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Abstract. Thin films of bismuth-layered perovskites such
asSrBi2Ta2O9, Bi4Ti3O12, andBaBi4Ti4O15 with preferred
orientations were grown by pulsed laser deposition on epitax-
ial conductingLaNiO3 electrodes on single-crystalline (100)
SrTiO3 or on top of epitaxial buffer layers on (100) sil-
icon. A morphology and structure investigation by X-ray
diffraction analysis, scanning probe microscopy, and scan-
ning and transmission electron microscopy showed that the
films consisted of bothc-axis-oriented regions and mixed
(110)-, (100)-, and (001)-oriented regions. The regions with
mixed orientation featured rectangular as well as equiaxed
crystalline grains protruding out of a smoothc-oriented back-
ground. A closer examination revealed that the regions with
mixed orientation actually consisted of ac-axis-oriented sub-
layer growing directly on the epitaxialLaNiO3 electrode, on
top of which the growth of either (110)-, (100)-, or (001)-
oriented grains took place. Macroscopic as well as micro-
scopic measurements of the ferroelectric properties of regions
with pure c-orientation and of regions with mixed orienta-
tions showed a clear relationship between their ferroelectric
properties and their morphology and crystallographic orien-
tation. In the regions with mixed orientation, the films exhib-
ited saturated ferroelectric hysteresis loops with well-defined
remnant polarisationPr and coercive fieldEc. The regions
havingc-axis orientation with a smooth surface morphology
in contrast exhibited a linearP− E curve with no hysteretic
behaviour forSrBi2Ta2O9 andBaBi4Ti4O15 and a weak fer-
roelectric behaviour forBi4Ti3O12. This clearly showed that
the ferroelectric properties of bismuth-layered ferroelectric
oxides depended on the crystalline orientation of the film and
that the observed ferroelectric hysteresis loops inSrBi2Ta2O9
and BaBi4Ti4O15 films were solely due to the (100)- and
(110)-oriented grains. The size of the (110)- and (100)-
oriented grains being of the order of100 nmand spontaneous
polarisation having been observed and switched in a con-
trolled manner is a demonstration that ferroelectricity can
exist in structures of submicrometer size. These results might
have a technological impact due to the relevance of bismuth-
layered ferroelectric oxides for the fabrication of non-volatile
FeRAM memories.

PACS: 68.55-a; 77.80-e; 81.15.Fg

Ferroelectric thin films are a topic of current research both
under applied and fundamental aspects [1–3]. Thin films
of Pb(Zr,Ti)O3 (PZT) andSrBi2Ta2O9 (SBT) are already
in use in commercial products, and SBT thin films are
particularly promising as the functional elements of ferro-
electric random access memories (FeRAMs) [1, 4, 5]. SBT
films are advantageous over PZT films in that they do not
suffer from fatigue [6, 7], whereas PZT films show consid-
erable fatigue if used together with metallic electrodes [8,
9]. This advantage of SBT films is a consequence of the
unique crystal structure of the class of materials SBT be-
longs to: the bismuth-layered perovskites (also called Au-
rivillius phases). The unit cell of the lattice of this type of
compounds consists of perovskite blocks sandwiched be-
tween Bi2O2 layers [10–12]. The low fatigue and its re-
lation to the crystal structure has made thin films of the
Aurivillius-type ferroelectric bismuth-layered perovskites
a most interesting object of investigation during recent
years [5, 6, 13–28].

The ferroelectric films so far used for storage purposes in
integrated solid-state memories are entirely polycrystalline in
nature, i.e. they are characterised by a random distribution of
grain orientations. The consequences of this random orienta-
tion distribution for the ferroelectric properties are rather well
understood in the case of PZT, the crystal lattice of which
is almost cubic. PZT can thus be considered fairly isotropic,
which facilitates the quantitative discussion of the properties
of polycrystalline PZT films [29]. In contrast, SBT has an
orthorhombic crystal lattice and is characterised by a strong
anisotropy of its crystal structure and thus also its ferroelec-
tric properties. The consequences of this strong anisotropy for
the properties of thin SBT films are, however, not yet well
understood [24, 27, 28, 30].

Studies of crystal orientation and structure–property re-
lationships of Aurivillius-type ferroelectric thin films are,
however, also important under fundamental aspects. Early
work reported the direction of the spontaneous polarisa-
tion in the Aurivillius-type compounds to be in the(a-b)
plane [31]. Later on Cummins and Cross, and Aurivillius and
Fang found that the spontaneous polarisation ofBi4Ti3O12
and Ba2Bi4Ti5O18 has at least a measurable component in
thec direction [11, 13].



