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Ferroelectric epitaxial nanocrystals obtained by a self-patterning method
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Lead zirconate titanate nanoislands were obtained by a self-patterning method making use of the
instability of ultrathin films during high-temperature treatments. After high-temperature annealing,
the as-deposited film breaks into islands with a narrow size distribution. The single-crystal
nanoislands were studied by scanning and high-resolution transmission electron microscopy, atomic
force microscopy, and x-ray diffraction. They show an epitaxial relationship with the Nb-doped
(001 SrTiO; substrate. The ferroelectric switching of several individual islands was investigated by
piezoresponse force microscopy. ZD03 American Institute of Physics.
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Ferroelectric materials offer a wide range of useful prop-ferroelectric lead zirconate titanatBZT) nanostructures on
erties such as spontaneous polarization, pyroelectric, piezét coated Si wafers has shown that they do not posses single
electric, and electro-optic effects that can be applied in nonerystal quality[viz. twin boundaries were observed by trans-
volatile memories, actuators, transducers, and thermanhission electron microscopfEM)].>*3 Therefore, it can be
sensors. At the nanometer scale, i.e., 10-100 nm, materialdifficult to distinguish between the intrinsic and extrinsic
properties are expected to be different from those of the bulkize effects associated with crystal imperfections. The best
counterpart. It is a challenge to fabricate structures in thisvay to investigate size effects in ferroelectrics is to produce
range using both lithography‘top-down” approach and  single-crystal, defect-free, monodomain nanostructures with
self-assembling and self-patterning methdtisottom-up” controlled size and orientation. The present letter shows
approach Whereas conventional lithographic systems workpreparation and properties of single-crystal ferroelectric
usually with a resolution of about 100 nm, bottom-up ap-nanostructures obtained by a self-patterning method based on
proaches offer fabrication methods of nanostructures withhe instability of ultrathin films. Nanosize lead zirconate ti-
lateral sizes below 50 nm. It was previously observed thatanate epitaxial crystals were prepared in a simple way by
the preparation of ultrathin epitaxial films by chemical solu-depositing ultrathin films onto single-crystal substrates fol-
tion deposition (CSD) is hindered by a microstructural lowed by a high-temperature crystallization.
instability? Oxide thin films with a thickness below a critical PbZiy 55Tig 403 (PZT) ultrathin films of different thick-
value are breaking up after a high-temperature annealinghess were obtained by CSD, spin-coating a commercial poly-
The driving force of this process is an excess of the total freeneric precurso(PZT9906, Chemat Technology, Ih@mnto
energy of the continuous film compared with a film partially (001)-oriented single crystal niobium-doped SrgiO
covering the substrate. The free energy is minimizediby (STO:Nb substrates with a Nb concentration of 0.5@4ys-
formation of islands, which lowers the interface area andrec GmbH, Berlin. The initial film thickness was set by
consequently the interface energy didlappearance of free diluting of the raw precursor in its solvebutano) within
surfaces with lower free energy by breaking up the fififs.  the range from 1:10 to 1:40, and by adjusting the spinning
Up to now, this effect has been regarded mainly as an undgpeed from 3000 to 6000 rpm. The obtained gel film was
sirable effect occurring during the preparation of ultrathin
epitaxial films® Recently this approach was used to fabricate
lead titanate nanograins on platinum-coated siltdHow-
ever, the obtained grains have completely random
orientatiod and the analysis of the size effect can be rather
complicated without any information on the crystal orienta-
tion of each grain since ferroelectric and piezoelectric prop-
erties are closely connected with crystallographic
orientation’ A different approach to study nanostructures is
based on investigating thin films at initial growth stage when
islands develop®*? A detailed analysis of PbTi{ and
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) . FIG. 4. Piezoresponse hysteresis loop of an individual nanoisland with a
FIG. 2. X-ray diffraction pattern of PZT nanocrystals annealed at 800 °C-height of 15 nm and an area o&&L0* nne.

Triangles indicate substrate peaks, squares correspond to island peaks. The
peaks labeled with circles indicate substrate peaks originating from the re-

maining CuK ; radiation. resulting in a low areal density of the islands of about
30/um?. If the initial film thickness is just below a critical
dried on a hot plate at 80 °C for 5 min, pyrolized at 300 °Cvalue, larger islands of irregular shape form, as is shown in
for 5 min, and finally crystallized at 800-1100°Qfbhin  Fig. 1(a).
a lead oxide atmosphere. During the high-temperature treat- The crystallization temperature plays an important role
ment, the ultrathin films break up into islands of 20—200 nmin the morphology of the final structures. The films annealed
lateral size depending on the initial film thickness. The ob-at higher temperature result in islands with pyramidal shape
tained nanostructures were studied by scanning electron mand increased height. For instance, the height of nanocrystals
croscopy, high-resolution TEM, atomic force microscopy, pi-obtained from the 1:40 diluted precursor increases from 9 nm
ezoresponse force microscopyPFM), and by x-ray after a treatment at 800°C up to 20 nm after a 1100°C
diffraction. annealing. The area density decreases drastically down to
The growth of nanostructures was investigated as a funct5—20 islands per Am?. We assume that at higher tempera-
tion of the initial film thickness and the crystallization tem- ture the mobility and surface diffusion are enhanced and that
perature. As expected, thicker films transform into films withthis allows the deposited material to migrate and to coalesce
faceted holes aftel h of crystallization at 800 °C. A depo- into larger islands. As a result the PZT nanoislands are higher
sition using a higher dilution results in ultrathin films, which and more separated. The mechanism of nanoisland formation
after the high-temperature crystallization break up into smalivas shown to be similt to that used to produce semicon-
single-crystal islands, as shown in Fig. 1. For the highestuctor quantum nanostructures in materials as Ge on Si in
dilution (1:40 the resulting islands have a height of about 9which the shape and distribution obeys the Shchukin—
nm and lateral dimensions of 40-90 nm with a relativelyWilliams theory*>1®
narrow distribution in sizg¢Fig. 1(c)]. The islands are dis- In order to investigate the structure of the PZT islands,
tributed on the substrate with a high density of about 15-ray diffraction was performed. Figure 2 shows theé 08
crystals on an area of Am?. Thicker layers obtained with flections from the STO:Nb substrateubic), and 00 reflec-
lower dilution (1:25 create islands that are both larger andtions of tetragonal PZT revealing the epitaxial growth of the
higher[Fig. 1(b)]. Their height increases up to about 25 nmPZT islands. The TEM analysis of the nanocrystals revealed
and the distance between close neighbors increases as waellwell-defined shape with relatively sharp facets that prefer-

FIG. 3. Cross-section transmission electron micrographs of small PZT islands grown on STO:Nb substrate. Arrows point to misfit dislocations.
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ably consist o111} or {110 and {100 faces(Fig. 3). The Part of this work was supported by Volkswagen Stiftung
lattice mismatch strain between the nanocrystals and the suby the Project “Nano-sized Ferroelectric Hybrids” under
strate relaxes by formation of misfit dislocations. Results of &Contract No. 5/77737.
detailed structural analysis will be published elsewHére.
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