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Well-ordered large-area arrays of ferroelectric La-substituted Bi,Ti;0;, (BLT) nanostructures were
prepared by pulsed laser deposition using gold nanotube membranes as shadow masks. By x-ray
diffraction and transmission electron microscopy, it was found that well-defined (001)-,
(118)/(100)-, and (104)-oriented BLT nanostructures were obtained on (001)-, (011)-, and
(I11)-oriented SrTiO; single crystal substrates covered with epitaxial SrRuO; electrode layers,
respectively, through ex situ crystallization at 700 °C. Atomic force microscopy analyses revealed
that the epitaxial BLT nanostructures maintain a height of about 100 nm and a lateral size of about
150 nm in spite of the postannealing process. The anisotropic ferroelectric properties of the BLT
nanostructures of three different orientations were investigated by scanning force microscopy in
piezoresponse mode. The highest effective remanent piezoresponse coefficient (2d..) of about
38.0 pm/V was observed in (118)/(100)-oriented BLT nanostructures, whereas (001)- and
(104)-oriented nanostructures showed smaller 2d.. values of 5.0 pm/V and 1.4 pm/V,

respectively. © 2005 American Institute of Physics. [DOI: 10.1063/1.2140870]

I. INTRODUCTION

Bismuth-layered perovskite oxides, such as SrBi,Ta,0q
(SBT) (Ref. 1) and La-substituted Bi,Ti;0,, (BLT) (Ref. 2)
have been extensively studied both in view of their funda-
mental properties and for their possible application to non-
volatile ferroelectric random access memory (NV-FRAM)
systems. In particular, BLT is a promising material for use in
NV-FRAM devices since it has remarkable advantages in
terms of low processing temperatures, high remanent polar-
ization, and high fatigue endurance.> For high density NV-
FRAMs in the gigabit range, individual ferroelectric capaci-
tors should have both thickness and lateral dimensions below
100 nm. Moreover, in spite of the very small size these ferro-
electric capacitors should retain their ferroelectric properties,
or piezoelectric properties for microelectromechanical sys-
tems (MEMS). However, degradation of ferroelectric prop-
erties, such as reduction of switching polarization and asym-
metry of ferroelectric hysteresis loop, was observed in small
ferroelectric structures.*”’ Ferroelectricity vanishes below a
critical size due to a weakening of the cooperative driving
force which depends on the interaction of neighboring per-
manent electric dipoles in a crystal lattice, and an increasing
depolarizing electrostatic field caused by dipoles at the
ferroelectric-metal interfaces.® It is therefore important to un-
derstand the ferroelectric properties of nanostructured
bismuth-layered perovskite materials concerning both three-
dimensional size effects and memory device applications.

Bismuth-layered perovskite materials have a highly an-
isotropic structure [SBT (orthorhombic): @=0.5531 nm, b
=0.5534 nm, and ¢=2.4984 nm,’ Bi,Ti30;, (pseudo-
orthorhombic): a=0.545 nm, 5=0.541 nm, and ¢=3.283
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nm,"’ and Bis,sLag;sTi;0,  (pseudo-orthorhombic): a

=0.542 nm, b=0.541 nm, and ¢=3.271 nm,3 at room tem-
perature | and hence their ferroelectric properties are also an-
isotropic, which makes them useful for use in, e.g., MEMS
applications. Ferroelectric anisotropic properties of bismuth-
layered perovskites have been demonstrated in epitaxial thin
films having different crystallographic orientations with re-
spect to the substrate surface normal.>'""'> However, there
are only a few reports on anisotropic properties in epitaxial
nanostructures of these materials.'®