The Aurivillius compounds are described by the general
formula(Bi2O2)

2+(An−1BnO3n+1)
2−, wheren is the number

of oxygen octahedra between theBi2O2 layers and is some-
times called the Aurivillius parameter. The direction of the
spontaneous polarisation in the bismuth-layered compounds
has been reported to depend on the numbern−1 of per-
ovskite blocks between theBi2O2 layers, and on whether it
is even or odd [28, 32, 33]. Recently, artificial superlattices of
bismuth-based ferroelectric oxides withn= 1 to 3 perovskite
layers sandwiched betweenBi2O2 layers and with thec axis
normal to the substrate were grown by Tabata et al. They re-
ported ferroelectric hysteresis loops forn= 1 or 3 whereas
superlattices withn= 2 showed a linearP− E curve. Tabata
et al. therefore claim that for evenn the vector of the sponta-
neous polarisation is completely within thea-b plane, while
a small component of the spontaneous polarisation is present
along thec axis for oddn [32, 33].

Independent experimental confirmation of this observa-
tion is highly desirable, if the properties of thin films of
SBT and other bismuth-layered compounds are to be quan-
titatively understood. However, SBT thin films with a uni-
form orientation different from the (001)-orientation (from
the ‘c-orientation’) have to our knowledge been prepared
only once [21]. In that work the ferroelectric properties
were not measured, because the films had been grown on
a non-conducting substrate. More detailed studies of struc-
ture, morphology, and orientation of SBT thin films, as well
as the impact of the latter on the ferroelectric properties, are
thus required.

To contribute to a better understanding of the above
problems and to study structure–property relationships of
Aurivillius-type ferroelectric thin films, we performed a com-
parative study of crystal orientation and orientation-dependent
ferroelectric properties of well-oriented thin films of three
different Aurivillius-type compounds, vizSrBi2Ta2O9 (SBT,
n = 2), Bi4Ti3O12 (BiT, n = 3), and BaBi4Ti4O15 (BBiT,
n = 4). The films were grown by pulsed laser deposition
(PLD) on epitaxial conductingLaNiO3 electrodes [24, 26,
27, 34]. Structure and morphology of the films were studied
by X-ray diffraction (XRD), scanning electron microscopy
(SEM), scanning force microscopy (SFM), and plan-view
and cross-sectional transmission electron microscopy (TEM),
whereas the ferroelectric properties were determined both by
macroscopic measurements and at the submicroscopic level
by SFM in the piezoresponse mode [35, 36].

1 Experimental procedures

Ferroelectric thin films ofBi4Ti3O12 (BiT), SrBi2Ta2O9
(SBT), andBaBi4Ti4O15 (BBiT) were epitaxially deposited
by pulsed laser deposition (PLD) onto epitaxial layers of
electrically conductiveLaNiO3 (LNO). The epitaxial LNO
layers served both as template favouring the epitaxial growth
of the ferroelectric films and as bottom electrodes for their
subsequent electrical characterisation. The conductive LNO
epitaxial layers were grown either on top of (100)-oriented
SrTiO3 single crystals or on top of (100)-oriented single-
crystalline silicon substrates previously coated with a stack
of epitaxial CeO2 and YSZ buffer layers. YSZ stands for
yttria-stabilised zirconia, i.e.ZrO2 stabilized in its cubic
phase by means of about10 mol% Y2O3. The CeO2/YSZ

bilayer serves as a template to promote the epitaxial growth
of the LNO electrode layer onSi(100), which in turn pro-
motes the epitaxial growth of the bismuth-layered perovskite
film [26, 27, 37].

All the films and layers were grown by PLD employ-
ing a KrF excimer laser (λ= 248 nm) at a laser repetition
rate of 5 or10 Hz. The large-area pulsed laser deposition
system, as well as the rocking-target and off-axis methods
used to grow epitaxialBiT, SBT, and BBiT films and to pro-
duce SBT/LNO/CeO2/YSZ and BBiT/LNO/CeO2/YSZ
heterostructures [24, 26, 27], as well as the details of PLD of
epitaxial LNO thin films and their properties [38], have been
described earlier. The depositions of all the films were per-
formed in pure oxygen atmosphere in a continuous sequence
without breaking the controlled atmosphere conditions. The
films were grown on substrates heated at high temperatures
estimated to lie between675◦C and 685◦C for YSZ and
between650◦C and 670◦C for the other materials. The
substrate temperature was computer-controlled via a thermo-
couple located inside the heater. The set-temperature and tem-
perature displayed are therefore higher than the true substrate
temperature. In order to assess this difference, the actual tem-
perature of the substrate was directly measured under the
various conditions used for film deposition attaching thermo-
couples to several places on the substrate on anon-rotating
substrate. At a set-temperature of800◦C, the measured sub-
strate temperatures were indeed smaller by about130◦C to
150◦C than the nominal set-temperature. These measured
temperatures were used as an estimation of the true substrate
temperature in the actualrotating substrate configuration.
After the deposition of the bismuth-layered perovskite film
the epitaxial heterostructure was slowly cooled down to room
temperature in13.3 Paof pure oxygen. The deposition pa-
rameters used as well as the typical thicknesses obtained
for the different materials deposited, i.e.YSZ,CeO2, LNO,
Bi4Ti3O12, SrBi2Ta2O9, and BaBi4Ti4O15, are summarised
in Table 1.

