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BaBi 4Ti4O15 ferroelectric thin films grown by pulsed laser deposition
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and D. Hesse
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BaBi4Ti4O15 ~BBiT! is an n54 member of the Bi-layer-structured ferroelectric oxide family
~Aurivillius phases!. BBiT thin films with preferred orientations have been grown on epitaxial
conducting LaNiO3 electrodes on~001! SrTiO3 by pulsed laser deposition. Cross-section electron
microscopy analysis reveals that the films consist ofct-axis oriented regions and mixedat- and
ct-axis oriented regions. The mixedat- andct-axis oriented regions show high surface roughness
due to the rectangular crystallites protruding out of the surface, whereas thect-axis oriented regions
show a smooth surface morphology. In the mixedat- andct-axis oriented regions, the BBiT films
exhibit saturated ferroelectric hysteresis loops with remnant polarizationPr of 2 mC/cm2 and
coercive fieldEc of 60 kV/cm and no polarization fatigue up to 108 cycles. The regions having
ct-axis orientation with a smooth surface morphology exhibit a linearP–E curve. The results show
that the ferroelectric properties of a planar capacitor consisting of BBiT depend on the crystalline
orientation of the film. ©1999 American Institute of Physics.@S0003-6951~99!01204-8#
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Ferroelectric materials have innumerable properties
lated to their spontaneous polarization, for instance, py
and piezoelectricity, which are used for various sensors
actuators.1 The use of ferroelectric thin films brings not on
the additional advantage of reduced weight and size, bu
allows the fabrication ofintegrateddevices which involve
switching of the polarization between the two thermod
namically stable states. The development of sophistica
film-synthesis methods providing high-quality films, togeth
with presently existing efforts to find new or alternative s
lutions for computer memories, makes ferroelectric nonvo
tile memories very attractive.2 Simple perovskite ferroelec
tric films ~such as PZT! on platinized silicon substrate
exhibit high polarization fatigue.3 This problem could be
overcome to some extent by replacing the Pt electrodes
conducting oxide electrodes,4 or by replacing PZT with Bi-
based layer-structured ferroelectric oxides, which are kno
to be free of polarization fatigue up to 1012 cycles of
polarization.5,6 These Bi-based layer-structured ferroelect
oxides belong to the Aurivillius family and can be describ
by the general formula (Bi2O2)

11(An21BnO3n11)22. The
high fatigue resistance of these oxides seems to be du
their crystal structure, wheren perovskite-like oxygen octa
hedra are sandwiched between (Bi2O2)

11 layers.
BaBi4Ti4O15 ~BBiT! is a member of the Aurivillius

phases with A5~Ba, Bi!, B5Ti and n54. The crystal struc-
ture of BBiT can be described by an orthorhombic or
pseudotetragonal unit cell. In this letter a pseudotetrago
unit cell is used and it is indicated by the subscript ‘‘t.’’ The
tetragonal lattice parameters of BBiT areat53.86 Å andct

541.8 Å.7 The anisotropy in the dielectric properties
single-crystalline BaBi4Ti4O15 ~BBiT! and the optical prop-
erties ofct-axis oriented films of SrBi4Ti4O15 ~SBiT!, both
beingn54 members of the Bi-based layer-structured fer
electric oxide family, have recently been reported.8,9 The
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ferroelectric properties ofc-oriented Bi4Ti3O12 ~BiT! thin
films on oxide electrodes have been reported as well.6 It is
desirable to explore the ferroelectric properties of we
oriented thin films of the higher members (n.3) of the Bi-
layer-structured ferroelectric oxide family. In this letter w
report on the orientation-dependent ferroelectric propertie
strongly oriented BBiT thin films on conducting epitaxi
LaNiO3 ~LNO! electrodes grown by pulsed laser depositi
~PLD!. Epitaxial LNO thin films serving as an oxide elec
trode for Bi2VO5.5 (n51) have been reported earlier.10

