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Abstract

This paper describes the hydrothermal growth of heteroepitaxial PZT nanostructures on single-crystal, StTiOs substrates. Short processing times of
30 min led to the nucleation and growth of sporadic, cubic nanoscale PZT islands on the surface of the substrate. In some cases, individual islands
coalesced in one direction to form microwires over 1 mm in length. Imperfections in the surface of the substrate introduced during polishing were
thought to be responsible for the preferential nucleation. Longer reaction times up to 24 h resulted in the formation of heteroepitaxial PZT films, up
to a micron in thickness, that were highly (1 0 0)-oriented. Piezoresponse force microscopy conducted on isolated islands and microwires, grown
on conductive Nb:SrTiO; substrates, gave an indication that the structures were piezoelectric.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The production of highly defined and well-controlled metal
and oxide nanostructures is an area of research that has been
gaining in interest. With the movement from microstructured
devices, with associated applications, towards nanostructured
devices, at first, in 2D and now increasingly in 3D, there has
been an intense research focus on techniques to accommodate
the demand for higher resolution tolerances. A variety of tech-
niques and tools have been developed as possible solutions
to the generation of nanostructured templates. Among these
there has been growing interest in the use of ferroelectric thin
films, both in nanostructured devices and as templates for the
development of nanostructures, over the past ten, or so, years.
Amongst the ferroelectric materials, the use of the solid solu-
tion lead—zirconate—titanate (PZT) has become widespread due
to its high d33 and electromechanical coupling, as well as the
ability to control the structure of PZT at small length scales.

* Corresponding author. Present address: Nanotechnology Centre, Building
30, Cranfield University, Cranfield, MK43 OAL, United Kingdom.
E-mail address: s.c.dunn@cranfield.ac.uk (S. Dunn).

0955-2219/$ — see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2008.04.014

The types of devices under consideration range from ferro-
electric RAM (FeRAM)! to sensors and actuators that utilise
either the direct or converse piezoelectric effect.? Many tech-
niques have been highlighted as possibilities for the generation
of nanostructures of ferroelectric materials. These have varied
from the synthesis of thin film materials using sol-gel,> pulsed
laser deposition (PLD),* and photochemical growth on patterned
substrates® where features such as the crystallography,® surface
structure and morphology’# of the films are all shown to have
an impact on the photochemical behaviour. Such complex inter-
actions with the surface of the ferroelectric material and the
electrolyte in which electrochemistry is occurring makes for
some fundamental difficulties when using the pattern on the
surface of the ferroelectric for the production of nanostructures.
These nanostructures have been generated by domain patterning
or machining parts of ferroelectric bulk materials. The substrate
materials for these applications have traditionally been single
crystals or grown via sol—gel synthesis.

An alternative technique for the deposition of ferroelectric
thin films on substrates is that of hydrothermal synthesis. This
is a technique that uses a combination of high pressures at
moderate temperatures to force the equilibrium of a combi-
nation of reactants towards the desired product. Initially there
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Fig. 1. SEM images showing hydrothermal PZT (a) island and (b) film growth on a single-crystal SrTiO3 substrate.

were a number of problems associated with the production of
homogeneous nanostructured films of ferroelectric materials, for
example.” However recent developments have largely solved
these problems.'%!! There are a number of advantages associ-
ated with the use of hydrothermal synthesis of PZT over other
techniques for producing heteroepitaxial films, such as PLD or
sol-gel. One of which is that curved surfaces can be coated.'>14
It is also possible, due to the lower processing temperatures, to
use a wider variety of substrates that would otherwise undergo
phase transitions or soften at higher temperatures.'> Addition-
ally the lower heat of reaction reduces the energy required for
the process.

As highlighted above, initial studies showed the difficulty in
producing high quality, homogenous PZT films due to segrega-
tion and a variation in the reaction rates of the PZT precursors.
It is known that the reaction rates of zirconium and tita-
nium compounds differ, as do their diffusion coefficients. It
is, however, possible to show that there is a spatial variation
in piezoelectric properties of a deposited material with PFM.!©
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Fig. 2. SEM image showing the coalescence of PZT nanoislands leading to the
formation of a film.