The structure of the films was studied by X-ray diffrac-
tion (XRD) using a Philips X’Pert MRD four-circle diffrac-
tometer and plan-view and cross-section transmission elec-
tron microscopy (TEM). The film morphology was probed
by scanning electron microscopy (SEM) and scanning force
microscopy (SFM). Macroscopic ferroelectric measurements
were carried out on planar capacitor structures employing
a RT66A ferroelectric tester and a mercury probe. The spa-
tial distribution of the ferroelectric properties, the domain

Table 1. Summary of the deposition conditions used for the growth of epi-
taxial YSZ, CeO2, LaNiO3 (LNO), Bi4Ti3O12 (BiT), SrBi2Ta2O9 (SBT),
andBaBi4Ti4O15 (BBiT) films

Deposition parameters YSZCeO2 LNO BiT SBT BBiT

Repetition rate/Hz 10 10 5 10 10 10
Pulse energy/mJ 450 350 350 350 350 350
Energy density/J/cm2 3 2.7 2.7 2.7 2.7 2.7
(on the target)
Heater temperature/◦C 820 800 800 800 800 800
Substrate temperature/◦C 680 665 655 665 665 665
(estimated)
Oxygen pressure×7.5/Pa 10−2 100 300 100 100 100

Film thickness/nm ≈ 50 ≈ 20 ≈ 50 ≈ 400≈ 150≈ 300



structure and the local hysteresis loops were investigated at
the sub-microscopic level using piezoresponse scanning force
microscopy (SFM). The experimental set-up was described
elsewhere [35, 36] and was very similar to that reported by
other authors [39, 40]. Briefly, for the piezoresponse inves-
tigations reported here, a Dimension 5000 scanning probe
microscope from Digital Instruments equipped with a highly
doped silicon conductive tip-cantilever assembly was used.
A small ac-testing signal with a frequency of14.2 kHzand an
amplitude smaller than the coercive voltage of the film under
test (typically2–3 V) was applied between the conductive tip
and the bottom electrode of the sample. The mechanical oscil-
lations of the sample surface induced by the ac field, via the
converse piezoelectric effect, were transmitted to the tip and
were extracted from the global deflection signal using a lock-
in technique (EG&G lock-in amplifier, model 7620). The
topographic image and the domain structure image were sim-
ultaneously displayed by monitoring both the usual deflection
signal and the first harmonic of the small signal induced by
the ac-testing voltage (referred to as the piezoresponse signal
in the following). Local piezoelectric hysteresis loops were
acquired by superimposing a dc-bias voltage to the ac signal.
Note that each point of the hysteresis loops was taken inzero
field conditions after having applied a poling voltage of the
desired amplitude for a duration of100 ms, then suppressing
the bias voltage and waiting for2 s before finally measuring
the piezoresponse. The use of this procedure avoided severe
electrostatic interactions between cantilever/tip and bottom
electrode. However, only the remnant piezoelectric coeffi-
cient was measured as a function of the voltage of the poling
dc-pulse.

2 Results and discussion

2.1 Thickness and composition uniformity

The spatial thickness uniformity obtained was investigated by
profilometry, ex-situ spectroscopic ellipsometry, or constant-
angle reflectance interference spectroscopy (CARIS) and was
locally confirmed by cross-sectional SEM. For films de-
posited on large areas the relative thickness variation of the
whole heterostructure was strongly depending on the materi-
als, but smaller than15% of the average thickness over entire
3-inchwafers in the worst case. The thickness uniformity was
correspondingly better for films grown on smaller size sub-
strates, thickness variations being almost negligible for het-
erostructures deposited on1 cm×1 cm size substrates. The
chemical composition of the deposited films controlled by
energy-dispersive X-ray spectroscopy (EDX) and Rutherford
backscattering spectroscopy (RBS) was also very good, even
across the whole area of a substrate3 inch in diameter. Both
the spatial thickness and compositional uniformities were de-
scribed in detail earlier and were reported elsewhere [26].

2.2 Structure and morphology

All the bismuth-layered thin films, i.e. BiT, SBT, and BBiT
in this study, deposited on (100)-oriented epitaxial LNO
electrodes on STO single-crystalline substrates or on top of
an epitaxial buffer layer stack on single-crystalline silicon

showed mainlyc-oriented growth. The epitaxial nature of the
films composing the heterostructures was shown by establish-
ing both their good out-of-plane and in-plane orientations.
X-ray diffraction (XRD) θ−2θ scans showed overwhelm-
ingly (00l ) peaks. Figure 1a shows the X-ray spectrum in
the θ−2θ Bragg–Brentano geometry for an epitaxial SBT
film on an epitaxial LNO/CeO2/YSZ/Si(100) heterostruc-
ture. The spectrum displays only SBT (00l ) peaks besides
the (h00) peaks of the epitaxial electrode and buffer layers
clearly demonstrating the good out-of-plane orientation of the
SBT film. The in-plane orientation was verified by means of
X-rayΦ-scans. Figure 1b shows aΦ-scan for the (208) peak
(2Θ = 43.69◦) of the same film as in Fig. 1a. It exhibited four
well-resolved peaks separated by90◦ revealing a good in-
plane orientation as well as the pseudo-tetragonal character
of the crystallographic unit cell. Having a good out-of-plane
and a good in-plane orientation, the good epitaxy of the SBT
films of Fig. 1 is established. The epitaxial nature of the dif-
ferent layers forming the various heterostructures presented
and discussed in this study was verified and was equivalent
to that of the SBT films of Fig. 1. More detailed XRD texture