BBiT and LNO films were grown by PLD employing
KrF excimer laser (l5248 nm). These films were deposite
at a laser repetition rate of 5 Hz with a laser pulse ene
density of 2 J/cm2 on single-crystalline~100! SrTiO3 ~STO!
substrates. Epitaxial LNO electrodes with nominal thickne
of 100 nm were grown at a substrate temperature of 825
in an oxygen ambient of 300 mTorr. The details of PLD
epitaxial LNO thin films and their properties have been d
scribed elsewhere.11 400 nm thick BBiT films were depos
ited in situ onto the LNO electrode layer at a substrate te
perature of 800 °C in an oxygen ambient of 100 mTorr. Af
the BBiT film deposition, the samples were cooled to roo
temperature in 1 Torr of oxygen. The structure of the film
was studied by x-ray diffraction~using Philips X’Pert MRD!
and cross-section transmission electron microsc
~XTEM!. The film morphology was probed by scannin
electron microscopy~SEM! and atomic force microscopy
~AFM!. Ferroelectric measurements were carried out
these planar capacitor structures employing a RT66A fe
electric tester and mercury probe.

BBiT thin films grown on~100! oriented epitaxial LNO
electrodes on STO single-crystal substrates show ma
c-oriented growth. X-ray diffraction~XRD! u–2u scans~not
shown here! show (00l ) t peaks of BBiT and a weak (110)t

BBiT peak at 2u of 32.8°. In Fig. 1, the x-ray pole figure fo
the (109)t peak of BBiT is given. The pole figure shows a s
~four peaks! of high-intensity peaks atC550.2° correspond-
© 1999 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



a

lm
-

er

p

ho
w
n
al
e
M

ge

w
ck
e

su

cte
e-
lite
es
n
h

ss,
r-

y
-
-

e

n-

re

h

604 Appl. Phys. Lett., Vol. 74, No. 4, 25 January 1999 Satyalakshmi et al.
ing to BBiT (001)t , a set of peaks of moderate intensity
C539.8° corresponding to (100)t , and a set of very low-
intensity peaks atC557.0° corresponding to (110)t . The
pole figure analysis clearly demonstrates that the BBiT fi
contains mainly (001)t and (100)t oriented grains. More de
tailed XRD texture analysis shows that (001)t is parallel to
~001! STO in the case ofct-oriented crystallites and (100)t is
parallel to ~001! STO for the at-oriented crystallites. The
details of these measurements will be provided elsewh
The lattice parameterct calculated from x-ray diffraction is
41.7 Å and is comparable to the reported bulk value.7

The SEM images show more or less rectangular-sha
crystallites on the surface of the film in some regions@Fig.
2~a!#, whereas other regions show a smooth surface morp
ogy. The rectangular-shaped crystallites are arranged
the long axis along two mutually perpendicular orientatio
on the substrate plane. The surface morphology was
examined by atomic force microscopy. The AFM imag
show a surface morphology similar to that observed in SE
Figure 2~b! shows a topographic line scan of an AFM ima
taken in a region where SEM revealed the presence
rectangular-shaped crystallites. The AFM line scan sho
that the crystallites are protruding out of the smooth ba
ground. The AFM images of the regions without th
rectangular-shaped crystallites showed highly smooth
face morphology with a root-mean-square~rms! surface
roughness of 2.5 nm over a 2.532.5mm2 area.

TEM cross-section images and corresponding sele
area diffraction~SAD! patterns were taken from those r
gions where a high density of rectangular-shaped crystal
were observed by SEM and AFM. The XTEM imag
showed that the electrode layer thickness is about 150
and the BBiT film has a thickness of about 400 nm. T
BBiT film consists of two sublayers. The lower sublayer~lo-
cated directly on the LNO electrode! consists ofct-axis ori-
ented grains as indicated by the (001)t lattice fringes seen in