For studies on the scaling behavior of nanostructured
ferroelectrics as well as for real applications requiring large-
area fabrication of ferroelectric capacitor arrays, several
methods have been employed to produce nanostructured
ferroelectric arrays, including electron beam (EB) direct
writing, focused ion beam milling, self-patterning methods,
and nanosphere lithography.”fzo EB lithography is the most
common technique to fabricate regular nanodot arrays but it
has some drawbacks such as a low throughput due to its
exposure time, restriction of resist materials, as well as the
high cost of equipment. Recently, highly ordered nanoporous
anodic aluminum oxide (AAO) templates have been used as
shadow masks to fabricate regular nanodot arrays of a vari-
ety of materials, including Au, GaAs, InGaAs/GaAs, Ni, Si,
and Er-doped Si,”* since the size and separation of the
pores can be easily controlled by varying the etching and
oxidation conditions. Lee er al.” have recently developed a
new process based on AAO to obtain gold nanotube mem-
branes which were electrochemically produced by a one-step
replication process of perfectly ordered nanoporous AAO
templates.26 In our previous work,'® the gold nanotube mem-
branes were used as shadow masks in order to deposit hex-
agonally ordered BLT nanostructure arrays.

In this paper we report on the detailed investigation of
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FIG. 1. Flow chart of the experimental procedure to fabricate periodic ar-
rays of ferroelectric BLT nanostructures.

crystallography and anisotropic properties of ferroelectric
BLT nanostructures of different crystallographic orientations
grown on (001)-, (011)-, and (111)-oriented SrTiO; sub-
strates covered with SrRuOj; electrode layers by pulsed laser
deposition (PLD).

Il. EXPERIMENT

The whole fabrication process of periodic arrays of
ferroelectric BLT nanostructures is schematically illustrated
in Fig. 1. PLD was employed for the deposition of regular
BLT nanostructure arrays on SrRuOj-covered SrTiO; single
crystal substrates, using gold nanotube membranes as
shadow masks. This method has some advantages over other
evaporation techniques, including the stoichiometric transfer
of material from the target, in spite of the target involving
complex stoichiometry, and the easy control of the deposi-
tion rate. In addition to the easy operation of the system and
the wide range of possible materials to ablate, the widely
variable pressure regime and the highly energetic impinging
species are remarkable features that enable the formation of
sharply bounded nanostructures on the substrate. The BLT
nanostructures were deposited from a Biz;sLag;5Ti304,
pressed powder target, at room temperature of the substrate,
and in an oxygen pressure of 1X 10™* mbar. PLD was per-
formed employing a KrF excimer laser at a wavelength of
248 nm, a repetition rate of 5 Hz, and an energy density of
2.3 J/cm?. After BLT deposition, the nanotube membranes
were lifted off by a solvent-free mechanical process, and the
BLT nanostructures were subsequently ex situ crystallized at
700 °C in a pure oxygen atmosphere. SrRuOj; thin films,
~10 to 20 nm thick and grown by PLD, were used as bot-
tom electrodes, also serving as epitaxial templates. The
pseudocubic perovskite StRuO; (a.=0.3928 nm) proves to
be a very good electrode material because it is well lattice
matched with SrTiO3 (a,=0.3905 nm) and chemically com-
patible with the ferroelectric materials and the substrate.”’
More details concerning the SrTRuO; deposition, the fabrica-
tion of BLT nanostructure arrays, and the preparation of gold
nanotube membranes were described elsewhere.'®

Crystallographic orientation and epitaxial relationships
of the BLT nanostructure arrays were characterized by x-ray
diffraction (XRD) pole figure analyses using a PANalytical
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FIG. 2. (Color online) AFM topography image (image size: 10 X 10 um?) of
a BLT nanostructure array as-deposited on a SrRuOj-covered SrTiO; single
crystal substrate using a gold nanotube membrane. Hexagonal arrangement
of the BLT nanostructures with a center-to-center distance of 500 nm.

X’Pert MRD four-circle diffractometer. Transmission elec-
tron microscopy (TEM) in cross section geometry using a
Philips CM20T electron microscope was applied for micro-
structure characterization. The surface topography of the
nanostructure arrays was investigated by atomic force mi-
croscopy (AFM) (Digital Instruments D5000) working in
tapping mode using a standard silicon tip. Piezoelectric hys-
teresis loops as well as piezoresponse images in out-of-plane
and in-plane modes were recorded by scanning force micros-
copy operating in piezoresponse mode (PFM) using a Ther-
momicroscope Autoprobe CP Research AFM.