Fig. 1. aX-rayΘ−2Θ-scan of a SBT film deposited onto an epitaxial LNO
electrode layer on an epitaxialCeO2/YSZ buffer layer stack on a Si(100)
substrate. The spectrum displays only SBT (00l) peaks besides the (h00)
peaks of the epitaxial electrode and buffer layers and clearly shows that the
film has a good out-of-plane orientation.b X-ray Φ-scan for the (208) peak
(2Θ = 43.69) of the same film as ina demonstrating a good in-plane orien-
tation, and revealing together with (a) the good epitaxial character of the
SBT film



analysis showed, however, regions with a small film fraction
having(110)orth and(100)orth orientations1 beside the mostly
(001)-oriented (i.e.c-oriented) film. It will be shown in the
following that this observation is fully consistent with the
SEM, SFM, and TEM investigations.

The morphology of the films were observed by means of
SEM and SFM. Both SEM and SFM investigations revealed
the same surface morphology of the epitaxial bismuth-layered
films: the film exhibited rectangular as well as equiaxed
grains protruding out of a flat background. Depending on
the materials deposited and on the deposition conditions the
density of these protruding grains differed. Although the
thickness and composition were uniform across the whole
samples (see above), the surface morphology and the film mi-
crostructure was not uniform across the sample area. Even for
substrates of 10×10 mm, BiT, SBT, and BBiT films had re-
gions of severalmm2 having a smooth surface and regions
of severalmm2 with equiaxed and rectangular grains pro-
truding out of the smooth background. This difference in the
film morphology across the substrate is very probably due
to a thermal gradient across the substrate during the film
deposition, but the exact mechanism responsible for the non-
uniformity of the microstructure is still under investigation.
Figure 2 shows a scanning force microscopy topographic
image of a region of an epitaxial SBT film with mixed orien-
tation which exhibited a typical surface morphology. The
equiaxed grains are protruding about50 nmout of the flat sur-
face, whereas the rectangular grains are protruding out only
20 to 30 nm. The rectangular grains are oriented with their
long axis along two mutually perpendicular directions, and
a similar preferred in-plane orientation seems to exist for the
equiaxed grains as well (Fig. 2). SFM images of the regions
without the rectangular-shaped crystallites (not shown here)

1 Please note that the bismuth-layered perovskites have been described in
the published literature either using a pseudo-tetragonal unit cell or using
a unit cell with the actual orthorhombic symmetry. In all generality the
“tetr.” and “orth.” subscripts should indicate whether the pseudo-tetragonal
or the orthorhombic description, and indexation, is used. However, in the
following only the orthorhombic description, corresponding to the actual
symmetry, will be used, and the subscript “orth.” will be omitted.

Fig. 2. Scanning force microscopy topographic image of an epitaxial SBT
film showing rectangular and spherical grains protruding out of a flat back-
ground. The rectangular grains are oriented with their long axes along two
mutually perpendicular directions

displayed a highly smooth surface morphology with a root
mean square (RMS) surface roughness of2.5 nm over areas
of about 2.5×2.5µm. All these features were observed in
SBT, BiT, and BBiT epitaxial films on both STO and Si-based
substrates.

TEM cross-section (XTEM) images were taken from
regions where a high density of rectangular-shaped and
equiaxed protruding crystallites were observed by SEM and
SFM. The XTEM images (Fig. 3) clearly confirmed the very
flat nature of the background and the protruding character
of the grains. A closer examination revealed that the re-
gions with mixed orientation actually existed in most of the
cases of two sublayers (cf. below). Higher resolution XTEM
pictures of the same epitaxial SBT film as in Fig. 2b (not
shown here) also exhibited periodic fringes with a spacing
of 12.5Å, corresponding to the distance between twoBi2O2
planes in the SBT crystal structure. These fringes were run-
ning parallel to the surface in the matrix indicating that the
crystallographicc axis is normal to the surface. The fringes
corresponding to theBi2O2 planes were running perpendicu-
lar to the surface in the embedded grains [28]. Together with
the presence of a fraction of SBT with (110)- and (100)-
orientation inferred from the detailed analysis of the XRD

