fixed at 9
310−2 mbar and with an applied voltage of −1.5 kV.

B. Composition, structural, and microstructural
analyses

Composition of the films was determined by energy dis-
persive spectrometrysEDSd using a Link Oxford analyzer
implemented in a Jeol 6400 JSM scanning electron micro-
scopesSEMd which gives also access to electron channeling
patternssECPd. Analysis of SBN films at low voltages5 kVd
avoids any contribution of the substrate or of the Pt sublayer
in the case of SBN films typically thicker than 200 nm. The
surface morphology of the films was observed with a field-
effect emission scanning electron microscopesJEOL F-6301d
operated at low voltagestypically 7–9 kVd in order to limit
charge effects and to achieve a high resolution without the
need of metallization of the samples.

Nonoriented films grown on Pt/Si were characterized by
x-ray diffraction using a diffractometer equipped with a
curved position-sensitive detectorsINEL CPS 120, CuKa1
radiationd, whereas the phase analysis and growth direction
of the epitaxial films were determined byu-2u x-ray diffrac-
tion sXRDd using an uncoupled two-axes diffractometer op-
erated with CuKa1 radiation, giving also access to mosaic-
ity measurement sv scansd. In-plane ordering was
qualitatively checked by ECP and epitaxial relationships
were established by XRDw scans recorded with a four-circle
texture diffractometersBruker AXS D8 Discoverd.

C. Electrical measurements

In view of electrical characterization, the platinum layer
was partially masked during the SBN deposition for bottom
electrode access and 40–150-mm-diameter disk-shaped Pt
top electrodes have been prepared by a lift-off process.

Hysteresis loops and fatigue tests were carried out using
a standard Radiant RT6000 meter at room temperature. For
hysteresis loops, the switching voltage was varied in the
range of 3–20 V, which corresponds to a maximum of
500 kV/cm for SBN films with 400-nm thickness. The fa-
tigue tests were performed at a frequency of 104 kHz, with
an applied voltage of 7 V.

The Curie temperature was determined from dielectric
constant measurements performed in the temperature range
of 300–750 K at 1, 10, and 100 kHz. A homemade high-
power furnace has been used to heat the films by small tem-
perature increments of 2–10 °C. The temperature was di-
rectly measured on the samples with sensors.

For high-frequency measurements, a special cell was de-
veloped and connected to a HP4291A impedance bridge
s1 MHz–1.8 GHzd or to an Anritsu 37369A vectorial net-
works analyzers40 MHz–40 GHzd. The dielectric permittiv-
ity «8 and loss tangenttgd were computed from measure-
ments in reflectionsS11 parameterd. In the low-temperature
range, the films were cooled in a liquid-nitrogen cryostat.
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III. RESULTS AND DISCUSSION

A. Thin-film composition, structural, and
microstructural characteristics

Composition determined by EDS was roughly the same
for the two films, namely, Sr:Bi:Nb=1:2.4:2 on Pt/Si and
1:2.4:2.1 ons110dPt. Figure 1 shows the XRD patterns of the
two samples. It was evidenced that both the SBN films were
single phase in spite of the excess of Bi. As expected from
the low deposition temperature of 400 °C,c-axis preferential
orientation was avoided in sample A,23 which presents in
contrast some h00 texturation suggested by the strong inten-
sity of the 200 diffraction peak. Theu-2u XRD pattern of
sample B shows the expected preferentials116d orientation
of SBN, in spite of the presence of some secondarys001d
orientation, which was always observed on the films grown
on s110dPt.18 This contrasts with the purelys116dSBN films
grown ons110dSrTiO3.

12 The value of 0.30° of the full width
at half maximum of the rocking curve performed around the
2212 peak is the signature of the high crystalline quality of
this film. The epitaxial growth of the SBN/Pt bilayer was
evidenced by ECPsFig. 2d. Epitaxial relationships deter-
mined from x-rayw scans are

<s116dSBN i s110dPt i s110dSTO,

f− 110gSBN i f001gPt i f001gSTO.

According to the orientation induced by the different sub-
strates, two various microstructures were achieved, as re-

ported on Fig. 3. Sample B presents a more homogeneous
microstructure than sample A, according to the epitaxial
growth along the 116 orientation leading mainly to elongated
grains. Moreover some cracks can be seen in sample A, as
well as in filmsin situ grown at higher temperature on Pt/Si,
in contrast with sample B: growth of SBN on epitaxial Pt
avoids systematically this limiting feature.

B. Ferroelectric behavior

The hysteresis loops in Fig. 4 evidenced the ferroelectric
behavior of both samples, at room temperature. Measure-
ments were performed on several Pt top electrodes. The re-
sulting remanent polarizationsPrd was typically in the range
of 5–8.5mC/cm2 on samples A and B. Because of thes116d
preferential orientation of sample B, a higherPr value than

FIG. 1. X-ray diffraction patterns for SrBi2Nb2O9 films grown sad on Pt-
coated Sissample Ad and sbd on s110dPt epitaxially grown ons110dSrTiO3

ssample Bd.