lll. RESULTS AND DISCUSSION

The gold nanotube membranes™ were used as shadow
masks to generate the two dimensional arrays of ferroelectric
nanostructures. Figure 2 shows an AFM image of a BLT
nanostructure array as-deposited on a SrTiO; substrate cov-
ered with a SrRuO; electrode layer. A similar technique us-
ing closed-packed latex sphere monolayers as deposition
masks to fabricate ferroelectric nanostructures was
reported.20 For that technique it is rather difficult to obtain
large areas of well-ordered arrays. Due to the self-
organization process many defects as stacking faults are
present in the latex monolayer. However, using gold nano-
tube membranes we achieved a large area (typical area:
~10X 10 mm?) of perfectly well-ordered arrays of BLT
nanostructures with hexagonal arrangement, as seen in Fig.
2. Individual BLT nanostructures were spatially apart by
500 nm. This distance is identical to the intertube distance of
the gold nanotube membrane.'®

AFM was employed to make a comparison between the
sizes of the BLT nanostructures before and after annealing
and to analyze the lateral and vertical dimensions. Figures
3(a) and 3(b) show AFM topography images of as-deposited
and crystallized BLT nanostructures on SrRuOj-covered
SrTiO; substrates. Figures 3(c) and 3(d) represent corre-
sponding section profiles. From these AFM investigations we
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FIG. 3. Comparison of AFM topography images [(a) and (b)] (image size:
1.5X 1.5 um?) and corresponding section analysis profiles [(c) and (d)] be-
tween the as-deposited [(a) and (c)] and crystallized [(b) and (d)] BLT nano-
structures. The height scale of the images range from 0 to 250 nm.

observed that after annealing, the two dimensionally periodic
arrays of the BLT nanostructures with hexagonal arrange-
ment were retained, and no significant shrinkage or deforma-
tion was observed in the individual BLT nanostructures.
Ferroelectric nanostructures fabricated by chemical solution
deposition (CSD) generally show some deformation and
shrinkage in their shape and size during the crystallization
process.17 Moreover, for SrBi,Ta,0g nanostructures on Nb-
doped SrTiO5(111) substrates produced by PLD, a shrinkage
in vertical and lateral dimensions was reported because of a
high crystallization temperature of 950 °C.% In most of the
cases our BLT nanostructures have an oval shape, and their
average height and lateral size are about 100 nm and about
150 nm, respectively. The oval shape might originate from
either a somewhat elliptical shape of the gold nanotubes or
from a small shadow effect that may occur during PLD depo-
sition.

Although the BLT nanostructures were amorphous after
lifting off the gold membrane, and then ex sifu crystallized,
we obtained epitaxial BLT nanostructures with definite ori-
entation relations with respect to the underlying SrTiO5 sub-
strates. Due to the large area of the BLT nanostructure arrays,
XRD measurements could be directly applied. Figure 4
shows XRD pole figures of BLT nanostructure arrays on (a)
(001)-, (b) (011)-, and (c) (I111)-oriented SrTiO; substrates
covered with SrRuQj electrode layers of the same respective
orientation. The fixed 26 angle used to record the pole fig-
ures was 30.1° corresponding to the BLT 117 planes. As can
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FIG. 4. X-ray diffraction pole figures of BLT nanostructures on (a) (001)-,
(b) (011)-, and (c) (111)-oriented SrTiO; substrates covered with SrRuO;
electrode layers. The fixed 26 angle was 30.1° corresponding to the BLT 117
reflection. Peaks originating from (118)- and (100)-oriented parts of the BLT
nanostructures are denoted “A” and “B,” respectively in Fig. 4(b). The cen-
ter and the rim of the pole figure correspond to =0° and 90°, respectively.

be seen in Fig. 4(a), four reflection peaks with a fourfold
symmetry are observed at /= 51° revealing a single-domain
situation. From this pole figure, the BLT nanostructures on
SrTiO5(001) turn out to be (001)-oriented (c-axis-oriented)
and have a good in-plane orientation. [Note that the BLT 117
planes have a tilt angle of 50.7° with respect to the BLT
(001) plane, which is parallel to the substrate surface. ¢
=90° corresponds to the substrate surface being parallel to
the plane defined by the incident and reflected x-ray beam.]