This was investigated in a recent paper that showed PZT sto-
ichiometries close to the morphotropic phase boundary have
a propensity to crystallise under hydrothermal conditions.!”
During the development of the hydrothermal technique there
existed a variety of techniques for the synthesis of PZT with
initial studies producing a mixture of lead titanate and lead zir-
conate. Choi et al. showed that a simple ‘one-stage’ process
could be used'® which led to the development of processes
for the hydrothermal synthesis of PZT films and increasingly
as nanoparticles. There are a number of advantages to the
hydrothermal technique, prime of these are that it is not nec-
essary to use excess heat and so delicate substrates can be
used.

A variety of substrates have been investigated for the growth
of ferroelectric nanostructured films. The main substrates of
interest have been those based on single-crystal oxides, such
as Nb-doped SrTiOs, as when incorporated into a device such
substrates produce a film with a good fatigue lifetime. Such sub-
strates are both conducting and match well to the crystal lattice of
PZT so tend to produce a heteroepitaxial film. Ahn et al. showed,
in 2005, that it was possible to produce epitaxial nanoislands of
PZT on Nb-SrTiO3.!° The growth of nanoislands on the sub-
strate was also observed for PbTiO3 by Szafraniak and Alexe,’
and so this process of the nucleation of discrete nanoislands fol-
lowed by coalescence to form a complete surface layer appears
to be a common one.

In this work we show that there are influences governing
the growth of a ferroelectric film that range from the ratios of
precursor materials used to, most interestingly, an opportunity
to use the initial growth of nanoislands for the templated growth
of ferroelectric nanostructures.

2. Methodology

To accommodate the high pressures involved in hydrothermal
synthesis a commercially available (Parr Instrument Co.), oven
heated, acid digestion bomb was used (Model 4744). The device
consists of a 45 ml PFTE liner, into which the precursor mate-
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Fig. 3. XRD data for PZT grown on a (1 00) SrTiO3 single-crystal substrate via
the hydrothermal method (indexed peaks correspond to the accepted values for
52:48 PZT, PDF card no. 33-0784 and SrTiO3, PDF card no. 35-0734).

rials are inserted, surrounded by a screw top steel casing. The
absolute maximum rated temperature of the bomb is 250 °C,
although when used at temperatures above 200 °C the Teflon
liner degrades rapidly. This is because Teflon has a tendency
to creep at high pressures making it hard to attain a tight seal.
For this reason experiments were restricted to temperatures at
or below 200 °C.

A thermostatically controlled laboratory oven (Memmert)
was used to heat the bomb. The oven was pre-heated to the
reaction temperature before the start of each experiment. The
temperature of the bomb was taken at the surface of the steel
casing using a K-type thermocouple and meter accurate to
£0.05 °C. Timing started when the meter recorded the desired
reaction temperature. At the end of each experiment the oven
was switched off and the door left open to increase the cooling

rate of the bomb.
The basic hydrothermal technique used in this work is an

adapted procedure first proposed by Deng et al. for the synthesis
of freestanding PZT crystals.”! It is a relatively simple one-
step technique that utilises the following precursors in powdered
form:

e lead nitrate, Pb(NO3);;
e zirconyl oxychloride, ZrOCl,-8H,O0;
e titanium dioxide (anatase), TiO5.

Fig. 5. SEM image showing the semi-circular morphology of the platelets.

To start with, an as received, single-side polished (100)
SrTiO3 or Nb:SrTiO3 crystal (MTI Corporation, USA) was
placed, polished side up, on the bottom of the Teflon liner.
Stoichiometric quantities of the three powder precursors were
then added, to give a desired 52:48 Zr/Ti ratio. In some cases
the effect of adding a 100% excess of the Pb(NO3), precursor,
was tested. Next, 25 ml of deionised water were added and the
mixture stirred vigorously. Finally, potassium hydroxide flakes
were added slowly, with continuous stirring, to give an initial
mineraliser concentration of 5mol/l. All chemicals were ana-
lytical grade and obtained from Sigma—Aldrich, UK (TiO; and
KOH) or Fisher Scientific, UK (ZrOCl,;-8H;0 and Pb(NO3);).
Processing times were varied from 0.5 to 24 h while the process-
ing temperature was fixed at 160 °C. After the substrates were
removed from the bomb they were gently rinsed by dipping in
deionised water.

A Siemens D5005 diffractometer was used for all the XRD
experiments. The x-ray tube emitted Cu Ko (A = 1.5406 A) radi-
ation at40 kV and 30 mA. In general, 6—26 scans were conducted
between 20° and 70° in increments of 0.04° with a dwell time
of 1s per increment. All measurements were made at room

Fig. 4. SEM image of platelets oriented to the crystallographic axes of the
substrate.