FIG. 1. X-ray pole figure of a BBiT film performed with the$109% t peaks
(2u530.0°). The high-intensity peaks (c550.2°) correspond to the
ct-oriented grains and the low-intensity peaks (c539.8°) to theat-oriented
grains. The very low-intensity~split! peaks (c557.0°) originate from the
(110)t-oriented crystallites. The vertical scale is the square root of the m
sured intensity.
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the cross-section image~A in Fig. 3!. The upper sublayer
mainly consists ofat-axis oriented grains~Fig. 3! and very
few ct-axis oriented grains. The regions withat-axis oriented
grains~B and C in Fig. 3! possess a high surface roughne
whereas thect-axis oriented grains show a smooth flat su
face (A8 in Fig. 3!. The ct-axis oriented grains are easil
identified by their (001)t fringes running parallel to the sub
strate surface. In theat-axis oriented grains fringes perpen
dicular to the substrate surface are observed in region B~Fig.
3!. The fringes in theat-axis oriented crystallites in region C

a-

FIG. 2. ~a! Scanning electron micrograph of a BBiT film showing recta
gular crystallites on the surface;~b! AFM topographic line profile of a BBiT
film with rectangular crystallites protruding out of the surface.

FIG. 3. TEM cross-section image of a BBiT film in the region whe
rectangular-shaped crystallites were found. The image shows thect-axis
oriented grains (A,A8) and also theat-axis oriented grains~B and C!. The
inset displays a selected area diffraction pattern corresponding to botct-
andat-axis oriented grains.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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~Fig. 3! are not visible because Bi2O2 planes are in the plan
of the figure. The inset of Fig. 3 displays a SAD patte
corresponding to bothat- andct-axis oriented grains. From
the XTEM results it is inferred that the grains protruding o
of the surface areat-oriented grains whereas the smooth s
face regions arect oriented.

Ferroelectric hysteresis measurements were carried
on the BBiT films, separately accessing different regio
showing different morphologies by using a Hg probe w
contact area of 0.08 mm2. The at- and ct-oriented 10
310 mm2 film had regions of several mm2 having only
ct-axis oriented grains with smooth surface and several m2

regions with at-oriented crystallites embedded in th
ct-oriented film. In the regions withat-axis oriented grains
the BBiT films exhibit saturated ferroelectric loops with
remnant polarization of 2mC/cm2 and a coercive field of 60
kV/cm ~Fig. 4!. No polarization fatigue was observed up
108 switching cycles in the region whereat-axis oriented
crystallites were present. No hysteresis loops were obse
in thect-axis oriented regions. This observation suggests
the macroscopic polarization depends on the degree
at-axis orientation in the film.

In the literature it is reported that layer-structured fer
electric oxides exhibit a high degree of anisotropy in th
electrical properties owing to their crystal structure. For
stance, a high dielectric constant in theab plane and a com-
paratively low dielectric constant along thect axis have been
observed in BBiT single crystals.8 There is a belief that Bi-
layer-structured ferroelectric oxides with evenn exhibit no
spontaneous polarization along thect axis, whereas those
with odd n exhibit spontaneous polarization along thect

FIG. 4. Ferroelectric hysteresis loop of a film region havingat-axis oriented
crystallites on the surface.
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axis.12 Spontaneous polarization has indeed been reported
c-axis oriented BiT (n53) films.6 On the other hand, Desu
et al.13 reported an orientation dependence of the ferroe
tric properties of SrBi2Ta2O9 ~SBT! (n52) thin films grown
on Pt electrodes; they observed a decrease in the polariz
and coercive field values with an increase in the degree
ct-axis orientation. Recently, artificial superlattices with t
ct axis normal to the substrate of Bi-based ferroelectric
ides with n51 – 3 perovskite layers sandwiched betwe
Bi2O2 layers were grown by Tabataet al.14 and they reported
ferroelectric hystersis loops forn51 or 3, whereas superlat
tices withn52 showed a linearP–E curve. Based upon the
above considerations, it seems that the ferroelectric hys
esis loops obtained in our BBiT films are solely due
at-axis oriented crystallites as we do not observe any fe
electric hysteresis loop in thect-axis oriented region of the
films. It is, therefore, of technological importance to growa-
or b-axis oriented epitaxial films of BBiT.

In conclusion, preferentially oriented BBiT thin film
have been grown on~100!-oriented epitaxial LNO elec-
trodes. Saturated ferroelectric hysteresis loops withPr of 2
mC/cm2 and Ec of 60 kV/cm have been obtained for th
regions withat-oriented crystallites, whereas perfectct-axis
oriented regions exhibit linearP–E curves. The results show
that the macroscopic ferroelectric properties of these lay
structured oxide thin films strongly depend on the crystall
orientation of the films.
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