The pole figure of the BLT nanostructures on the
SrRuO;(011)/SrTiO5(011) substrate is more complicated, as
can be seen in Fig. 4(b). First of all, it consists of a set of
peaks (marked “A”) that stem from a (118)-oriented part of
the BLT nanostructures, and of another set (marked “B”)
which stems from a (100)-oriented part. Second, the peaks
corresponding to the (118) orientation indicate the presence
of two types of azimuthal domains. Peaks of set A are ob-
served at ¥=4°, 65° and 82° corresponding to 117,
117/117, and 117 reflections from the (118)-oriented part
of the BLT nanostructures [cf. the angles £ (118):(117)

=3.8°, £(118):(117)=64.1°, ~(118):(117)=64.6°, and
£(118):(117)=82.4°]. A detailed analysis reveals that the
(118)-oriented BLT nanostructures occur with two azimuthal
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FIG. 5. Cross-sectional transmission electron micrographs of crystallized
BLT nanostructure arrays of different orientations on SrTiO; substrates,
taken with various magnifications.

domain variants, i.e., in exactly that double-twin situation
which is well-known from (118)-oriented BLT thin films.'*

Set B appears at ¢y=57° and consists of the 117, 11_7, 117,

and 117 reflections from the (100)-oriented part of the nano-
structure indicating that this part has a single-domain situa-
tion. We have also observed a mix of the (118) and (100)
orientations in BLT thin films epitaxially grown on
SrTiO5(011) single crystal substrates covered with about
15 nm thick SrRuOj; electrode layelr.29 Cross-sectional elec-
tron diffraction patterns (not shown) point to the additional
presence of a minor (117) orientation of BLT as well.
Finally, in the case of BLT nanostructures on the
SrRuO;(111)/SrTiO5(111) substrate, a triple-twin situation
was found as demonstrated by the pole figure shown in Fig.

4(c). The peaks at )=~ 36° from the 117 and 117 reflections

as well as at =~ 84° from the 117 and 117 reflections indi-
cate the triple-twin situation, showing that the BLT (104)
plane is parallel to the substrate plane, because the angle
between the (104) and (117) planes of BLT is 36.4° [cf.
the angles ~(104):(117)=36.4°, /(104):(117)=36.4°,
£.(104):(117)=84.1°, and £ (104):(117)=84.1°].

Having a closer look at the three different pole figures,
one can see shoulders of reflection peaks at =~45° [Fig.
4(a)], ¥=0° [Fig. 4(b)], and ¢=36° [Fig. 4(c)]. To demon-
strate their origin, pole figures of only the corresponding
SrRuOj-covered SrTiO; substrates were recorded for the
three different substrates (data not shown), at the same 26
=30.1° corresponding to the BLT 117 planes as well. It
turned out that the peaks with low reflection intensity in the
pole figures of Fig. 4 most probably are SrTiO; 011 reflec-
tions because the used 26 angle of the BLT 117 reflection is
rather close to that of the SrTiO; 011 reflection. (The 26
angle difference between BLT 117 and SrTiO; 011 planes is
only about 2.3°.)

Figure 5 shows a series of cross-sectional TEM images
of BLT nanostructures on different SrRuO5/SrTiO5; sub-
strates at different magnifications. In evaluating these im-
ages, one has to keep in mind that during the sample prepa-
ration of cross-sectional specimens, some or all of the BLT
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Substrate surface

FIG. 6. (a) Cross-sectional SAED pattern taken from a (104)-oriented BLT
nanostructure grown on a SrRuOs-covered SrTiO;(111) substrate. (b) Result
of the quantitative evaluation of the diffraction pattern in terms of BLT
spots. B is the direction of the electron beam.

nanostructures of a certain image may have not been cut
along the middle of the nanostructures. In addition, the cut
direction may not be exactly parallel to a line of the array, or
may even cross different lines of the array. Occasional varia-
tions of the apparent spacing (pitch) between the nanostruc-
tures may have their origin in these effects. Figure 5(a)
shows such a deviation from the otherwise regular spacing,
in the middle of the image. Figure 5(b) shows some appar-
ent, small variations of the shape of the nanostructures.
Overall, Figs. 5(a) and 5(b) show, however, a rather uniform
cell-to-cell shape and size. Figure 5(c) shows a BLT nano-
structure with a height of about 40 nm and a width of about
120 nm, at somewhat higher magnification, revealing a trap-
ezoidal shape projection. In addition, this TEM image shows
a smooth SrRuOj; bottom electrode layer with a thickness of
about 20 nm.