Fig. 3a,b. Cross-section TEM images of a BiT film on top of an epitax-
ial LNO electrode on aSrTiO3 single crystalline substrate (a), and a SBT
film deposited onto an epitaxial LNO film on an epitaxialCeO2/YSZ buffer
layer stack on a Si(100) single crystalline substrate (b). Both films exhibit
grains about100 nmin size protruding out of a flat background



data, this implied that the crystallographicc axis of SBT in
the grains was lying parallel to the surface in the plane of
the figure. A more careful analysis of the XTEM images, to-
gether with the surface morphology observed by SEM and
SFM gave evidence that some grains had theirc axis par-
allel to the surface but normal to the plane of the figure.
Most of these deductions have already been confirmed by
taking selected-area electron diffraction (SAED) patterns of
the lower and upper sublayers and of the embedded grains
(not shown here). It clearly showed that the lower layer,
growing directly on the epitaxialLaNiO3 electrode, was ex-
clusively c axis oriented. On top of thec-oriented sublayer
the growth of (110)- and (100)-oriented protruding grains
took place, giving rise to a completelyc-oriented matrix with
a flat free surface with embedded grains protruding out of
the surface [28]. As XTEM images ofBiT/LNO/STO and
of BBiT/LNO/STO [24] were showing the same features
(a complete analysis of all the images is under process), it was
concluded that these features are common to all our bismuth-
layered epitaxial films.

Plan-view TEM images were also taken in order to de-
termine the epitaxy relationships existing between the em-
bedded grains having different orientations and the under-
lying epitaxial layers as well as their orientations relative
to the single crystalline substrate. Figure 4b shows a plan-
view TEM image of the same BiT film as in Fig. 3a. The
image shows equiaxed “square” grains (labelled “A” and “B”
in Fig. 4b) and rectangular-shaped grains (labelled “C” and
“D”) embedded into thec-oriented BiT film matrix. This
morphology clearly reflects the one of the SFM image of
Fig. 2 and is consistent with the cross-section TEM micro-
graph of Fig. 3a. It can be noticed that both the “square” and
the “rectangular” grains are single crystalline. The diffraction
patterns (a), (c), and (d) were evaluated in detail: The diffrac-
tion pattern (a), corresponding to the left part of the image,
shows (i) the strong square pattern of the reflections from
theLaNiO3(001) electrode layer, (ii) a weaker square pattern
from the c-oriented BiT(001) film matrix, (iii) the rows of
(00l ) reflections running from top left to bottom right corres-
ponding to the (110)-oriented rectangular grain “C” on the
left, and (iv) the two mutually perpendicular rows of (00l )
reflections corresponding to the (100)-oriented square grains
“A” and “B” in the middle. The diffraction patterns (c) and
(d), taken with the smallest selected-area diaphragm and re-
duced in scale by a factor of two with respect to (a), show

Fig. 4a–d. Plan-view TEM image (b) of the
same BiT film as in Fig. 3a. The image
shows (100)-oriented square grains (“A”,
“B”) and (110)-oriented rectangular shaped
grains (“C”, “D”) within a flat (001)-oriented
film matrix. This morphology corresponds to
that of the SFM image of Fig. 2. Details of
the selected-area diffraction patterns (a), (c),
and (d) are explained in the text. Note that (c)
and (d) are reduced by a factor of two with
respect to (a)

the selected-area electron diffraction (SAED) patterns of the
(100)-oriented square grain “A” and the (110)-oriented rect-
angular grain “D”, respectively.

From a detailed analysis of these SAED patterns, the
following conclusions were drawn. TheLaNiO3 electrode
layer (LNO), if considered as pseudo-cubic2, has the follow-
ing cube-to-cube orientation relationship with respect to the
SrTiO3 substrate (STO):

(001)LNO || (001)STO; [100]LNO || [100]STO. (1)

Thec-oriented BiT film matrix (“MBiT”) obeys the following
orientation with respect to theSrTiO3 substrate:

(001)MBiT || (001)STO; [100]MBiT || [110]STO. (2)

Embedded into this matrix are grains of two different orienta-
tions, each of them existing with two mutually perpendicular
azimuthal orientations. The more or less square-shaped BiT
grains (“SQBiT”) (for example, “A” and “B” in Fig. 4b),
which in the SFM images show up as round-shaped (“spheri-
cal”) grains, obey the following orientation relationships with
respect to the STO substrate and thec-oriented BiT film
matrix:

(100)SQBiT|| (001)STO|| (001)MBiT;
[001]SQBiT|| [110]STO|| [100]MBiT; (3a)

(100)SQBiT|| (001)STO|| (001)MBiT;
[001]SQBiT|| [11̄0]STO|| [010]MBiT . (3b)

The rectangular-shaped grains (“RGBiT”) (for example, “C”
and “D” in Fig. 4b), which in SFM images also show up
with rectangular shape, obey the following orientation rela-
tionships with respect to the STO substrate and thec-oriented
BiT film matrix:

(110)RGBiT || (001)STO|| (001)MBiT;
[001]RGBiT || [100]STO|| [110]MBiT; (4a)

(110)RGBiT || (001)STO|| (001)MBiT;
[001]RGBiT || [010]STO|| [11̄0]MBiT . (4b)

2 Although almost cubic,LaNiO3 has actually a rhombohedral symmetry.
Both cubic and rhombohedral description and indexation ofLaNiO3 may
therefore be found in the literature.