Fig. 6. SEM image of PbO platelets produced after the reaction between
Pb(NO3); and KOH.
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Fig. 7. SEM image showing the extent of PZT coverage on a Nb:SrTiO3 sub-
strate after 30 min processing at 160 °C.

temperature. Phase identification involved matching peaks from
a given scan with the accepted values for compounds found
in the Powder Diffraction File (PDF-2) database, produced
by the International Centre for Diffraction Data (ICDD). The
morphology and size distribution of the deposited structures
were analysed using an FEI Sirion S-FEG SEM. Piezoresponse
images were acquired from a Veeco 3000 instrument by apply-
ing an AC voltage with a magnitude of 1.5V and frequency of
62kHz between a conductive Ptlrs-coated Si tip and the bot-
tom electrode of the sample. The tip had a nominal resonant
frequency and spring constant of 14kHz and 0.2 N/m, respec-
tively.

3. Results and discussion

The first experiment reported involved observing the growth
mechanism of PZT on undoped SrTiO3 substrates under
hydrothermal conditions. Long processing times, on the order of
24 h, were used together with a 100% Pb-precursor excess. The
PZT coverage across the surface of the substrate, after 24 h at
160 °C, was inhomogeneous. Some areas remained relatively
bare, but for the occasional well faceted, rectangular-shaped
nanoisland, see Fig. 1(a). Other parts were covered in a dense
film, up to a micron in thickness as shown in Fig. 1(b). The films
appeared to grow in stages that began with the coalescence of
nanoislands, Fig. 2. After the coalescence stage, film thickness
increased through the nucleation and growth of fresh layers on

F—— 2zum

Fig.9. SEM image showing the misalignment between the epitaxial PZT islands
and the axial direction of the microwire. Scratches in the substrate exert an
influence over the location of islands whilst the crystallographic orientation of
the substrate affects their growth.

top of the original film. In this study we are investigating the
effect of growing PZT direct from the precursor material, but a
similar growth mechanism?® has been reported for PbTiOj films
on SrTiO3 substrates. The similarity in the growth mechanisms
for materials with differing precursors shows that the growth of
the cubic platelets is not dependent on diffusion of the titania
or zirconia precursor material. It seems likely that the growth
of cubic islands is a feature of the crystallography of the mate-
rial being generated. No pattern was seen in the coverage of the
PZT in the bottom of the reaction vessel when comparisons were
made between experimental runs. There are a number of pos-
sible explanations for the inhomogeneous coverage of the film.
Variations in concentration of the precursor material, density of
nucleation sites and temperature fluctuations could all account
for the distribution of the product. In our case, the inhomoge-
neous film coverage was most probably due to local variations in
all of the above at the bottom of the hydrothermal bomb during
reaction. However, as we shall later show, the concentration of
surface defects on the substrate has a very large influence on the
location at which PZT islands are deposited.

The pseudo-epitaxial nature of the nanoislands and thin films
was confirmed through XRD analysis. Strong preferential ori-
entation in the [00 1] direction was a clear indication that the
(100) SrTiO3 substrate had influenced PZT growth, Fig. 3.
Peaks corresponding to three alternative PZT orientations were
also visible, but their intensities were over an order of magnitude

Fig. 8. SEM image of a PZT island grown on Nb:SrTiO3 without a Pb-excess.

Fig. 10. SEM showing the remnants of a microwire after mechanical removal.
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Fig. 11. AFM image showing the (a) topography and associated (b) out-of-plane piezoresponse of a PZT island.

less than that of the preferred orientation. These reflections can
be attributed to stray PZT particles that had formed in solution
before coming to rest arbitrarily on the surface of the substrate.
The positions of the peaks in the XRD data for the PZT film
matched particularly well to the accepted values for the 52:48
composition of PZT (PDF card no. 33-0784). As the g-axis lat-
tice parameters of PZT and SrTiOs3 are different there will be a
degree of epitaxial strain within the film, which can be expressed
as:

Aa a5 — ar

a as

where ag and ay are the a-axis lattice parameters for the substrate
and film, respectively. The stress within a given film is compres-
sive for Aa/a <0 and tensile for Aa/a> 0. Inserting the accepted
values for 52:48 PZT and SrTiO3 into the equation gives a lattice
mismatch equal to —2.2%. This figure is sufficient to account
for the island growth mode observed during the initial stages of
hydrothermal PZT film formation.