Figure 6 shows a cross-sectional selected area electron
diffraction (SAED) pattern taken from a single BLT island of
a nanostructure array grown on a SrTiO5(111) substrate. On
the background of a diffuse ring pattern, which originates
from the amorphous glue used to prepare the cross-sectional
specimen, a rather regular spot pattern is visible. Because of
the low volume of the island, the diffraction spots are weak.
[For better visibility, the pattern is shown twice—once with-
out indexing, Fig. 6(a), and once with, Fig. 6(b).] The orien-
tation of the substrate surface is shown as a horizontal line in
Fig. 6(b), whereas the vertical line marks the normal to the

substrate. The 208, 000, and 208 reflections are all on this
vertical line, demonstrating the (104) orientation of the BLT
nanostructure. Some of the other spots have also been in-
dexed, which enabled the determination of the electron beam
direction as BLT[431].

In order to investigate whether the crystallized BLT
nanostructures show ferroelectric switching, piezoelectric
hysteresis loops and piezoresponse images were recorded us-
ing PFM. Figure 7(a) shows a typical piezoelectric hysteresis
loop recorded from a c-axis-oriented BLT nanostructure on a
SrRuO5(001)/SrTiO(001) substrate. The measured value of
the effective remanent piezoelectric coefficient (2d.,) is
5.0 pm/V (positive d..=—0.1 pm/V and negative d,.
=-5.1 pm/V) for a maximum applied voltage of 5 V. A
negative vertical shift of the piezoelectric hysteresis loop of
ferroelectric nanostructures has been described before, and
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FIG. 7. (a) Piezoelectric hysteresis loop, (b) topography image, and (c)
piezoresponse image (out-of-plane) of BLT nanostructures grown on a
SrRuO;(001)-covered SrTiO5(001) single crystal substrate. The image size
of (b) and (c) is 1.5 X 1.5 um?.

has been discussed in terms of imprint due to interfacial
effects.®* As already well known, c-axis-oriented SBT films
do not exhibit any ferroelectricity, but c-axis-oriented
Bi,Tiz0,, exhibits a distinct piezoelectric hysteresis loop
with weak ferroelectricity.31 Figures 7(b) and 7(c) show the
typical surface morphology and the corresponding ferroelec-
tric domain structure of BLT nanostructures, respectively.
White and black contrast regions in the piezoresponse image
generally correspond to positive (polarization upward) and
negative (polarization downward) ferroelectric domains, re-
spectively. The regions without a net black or white contrast
correspond to areas of the sample that possess no piezoelec-
tric behavior. The out-of-plane piezoresponse image in Fig.
7(c) reveals a weak contrast within each c-axis-oriented BLT
nanostructure and almost no contrast in the SrRuOj; electrode
layer (“gray”). Due to the presence of the small component
of the spontaneous polarization of BLT along the crystallo-
graphic ¢ axis, the piezoelectric coefficient d_, does not van-
ish. The weak contrast in c-axis-oriented BLT nanostructures
indicates a small reversible switching of the polarization
along their ¢ axis.

Figures 8(a) and 8(b) show a well-defined piezoelectric
hysteresis loop and AFM topography image recorded from a
mixed (118)/(100)-oriented BLT nanostructure array. A con-
siderably higher value of the effective piezoelectric coeffi-
cient (2d_,) of 38 pm/V was obtained from the BLT nano-
structures on the SrRuO;(011)/SrTiO5(011) substrate than
from those on STRuO5(001)/SrTiO4(001). In spite of the im-
age noise, a uniformly strong contrast of the BLT nanostruc-
tures was observed in both out-of-plane [Fig. 8(c)] and in-
plane [Fig. 8(d)] piezoresponse images due to the rather high
piezoelectric coefficient. A similar effective piezoelectric co-
efficient (d,,) of 19 pm/V has been reported in 1 um thick
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FIG. 8. (a) Piezoelectric hysteresis loop, (b) topography image, (c) out-of-
plane piezoresponse image, and (d) in-plane piezoresponse image of BLT
nanostructures grown on a StRuO;(011)-covered SrTiO5(011) single crystal
substrate. The image size of (b) to (d) is 1.5 X 1.5 um?.