FIG. 2. Electron channeling pattern of thes110dPt bottom electrodesad and
of the s116dSrBi2Nb2O9 film B. scd ECP of the median region is represented
in sbd. A schematic drawing of the bilayers epitaxially grown on
s110dSrTiO3 is given on the top of the figure.
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the one measured on sample A could be expected. However,
sample A, although polycrystalline and not epitaxially
grown, presents somes200d texturation and many grains
s115d orientedsFig. 1d, which contributes to increasePr. In
contrast, the presence ofs001d orientation in sample B con-
tributes to decreasePr, which remains still lower than the
best data already reported in the cases ofs116d and
s103dSrBi2Nb2O9 epitaxial films deposited ons110d and
s111dSrRuO3 bottom electrodes, respectively.9,24 This can
explain that the values ofPr are very close on both samples
A and B.

For both samples, hysteresis loops before and after fa-
tigue testss23109 cyclesd are reported on Fig. 4. The shape
of the hysteresis loops is not significantly affected by fatigue
effect, whereasPr only slightly decreases. This behavior
confirms the good resistance to fatigue of SBN, even
on metal bottom electrode, whatever the structural
characteristics.

C. Ferroelectric transition

Measurements of the dielectric permittivity«r were per-
formed versus the temperaturesTd, during heating, at 1, 10,
and 100 kHz, in order to determine the Curie point,TC. Fig-
ure 5 displays the results obtained on both samples. The
«rsTd curves show frequency-independent maxima at 705 K,
corresponding to theTC of ferroelectric–paraelectric phase

FIG. 3. Scanning electron microscopy observations of SrBi2Nb2O9 films
grown on Pt-coated Sifsad sample Ag and ons110dPt epitaxially grown on
s110dSrTiO3 fsbd sample Bg.

FIG. 4. Hysteresis loops recorded beforesfull lined and aftersdotty lined
fatigue tests for samples Asad and B sbd.

FIG. 5. Dielectric permittivity measurements vs temperature performed at 1,
10, and 100 KHz, for sample Asad and sample Bsbd.
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transition. The same transition temperature of 705 K was
determined for both samples, which differ, in fact, in struc-
tural characteristics but not in composition. The measuredTC

is slightly lower than the values of 713 and 723 K reported
for bulk samples.1,25,26The increase of the dielectric constant
from room temperature up toTC is of the same order of
magnitude than the one reported for bulk samples1,26 in the
case of the film deposited on Pt/Si, whereas it is lower for
the film epitaxially grownsTable Id. Below TC the frequency
dispersion of«8 is small, although higher in sample B near
TC, whereas it becomes prominent in the paraelectric region.
In this region, dispersion is more prominent at low frequen-
cies, as reported for ferroelectrics associated with ionic
conductivity.26 In fact, bulk ionic conductivity was already
reported for this material.26

For both samples 1/«8 sFig. 6d varies linearly with tem-
perature aboveTC, suggesting that the dielectric permittivity

obeys the Curie–Weiss lawf«8=C/ sT−Tudg at all the tem-
peratures aboveTC. The Curie–Weiss temperaturesTud was
obtained by extrapolating the linear region onto the tempera-
ture axis.Tu was found less thanTC sTable Id, suggesting that
the transition is of first order. This result agrees to the con-
clusion of Venkataram and Varma.26 deduced from dielectric
measurements performed on bulk samples. A first-order para-
ferroelectric transition has been also reported recently for
another Aurivillius phasesBi3.25La0.75Ti3O12d in thin-film
form.27

D. Evolution of dielectric permittivity and dissipation
factor versus frequency at different temperatures

A first set of measurements was performed on both
samples at room temperature in the frequency range of
100 Hz–1 MHz. At room temperature and low frequency
s100 Hzd, «8 is close to 150 for both filmssFig. 7d. The data
recorded for several top electrodes are reported for sample A.

TABLE I. Dielectric characteristics of SBN thin films deposited on textured
Pt on siliconsAd and epitaxially grown ons110dPt/s110dSrTiO3 sBd.

Sample

Curie
temperature,TC

sKd

Curie–Weiss
temperature,Tu

sKd

Dielectric
constant«8 at
100 kHz and

300 K

Dielectric
constant«8 at

100 kHz andTC

A 705 ,620 147 778
B 705 ,685 146 538

FIG. 6. Evolution of 1/«8 vs T-TC for films A and B.