An unusual crystal morphology was observed in one small
area of a (100) SrTiO3 substrate that was processed for 24 h
at 160 °C. Platelets were found that grew perpendicular to the
substrate surface and were orientated parallel to the SrTiO3
crystallographic axes, Fig. 4. They possessed a semi-circular

morphology and grew with their curved surfaces in contact with
the substrate, see Fig. 5. Quantitative compositional analysis
of the platelets via EDAX proved difficult due to a combi-
nation of the small interaction volume and an abundance of
contaminant species across the surface of the substrate follow-
ing the hydrothermal reaction. However, the data suggested
a large quantity of Pb was present indicating the possibility
that the platelets were in fact composed of lead oxide. Prior
hydrothermal tests that involved reacting the Pb(NO3), precur-
sor alone with KOH produced platelet particles of PbO with
a similar morphology, Fig. 6. If the structures found on the
SrTiO3 substrate are indeed composed of PbO their location
is puzzling. They were found in a region that separated to
two large areas of well-crystallised PZT film. What’s more,
no sign of island growth was present in the vicinity, which
would appear to rule out the possibility that the platelets act
as a template to PZT island growth. Instead, it is more likely
that the area in question was exposed to a particularly high
concentration of Pb ions leading to the nucleation and growth
of PbO, that has formed as a result of the reaction of the
precursor materials and the mineraliser, on the substrate sur-
face. This finding emphasizes the significance of concentration
of precursors across the reaction volume. Furthermore, the
well-crystallised PZT film found close to the platelets is con-

Fig. 12. AFM image showing the (a) topography and associated (b) out-of-plane piezoresponse of a collection of PZT islands and amorphous material. Note the

apparent lack of piezoresponse from the amorphous material.
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sistent with a large excess of Pb ions. It is possible that the
platelets of PbO formed after the zirconia and titania precur-
sors had been used in the production of PZT, remember that
there is a 100% excess of Pb precursors. The growth of half-
moon platelets of silver has recently been described by Sun
and Weiderrecht.?> The differences in the orientation of the
half-moon are interesting and are related to the growth mecha-
nism of the platelet. In the case of the PbO there is a distinct
nucleation site and then this allows growth of the PbO via
reaction of precursors. In the case of the silver the reverse
geometry is seen and there is an equal probability of the elec-
trochemical reaction occurring across the length of the silver
face.

After establishing the mechanism involved in the growth
of hydrothermal PZT on (100) SrTiO3, further investigations
where performed to determine if it was possible to control the
size of the nanoislands by reducing the reaction times. Con-
ductive Nb-doped (1 00) SrTiO3 substrates were used in place
of pure (100) SrTiO3 so that the electrical properties of the
resultant nanoislands could be assessed.

Fig. 7 shows a large area of a Nb:SrTiO3 substrate processed
for 30 min at 160 °C without any Pb excess. No continuous film
coverage was visible; instead the PZT structures consisted of
isolated and partially coalesced cubic islands as well as lines
of interconnected islands that formed unbroken “microwires”,
sometimes over a millimetre in length. The rough morphology
of the islands, Fig. 8, was similar to that witnessed during the
hydrothermal synthesis of freestanding PZT cubes without a Pb-
excess.!”? Furthermore, in contrast to the Pb-excess experiments,
the islands appeared to display alayered structure. The size of the
islands did not scale with reaction time, which suggests growth
rates for PZT crystals on the SrTiO3 substrates and in solution
(freestanding) were comparable.!’

The origin of the PZT microwires across the substrate is
unclear, however certain attributes of the lines favour one expla-
nation in particular. Firstly, their length, sometimes in excess of
1 mm, would appear to rule out crystallographic defects such
as step edges, which persist over much shorter lengthscales in
SrTiO3 substrates, even after etching.?> Secondly, the individual
islands, of which the microwires are composed, aligned them-
selves to the crystallographic directions of the substrate surface,
even if the microwire itself followed a different path (Fig. 9).
These observations point to the existence of preferred nucle-
ation sites on the surface of the substrate, which are independent
of the underlying crystal structure. Single-crystal substrates are
subjected to a chemical-mechanical polishing process during
their fabrication that introduces scratches into the surface. Parti-
cles from the polishing paste (often diamond-based) can become
embedded in these scratches and later act as potential nucle-
ation sites during the hydrothermal treatment. After nucleation,
the PZT islands grow heteroepitaxially and coalesce with neigh-
bouring crystals to form a continuous wire. Fig. 10 shows the
remnants of a PZT microwire that detached from the substrate
through mechanical contact. The outline of the scratch can
clearly be seen, bounded by the remaining crystalline material.