It can be noted that XRD, SEM, SFM, cross-section and plan-
view TEM results, including the epitaxy relationships given
above, are fully consistent with each other, giving them a high
degree of credibility and reliability.

2.3 Ferroelectric properties

Layer-structured ferroelectric oxides exhibit a high degree of
anisotropy in their electrical properties due to their crystal
structure. For instance a high dielectric constant in thea-b
plane and a comparatively low dielectric constant along the
c axis have been observed in BBiT single crystals [30]. As
mentioned in the introduction there is a belief that bismuth-
layer-structured ferroelectric oxides with an even Aurivillius
parametern exhibit absolutely no spontaneous polarisation
along thec axis whereas those with oddn do exhibit a small
but non-zero spontaneous polarisation along thec axis [32,
33]. Spontaneous polarisation has indeed been measured and
reported forc-axis-oriented BiT (n= 3) films [6], supporting
the second part of the statement. On the other hand, some ev-
idence to support the first part of the statement was presented
by Desu et al. [41], who reported an orientation dependence
of the ferroelectric properties ofSrBi2Ta2O9 (SBT) (n= 2)
thin films grown onPt electrodes, observing a decrease in
polarisation and coercive field values with an increase in the
degree ofc-axis orientation. The experimental evidence re-
ported by Tabata et al. [32, 33] remained however the most
convincing confirmation to date. The results reported in the
following sections are a further and definitive confirmation
that the bismuth-layered perovskites with even Aurivillius pa-
rametern have no spontaneous polarisation along their crys-
tallographicc-axis, at least for epitaxial films of SBT (n= 2)
and BBiT (n= 4).

2.3.1 Macroscopic ferroelectric hysteresis.As described
above, the BiT, SBT, and BBiT films had regions of several
mm2 having onlyc-axis-oriented grains with a smooth sur-
face, and regions of severalmm2 regions with (110)- and
(100)-oriented crystallites embedded in thec-oriented film.
The macroscopic ferroelectric characteristics of the epitax-
ial bismuth-layered films were measured using the underlying
conductive epitaxial LNO layers as bottom electrodes. Fer-
roelectric hysteresis measurements were carried out on the
bismuth-layered perovskite films, separately accessing differ-
ent regions showing different morphologies by using a Hg
probe with a contact area of0.08 mm2. Figure 5 shows typ-
ical ferroelectric hysteresis loops of a SBT film in a region
with a high density of protruding (110)- and (100)-oriented
crystallites, rectangular shaped and equiaxed, respectively,
dispersed in a flatc-oriented background, and in a region
almost purelyc-oriented, respectively. It can be seen that
also the ferroelectric properties of epitaxial SBT films are
strongly related to their microstructure. The ferroelectric
properties of regions of mixed orientation are weaker than
for a polycrystalline film [17, 41] but the loop is saturated,
the remnant polarisationPr ≈ 1µC/cm2 and the switching
voltage smaller than1 V are still suitable for applications.
In the region almost purelyc-oriented, almost no hystere-
sis loop is observed, as is the case of completelyc-oriented
BBiT reported earlier [24]. The important result is there-
fore thatno hysteresis loops were observed in the entirely

Fig. 5. Macroscopic ferroelectric hysteresis loop of an epitaxial SBT film on
an epitaxialLNO/CeO2/YSZ/Si(100) hetereostructure, taken in a region
with mixed orientation (high density of protruding epitaxial grains) and in
a mostlyc-oriented film, respectively

c-oriented regions, whereas in the regions with (110)- and
(100)-oriented grains the films exhibited saturated ferroelec-
tric loopswith a remnant polarisation of 1 to2µC/cm2 and
a coercive field between20 kV/cm and 60 kV/cm depend-
ing on the materials. These observations clearly prove that the
macroscopic polarisation strongly depends on the density of
non-c-orientedcrystallites, and also on the degree of orienta-
tion of these crystallites with respect to the crystallographic
direction along which the spontaneous polarisation lies, viz
for SBT most probably thea axis [23]. The optimisation of
the film orientation, i.e. the exact crystallographic direction of
the spontaneous polarisation in bismuth-layered perovkites as
well as the growth of bismuth-layered perovskite films only
possessing this optimal orientation or having a predominant
volume fraction of it are under investigation. The dependence
of both fatigue and retention of thin films of bismuth-layered
materials on their crystallographic orientation is an issue of
fundamental interest and has also a strong potential impact on
their applications. Further investigations should be carried out
in order to clarify these questions.