FIG. 7. Evolution of the dielectric permittivity«8 vs frequency for samples
A sad and B fsbd and scdg. Data recorded for several electrodes are reported
for sample Asad. Measurements were performed for sample B at 297 and
110 K sbd.
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Most values are close to 150, one is slightly lower, near 130.
When increasing the frequency up to 1 MHz,«8 value de-
creases from 150 down to 137 for sample A and 129 for
sample BsFig. 7d. This evolution corresponds to a weak
dispersion effect in relation with the high crystallization
quality of the ferroelectric films. In the same time, dissipa-
tion factor tgd increases from 1.5 to 1.8 and from 3.3% to
5.5% for samples A and B, respectively, when increasing the
frequency up to 1 MHzsFig. 8d. These results suggest that
losses tend to be higher in the epitaxial film than in the
polycrystalline one on Pt/Si. Various parameters can be re-
sponsible for this behavior such as the orientation of the
ferroelectric grains, the microstructure which can affect the
domains structure, and the interface between the ferroelectric
film and the bottom Pt electrode. Up to now, it is not possible
to distinguish between these various possible sources of
losses. However, it is noteworthy that Pt bottom electrode
diffuses in SBN during deposition at 700 °C, as revealed by
secondary-ion-mass spectrometry28 sSIMSd, which can be re-
sponsible for losses. In the same time, the in-plane ordering
arising from the epitaxial growth can make easy some ionic
conductivity which can also contribute to increase losses.

A second set of measurements was performed on sample
B, at higher frequency, up to 1 GHz. Three measurement
setups were necessary to perform the measurements all over
the frequency range from 100 Hz to 1 GHz, as described in
the Experiment section. Figure 7scd shows the good agree-
ment between the data obtained with the various setups. As
expected, dielectric permittivity decreases to about 100 when
increasing the frequency to 0.5 GHz at room temperature,

whereastgd increases up to about 9%sFigs. 7 and 8d. The
resonance phenomena observed above 1 GHzfFig. 7scdg are
due to the electrical measurement circuit. Decreasing the
temperature down to 110 K contributes to decrease«8 from
150 at room temperature to 122 at 110 K at 1 kHz, and from
100 to 87 at 0.5 GHz. Simultaneously,tgd decreases from
8.6 to 5.7% at 0.5 GHzsbefore the resonanced. The compari-
son of measurements performed at room temperature and at
low temperature gives access to an evaluation of the intrinsic
contribution to«8. Indeed, at 1 MHz, for example, the value
of «8 is 130 at room temperature and 105 at 110 K, which
suggests that the extrinsic contribution is of about 25% at
middle frequency and that the intrinsic value of«8 is about
100. In this case extrinsic contribution can be due to domain-
walls motion and to some ionic conductivity mainly associ-
ated with oxygen vacancies. We can notice that dispersion
was also reduced by decreasing temperature. The evolution
of «8 andtgd with frequency can suggest a relaxation mecha-
nism. However, in this frequency range this phenomenon
should be thermally activated. In contrast the extrema of the
curves are placed at the same frequency at 297 and 110 K, so
this phenomenon is not thermally activated. Measurements at
higher frequencies up to 10 GHz are needed to see if«8 and
«9=«8. tgd follows the empirical Curie–von Schweidler
law.29

IV. CONCLUSION

The dielectric behavior of SrBi2Nb2O9 thin films grown
by pulsed laser deposition either on textured Pt/Si or on
epitaxial s110dPt/s110dSrTiO3 bottom electrodes was inves-
tigated. Quite similar behavior was observed for the two
samples, suggesting that the difference of orientation and
microstructure does not strongly affect it. However, some
differences have to be pointed out such as the presence of
cracks in the film on Pt/Si leading to many short circuits,
and indeed it has been impossible to perform electrical mea-
surements on several electrodes. To avoid cracks in SBN
films on Pt-coated silicon some specific processes such as
rapid thermal annealing are generally proposed in place of
standard heating treatments. In contrast only a small percent-
age of electrodes tested was in short circuitstypically 5%–
10%d in the case ofs110dPt/s110dSrTiO3. Moreover the
main interest of epitaxial films consists of the homogeneity
of the behavior from one grain to another one in view of
miniaturization of devices, as evidenced on similar SBN
films epitaxially grown ons110dPt on s110dSrTiO3.

30

SBN thin films can be potential candidates for applica-
tions in devices operating at high frequency, taking into ac-
count the weak dispersion observed from 500 Hz to 1 GHz
in both types of samples: either for high dielectric permittiv-
ity gate insulator or for tunable devices. However, the quite
high dissipation factor constitutes a limitation for some ap-
plications and has to be considered. Further investigations on
SBN films grown on other substrates compatible with micro-
waves applications are required to determine if it is possible
to decrease the dissipation factor. For example, complemen-
tary studies on c-axis SBN films deposited on bare
s100dMgO or LaAlO3 substrates will provide additional data

FIG. 8. Evolution of losses factortgd vs frequency for samples A and B.
Data recorded for several electrodes are reported for sample A. Measure-
ments were performed for sample B at 297 and 110 K.
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in this way. In fact, in spite of quite high losses associated up
to now with this material we have to point out that a tunable
resonator operating near 10 GHz was realized withc-axis
SBN films epitaxially grown on as100dMgO substrate.31
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