The limited adhesion of the microwires to the SrTiO3 surface
opens up the exciting possibility of using intentionally scratched

Fig. 13. AFM image showing the (a) topography and associated (b) out-of-plane
piezoresponse of a PZT microwire.

substrates as a templated growth mechanism for generating fer-
roelectric structures via the hydrothermal method.

PFM was used to produce piezoresponse images of the struc-
tures found on the surface of the Nb:SrTiOj3 substrates after
a 30 min hydrothermal treatment without Pb-excess. Fig. 11
shows the topography and associated out-of-plane piezore-
sponse of an isolated, cubic PZT island, scanned using AFM. No
domain patterns are seen; instead the cube displays a uniform,
weak piezoresponse as evidenced by the low contrast. Greater
piezoresponse is detected around the edges of the cube; how-
ever this is most likely due to topographic cross-talk of the type
encountered by Tiruvalem et al. during their PFM analysis of
relaxor nanocrystals.>* They found an apparent dipolar order-
ing of the piezoresponse along the cantilever axis, which was
attributed to the interaction between the tip and the sloping sides
of the nanocrystals. The net effect being that positive slopes pro-
duced a strong in-phase response while negative slopes gave an
out-of-phase signal. This behaviour is replicated to an extent in
Fig. 11, whereby the left-hand and right-hand edges of the cube
show strong in-phase and out-of-phase response, respectively. It
has been reported that the use of stiffer cantilevers can dimin-
ish this effect, however the limited adhesion of islands to the
substrate surface precluded this option.

We show further evidence that the PZT islands were indeed
ferroelectric when a larger area of the sample was scanned,
Fig. 12. In the piezoresponse image we can see that the cubic
crystals display a response, whilst adjacent regions, containing
non-piezoelectric material, do not.

Acquiring piezoresponse images of microwires proved
challenging because of their aforementioned relatively weak
adhesion to the substrate. Consequently, during a scan the AFM
tip had a tendency to remove them. However, in a limited num-
ber of cases it was possible to acquire images, Fig. 13, it can
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be seen that the detected piezoresponse is consistent with the
theory that the microwires formed through the coalescence of
individual islands, each bearing their own piezoresponse.

4. Conclusions

We have shown that it is possible to use a hydrothermal
technique to deposit isolated, PZT islands on SrTiO3 substrates
after just 30 min processing at 160 °C. The initial Pb precur-
sor concentration was shown to have an intimate impact on the
morphology and coverage of the PZT islands that are produced.
Higher concentrations led to well-faceted islands and longer pro-
cessing times (24 h) resulted in the coalescence of islands into
dense films up to a micron in thickness. XRD analysis revealed
the PZT to be highly (100)-oriented, indicating a degree of
epitaxy with the substrate was attained.

We also show that imperfections on the substrate, most prob-
ably introduced during polishing, can impact the nucleation and
subsequent growth of the PZT islands. Several lines composed
of coalesced cubic PZT islands were observed, over a millimetre
in length, with the individual islands aligning along the crystal-
lographic axes of the substrate. Finally, PFM undertaken on a
variety of the adhered PZT structures showed them to possess a
weak piezoresponse.

References

1. Scott JE. Ferroelectric memories, Springer. ISBN 3-540-66387-8, 2000.

2. Muralt, P., PZT thin films for micro sensors and actuators: a review. J.
Micromech. Microeng., 2000, 10, 136-146.

3. Polla DL. Processing and characterization of piezoelectric materials and
integration into micromechanical systems, Annu. Rev. Mater. Sci., 1998, 28,
563-597.

4. Garg, A., Dunn, S. and Barber, Z. H., Growth and characterisation of
epitaxial SrBiTapO9 Films on SrTiO3. Integr. Ferroelect., 2000, 31, 13—
21.

5. Kalinin, S. V., Bonnell, D. A., Alvarez, T., Lei, X., Hu, Z., Ferris, J. H.,
Zhang, Q. and Dunn, S., Atomic polarization and local reactivity on ferro-
electric surfaces: a new route toward complex nanostructures. Nano Lett.,
2002, 2(6), 589-593.