2.3.2 Domain switching and ferroelectric properties on the
submicron scale.The sizes of the (110)- and (100)-oriented
grains embedded in thec-oriented film matrix are of the order
of 100 nm, well in the submicrometer range (Figs. 2 to 4). To
date, only one method3 is able to locally analyse the ferro-
electric properties at this scale, and is able for instance to dis-
criminate the ferroelectric properties of the grains from those
of the matrix viz.scanning force microscopy (SFM) in the
piezoresponse mode[44–47]. Harnagea et al. have refined the
method in order to be able to extract quantitative information
with a resolution of some tens ofnm [36]. Only the compon-
ent of the polarisation normal to the electrodes was investi-
gated, which is the most common use of piezoresponses SFM.

3 On extremely flat surfaces the changes in electrostatic force induced by
the spontaneous polarisation could be recorded, in the so-called resonance
method [42, 43]. This method is extremely sensitive to the electric fringing
fields, as for instance the one produced by edges of three-dimensional struc-
tures. Therefore, and to the best of our knowledge, the piezoreponse SFM
is the only method to be used on rough or structured surfaces.



Although the detection of the in-plane components of the po-
larisation is also possible, yet more complicated, it will not
be discussed here. In the case of bismuth-layered perovskite
materials only180◦ domains have been reported and this lim-
itation is therefore not a major concern. Figure 6a,b shows
a topographic image 4×4µm in area and the simultaneously
acquired piezoresponse image of a region of the epitaxial
SBT film of Figs. 2 and 3b. The piezoresponse image re-
veals the ferroelectric initial domain structure of this region
of the film. The phase and offset voltage of the lock-in am-
plifier were adjusted so that positive polarisation appears in
white and negative polarisation appears in black. A positive
polarisation corresponds to a polarisation vector pointing up,
towards the top electrode (in our case the conductive SFM
tip) whereas a negative polarisation corresponds to a polarisa-
tion vector pointing down, towards the bottom LNO electrode
and substrate. A grey colour indicates a piezoresponse at or
below the detection limit and is therefore ascribed to a zero
polarisation.

A striking feature of the piezoresponse image of Fig. 6b
is that only the protruding grains give a net piezoresponse
signal. The flatc-oriented background is uniformly grey, i.e.
does not exhibit a normal polarisation. The protruding grains,
in contrast, exhibit a very strong and well-contrasted piezore-
sponse (white or black, with few intermediate grey levels),
demonstrating a measurable spontaneous polarisation normal
to the film surface. In full accordance with the results of
the macroscopic ferroelectric measurements presented above,
these results demonstrate thatno polarisation is observed in

Fig. 6. Hysteresis loop of a400 nm×
250 nm (100)-oriented crystallite of SBT.
The image shows simultaneously acquired
topographic (top-middle) and piezoresponse
(top-right) images of a4×4µm2 area of
the sample. A higher magnification1µm×
1µm topographic image (top-left) as the
corresponding piezoresponse images (1 to
4) show the domain structure of the crys-
tallite before (1) and at various stages (2
to 4) of the local hysteresis loop taken at
the place marked with a cross in thetop-left
topographic image. The different stages at
which the piezoresponse images were taken
are also indicated on the hysteresis loop

the flat entirely c-axis-oriented regions, whereas in the re-
gions with (110)- and (100)-axis oriented protruding grains
the films exhibit a piezoresponse induced by their ferroelec-
tric spontaneous polarisation. These results are valid on the
scale of the individual (110)- and (100)-oriented grains which
are about100 nmin size.

Tabata et al. grew natural and “artificial” bismuth-layered
perovskites using a layer-by-layer deposition technique in
order to control both the composition and the number of
the perovskite blocks between twoBi2O2 layers [32, 33].
They obtained bismuth-layered perovskite films having com-
positions occurring in nature (they call it “natural” bismuth-
layered perovskites) as well as compositions that are not
occurring in nature (they call it “artificial” bismuth-layered
perovskites), and showed that the films with an even Au-
rivillius parametern exhibited no ferroelectricity along their
crystallographic axis normal to theBi2O2 layers, whereas
films with an odd numbern showed a spontaneous polarisa-
tion along this axis. It has to be noted that in their work, even
the “natural” films were grown by extremely well-controlled
layer-by-layer growth. Unlike Tabata et al. who showed it
for engineered layers, we demonstrated here that this result
is true also for bismuth-layered perovskite films epitaxially
grown by PLD from stoichiometric ceramic targets, i.e. with-
out any engineering of the structure of the films.

Figure 6c represents a higher magnification topographic
image of a 1µm×1µm region, and the corresponding
piezoresponse image (Fig. 6d) shows the initial domain struc-
ture of the single350 nm×250 nm(100)-oriented SBT grain