polycrystalline Bij,sLag;5Ti30, thin films made by CSD,
determining the slope of field-induced strain loops.32
Figures 9(a) and 9(b) show a piezoelectric hysteresis
loop and an AFM topography image recorded from (104)-
oriented BLT nanostructures on a SrRuOj;(111)-covered
SrTiO5(111) substrate, revealing a lower piezoelectric coef-
ficient (2d.=1.4 pm/V) than for BLT nanostructures
on SrRuO;(011)/SrTiO(011) and on  SrRuO5(001)/
SrTiO5(001) substrates. This low piezoelectric coefficient is
not consistent with the polarization value of bulk BLT be-
cause it has been already demonstrated that non-
c-axis-oriented BLT films have a higher polarization compo-
nent than c-axis-oriented ones. We suggest that the result
might be explained by the investigation of the corresponding
piezoresponse image. Compared with piezoresponse images
of BLT nanostructures on SrRuO;(011)/SrTiO(011) sub-
strates, an inhomogeneous contrast within individual BLT
nanostructures is seen in both out-of-plane [Fig. 9(c)] and
in-plane [Fig. 9(d)] piezoresponse images. This observation
means that two different polarization states are present si-
multaneously and therefore a net polarization state is de-
tected. For example, 90° a-b domains may be present. In
addition, although the magnitude of the piezoresponse signal
depends on the component of the spontaneous polarization
normal to the substrate surface, the exact relationship d_,(6)
(where 6 is the angle between the measurement direction and
the [001] crystallographic axis of the tested grain) is gov-
erned by the transformation rules of the whole piezoelectric
tensor. The value of d_, may be closely related to the com-
ponent of the vector of polarization normal to the substrate
surface, but is not directly proportional to it.”* In addition,
the effective piezoelectric coefficient d,, depends not only on
0 but also on the azimuthal angle ¢ (in-plane orientation).
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FIG. 9. (a) Piezoelectric hysteresis loop, (b) topography image, (c) out-of-
plane piezoresponse image, and (d) in-plane piezoresponse image of (104)-
oriented BLT nanostructures grown on a SrRuO;(111)/SrTiO5(111) single
crystal substrate. The image size of (b) to (d) is 1.5X 1.5 um?.

Harnagea et al. suggested the shape of the d_.(6, ¢) surface
for Bi4Ti3O,2.33 They calculated the d..(6, ¢) surface as a
function of the direction for monoclinic symmetry using pi-
ezoelectric coefficients obtained by Sa Neto and Cross.** Ac-
cording to their calculation, the piezoelectric surface showed
that the maximum of the piezoelectric coefficient does not
occur along the direction of the spontaneous polarization, but
it has lobs protruding nearly along the a and ¢ axes.

IV. CONCLUSIONS

In conclusion, well-ordered arrays of epitaxially twinned
La-substituted  Bi,Ti3O;, nanostructures of  (001),
(118)/(100), and (104) orientations were achieved on
SrRuO;-covered SrTiOj; substrates of (001), (011), and (111)
orientations. Epitaxial BLT nanostructures with a height of
about 100 nm and a lateral size of about 150 nm have been
obtained. In spite of their small lateral size and thickness, the
nanostructures of the arrays clearly revealed ferroelectric
properties, the values of which depended on their crystallo-
graphic orientation. Among them, a maximum effective rem-
anent piezoelectric coefficient (2d,.) of about 38.0 pm/V
was obtained in (118)/(100)-oriented BLT nanostructures on
SrRuO5(011)-covered SrTiO;(011) substrates. Although
(104)-oriented BLT nanostructures showed a piezoresponse
image contrast in both out-of-plane and in-plane images, re-
vealing a switchable polarization, they exhibited a smaller
piezoelectric coefficient (2d,,=1.4 pm/V) than the others.
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