6. Dunn, S., Tiwari, D., Jones, P. and Gallardo, D., Lead zirconate titanate
(PZT), nanoscale dependence on photochemistry. J. Mater. Chem., 2007,
17, 4460-4463.

7. Dunn, S., Jones, P. M. and Gallardo, D. E., Photochemical growth of silver
nanoparticles on C~ and C* domains on PZT thin films. J. Am. Chem. Soc.,
2007, 129(28), 8724-8728.

8. Jones, P. and Dunn, S., Photo-reduction of silver salts on highly heteroge-
neous lead—zirconate—titanate. Nanotechnology, 2007, 18, 185702.

9. Dunn, S., De Kroon, A. P. and Whatmore, R. W., An examination of thin
film lead scandium tantalum oxide (PST) using PiezoAFM. J. Mater. Sci.
Lett., 2001, 20, 179.

10. Huang,Z., Zhang, Q. and Whatmore, R. W., Low temperature crystallization
of lead zirconate titanate thin films by a sol-gel method. J. Appl. Phys., 1999,
85, 7355.

11. Dunn, S., Strain behaviour of thin film PZT (30/70) examined through P-
AFM. J. Appl. Phys., 2003, 94(9), 5964-5968.

12. Morita, T., Kanda, T., Yamagata, Y., Kurosawa, M. and Higuchi, T., Single
process to deposit lead zirconate titanate (PZT) thin film by hydrothermal
method. Jpn. J. Appl. Phys., 1997, 36, 2998.

13. Su, B., Ponton, C. B. and Button, T. W., Control of particle size and mor-
phology of lead zirconate titanate (PZT) powders made hydrothermally. J.
Eur. Ceram. Soc., 2001, 21, 1539.

14. Zeng, J., Zhang, M., Song, Z., Wang, L., Li, J., Li, K. and Lin, C.,
Lead-zirconate—titanate thin films deposited on silicon using a novel tech-
nique at low temperature. Appl. Surf. Sci., 1999, 148, 137.

15. Morita, T. and Cho, Y., A hydrothermally deposited epitaxial lead titanate
thin film on strontium ruthenium oxide bottom electrode. Appl. Phys. Lett.,
2004, 85, 2331.

16. Dunn, S., de Kroon, A. P. and Whatmore, R. W., An examination of thin
film lead scandium tantalum oxide (PST) using PiezoAFM. J. Mater. Sci.
Lett., 2001, 20(2), 179-181.

17. Harada, S. and Dunn, S., Low temperature hydrothermal routes to various
PZT stoichiometries. J. Electroceram., 2008, 20(2), 65-71.

18. Choy, J.-H., Han, Y.-S. and Kim, J.-T., Hydroxide coprecipitation route to
the piezoelectric oxide Pb(Zr,Ti)O, (PZT). J. Mater. Chem., 1995, 5, 65.

19. Ahn, S. H., Jung, W. W. and Choi, S. K., Size dependence of initial
polarization direction in nanosized epitaxial PbTiOs3 islands fabricated by
hydrothermal epitaxy below Curie temperature. Appl. Phys. Lett., 2005, 86,
172901.

20. Szafraniak, I. and Alexe, M., Hydrothermal growth of nanosize ferro-
electrics. Ferroelectrics, 2003, 291, 19-26.

21. Deng, Y., Liu, L., Cheng, Y., Nan, C.-W. and Zhao, S.-J., Hydrothermal
synthesis and characterisation of nanocrystalline PZT powders. Mater. Lett.,
2003, 57, 1675.

22. Sun, Y. and Wiederrecht, G., Small, 2007, 3, 1964-1975.

23. Cho, G. B., Yamamoto, M. and Endo, Y., Surface features of self-organized
SrTiO3 (00 1) substrates inclined in [1 0 0] and [1 1 0] directions. Thin Solid
Films, 2004, 80, 464-465.

24. Tiruvalam, R., Kundu, A., Soukhojakb, A., Jesse, S. and Kalinin, S. V.,
Observing the superparaelectric limit of relaxor (Na;»Bijn)o9Bag.1 TiO3
nanocrystals. Appl. Phys. Lett., 2006, 89, 112901.



	Hydrothermal deposition of heteroepitaxial lead zirconate titanate nanostructures and thin films
	Introduction
	Methodology
	Results and discussion
	Conclusions
	References