marked with a cross in Fig. 6c. The whole grain was in a nega-
tive polarisation state. The conductive tip was then located
exactly at the point marked by the cross in Fig. 6c and a se-
quence of dc-bias voltage pulses was applied in order to
record a local remnant hysteresis loop as explained in the ex-
perimental section. The recording was paused in the points
marked 1 to 4 in the hysteresis loop of Fig. 6e, and piezore-
sponse images revealing the domain structure of the same
region as that of Fig. 6c,d were acquired. Figure 6f shows
for instance that after applying a voltage pulse of+12 V the
entire grain which had a negative polarisation in Fig. 6d be-
came positive. Figures 6g,h show again the switching of the
grain in the negative and positive state, for−12 V and+12 V,
respectively. It has to be noted that such locally resolved
piezoresponse images at the submicron scale have been ob-
tained for epitaxial BiT and BBiT films as well, extending
the present discussion to bismuth-layered perovskites with an
Aurivillius parametern= 2 to 4 [35, 36]. Moreover, for BiT
(n= 3), the only bismuth-layered perovskite with odd Auriv-
illius parametern in this study, a small but still measurable
polarisation has been detected also inc-oriented regions [36],
in full accordance with the early macroscopic determination
of the polarisation component along thec axis of BiT by Au-
rivillius and Fang as well as by Cummins and Cross [11, 13].

It can therefore be seen that grains as small as100 nmin
size exhibit measurable spontaneous polarisation and that this
polarisation can bereadily switchedby means of an exter-
nal electric field. Moreover, a careful observation of Fig. 6g
reveals that a domain structure can still be observedwithin
the grain itself, meaning that a stable domain configuration
with domains smaller than100 nmcan exist. Similar results
have been reported for arrays of artificial structures of PZT
100×100 nmin size, extending the generality to other mate-
rials and nanostructures [48]. The significance of these results
is far reaching and the experimental results reported here are
a contribution to the study of the fundamental problem of the
minimum size of a stable ferroelectric structure. As in the
case of macroscopic polarisation, a nanoscale-level investiga-
tion of fatigue and retention remains to be performed. This
would give very useful information on the local mechanisms
responsible for fatigue and retention loss, such as local im-
print, domain pinning, etc.

3 Conclusions

Epitaxial thin films of three different Aurivillius-type com-
pounds, vizSrBi2Ta2O9 (SBT,x n = 2), Bi4Ti3O12 (BiT,
n= 3), andBaBi4Ti4O15 (BBiT, n= 4) with good thickness
and composition uniformity were grown on (100)-oriented
epitaxial LNO electrodes on single-crystalline STO or on top
of suitable epitaxial buffer layers on single-crystalline silicon.
A comparative study of crystal orientation and orientation-
dependent ferroelectric properties of these well-oriented BiT,
SBT, and BBiT thin films was performed. Structure and
morphology of the films were studied by XRD, SEM, SFM,
and plan-view and cross-sectional TEM and these methods
gave a set of independent and fully consistent results. It was
shown that the morphology and microstructure of our films
was not uniform. The films consisted of both fullyc-oriented
regions and of regions with mixed orientation. In the regions
with mixed orientation the films were composed of two sub-

layers: the lower sublayer, growing on top of the epitaxial
LNO electrode layer, was fullyc-oriented whereas the upper
layer consisted of (110)- and (100)-oriented grains embedded
in ac-oriented matrix. Thec-oriented matrix had a flat surface
and the (110)- and (100)-oriented grains were protruding out
of the matrix surface. The (110)- and (100)-oriented grains
were single crystalline and had well-defined epitaxy relation-
ships with the underlying layers and with the substrate.

The ferroelectric properties were determined both by
macroscopic measurements and at the submicroscopic level
by piezoresponse SFM. Saturated ferroelectric hysteresis
loops were obtained for macroscopic regions with (110)- and
(100)-oriented crystallites, whereas perfectlyc axis oriented
mascroscopic regions exhibited almost linearP− E curves.
The same behaviour was observed by piezoresponse SFM for
SBT at the level of the individual protruding grains demon-
strating thatonly the grains were responding, and therefore
possess a spontaneous polarisation normal to the surface.
These results were the same for BiT, SBT, and BBiT, al-
though for BiT a small component of the polarisation along
the c axis has also been evidenced. These significant re-
sults show that the ferroelectric properties in bismuth-layer-
structured ferroelectric oxides for SBT and BBiT with an
even Aurivillius parametern (n = 2, 4) aresolely due to
(110)- and (100)-oriented grains, and that they are as well
stronglyor mostlygoverned by the non-c-oriented grains in
BiT (odd Aurivillius parametern). As the macroscopic fer-
roelectric properties of these layer-structured oxide thin films
strongly depend on the crystalline orientation of the films, it is
desirable indeed to grow fullya- or b-axis-oriented epitaxial
films of bismuth-layer-structured ferroelectric perovskites.

This study also delivered convincing evidence that fer-
roelectricity still exists in structures with sizes as small as
100 nm, and that polarisation can be readily switched by
means of an external electric field. Moreover, evidence was
provided that even in single-crystalline grains about100 nm
in size a stable domain structure exists, with domain sizes
of the order of magnitude of 20 to30 nm. These results
have a large significance both in addressing the fundamental
problem of size-effects in ferroelectrics and also with re-
spect to applications of ferroelectric thin films in high-density
FeRAM memories. Further investigations on fatigue and re-
tention both at the macroscopic and submicron level follow-
ing the methodology of this work should now be performed.
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