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FRONTIERS OF FERROELECTRICITY

Self-assembled nanoscale ferroelectrics

MARIN ALEXE, DIETRICH HESSE

Max Planck Institute of Microstructure Physics, D-06120, Halle, Germany

Multifunctional ferroelectric materials offer a wide range of useful properties, from switchable
polarization that can be applied in memory devices to piezoelectric and pyroelectric properties
used in actuators, transducers and thermal sensors. At the nanometer scale, however, material
properties are expected to be different from those in bulk. Fundamental problems such as the
super-paraelectric limit, the influence of the free surface, and of interfacial and bulk defects on
ferroelectric switching, etc., arise when scaling down ferroelectrics to nanometer sizes. In order
to study these size effects, fabrication methods of high quality nanoscale ferroelectric crystals
have to be developed. The present paper briefly reviews self-patterning and self-assembly
fabrication methods, including chemical routes, morphological instability of ultrathin films,
microemulsion, and self-assembly lift-off, employed up to the date to fabricate ferroelectric
structures with lateral sizes in the range of few tens of nanometers.
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1. Introduction

Ferroelectrics are, and will be, widely used in many ap-
plications that require sizes down to the nanometer range
[1]. It is a challenge to fabricate structures in this range
using both lithography (“top-down’ approaches) and self-
assembly methods (“bottom-up” techniques). Whereas
conventional lithographic systems work usually with a
resolution of about 100 nm, self-assembly approaches
are mainstream methods for the fabrication of structures
smaller than 50 nm.

All lithography-based patterning techniques are top-
down approaches and represent the basis of nowadays
microelectronics technology. They are very well suited
to fabricate structures with very good spatial resolution
and positioning precision, but are intrinsically limited to
structures the sizes of which are well above the lowest
nanometer-scale sizes. Thus there is a considerable inter-
est in other fabrication methods which are not based on
carving thin films, but rather on building structures from
the bottom using atoms and molecules. These bottom-up
methods will in principle allow the inexpensive fabrica-
tion of structures with sizes of 10 to 20 nm in a paral-
lel approach. The primary disadvantage of the bottom-up
methods is the random positioning of the obtained nanos-
tructures that will make a precise interconnection of them
virtually impossible.

Successful strategies and routes have been developed to
synthesize nanoscale materials of numerous simple sys-
tems such as semiconductors (Si, CdS, InAs/GaAs) or
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metals. Complex systems such as ferroelectric oxides,
or any muticomponent oxides belonging to the class of
functional materials, are not systematically addressed so
far, in spite of the general possibility to discover a new
class of nanomaterials with unique properties. Recently,
the first attempts to prepare ferroelectric nanostructures
via bottom-up approaches have been published. The ap-
proaches can already be classified in two main routes, viz.
physical and chemical routes, which are obviously based
on different principles. The general characteristics of both
routes are the following.

1.1. Self-patterning via physical routes

It was recognized that crystallization at all scales, but
mostly at nano- and mesoscopic scales, is an important
self-assembly strategy in the synthesis and fabrication of
small structures. Well-known physical growth concepts,
such as island growth, have already been successfully ap-
plied to grow nanosize dots of germanium on silicon, or
of InAs on GaAs. An important role is played by the lat-
tice mismatch between the substrate and the deposited
film. Depositing an epitaxial thin film onto a single-
crystal substrate with high lattice mismatch, the initial
stages of the growth process are characterized by either
the island (Volmer-Weber) or layer-than-island (Stranski-
Krastanov) growth modes. In contrast to the layer-by-
layer (Frank-van der Merwe) growth mode, which results
in a smooth uniform film, the two former growth modes
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are suitable to grow crystalline nano-size dots. The effect
is well known and has been carefully studied in the case
of simple systems such as germanium on silicon [2], and
has even found application in the growth of compound
semiconductor lasers [3].

1.2. Self-patterning via chemical routes

A number of interesting fabrication approaches appear
to be based on chemical routes. Using simple chemi-
cal routes it is possible to fabricate nanosize crystals or
nanoparticles in colloidal suspensions, which can later be
spread onto any substrate surface. After evaporating the
solvent, the nanoparticles can be crystallized in two- or
even three-dimensional arrays. Although obtaining a reg-
ular array of particles is not an easy task, self-assembly
concepts based on the reduction of the interfacial energy at
the fluid-solid or fluid-fluid interface—concepts that have
proven valid for simple systems such as CdS [4]—can
be used for more complicated systems such as ferroelec-
tric oxides. One of the most promising routes is based
on the microemulsion concept in which a water-in-oil
emulsion is produced using a surfactant. Such an emul-
sion consists of nanometer-size water droplets uniformly
dispersed in an oily solvent. This microemulsion can be
used to hydrolyse a complex metalorganic precursor. The
nanodroplets act as nano-reactors in which the hydrolysis
of the precursors takes place and, if the optimum condi-
tions are fulfilled, the final reaction product consists of
monodisperse nanosize particles [5].

2. Self-patterning via physical routes

2.1. Self-patterned nano-electrodes

From the historical point of view the first paper that in-
troduced the concept of ferroelectric nanocells was most
probably the paper on nanosize bismuth oxide electrodes
obtained by self-assembly [6]. Although not concerned
with intentional fabrication, it yet triggered a first con-
certed effort to obtain and characterize nanoscale ferro-
electrics. The authors had observed that during deposition
of epitaxial BiyTizOq, (BiT) thin films onto silicon sub-
strates, under certain deposition conditions rectangular
planar arrays of bismuth-containing crystalline electrodes
showing metallic conductivity—"nano-electrodes”—can
be obtained on the surface of the epitaxial BiT thin films
(Fig. D).

The bismuth titanate film was deposited on top of an
epitaxial layer of Lag 551y sCoO3 (LSCO) on Si(100), the
LSCO layer serving both as an electrode and as an epitax-
ial template for the ferroelectric film. The nanoelectrodes
were uniform and well separated from each other. De-
pending upon processing conditions the lateral size of the
nanoelectrodes was typically 150 nm, yielding an equiv-
alent density of 1 Gbit of ferroelectric cells per chip.
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Figure I Plan view SEM micrograph of a bismuth-containing nano-
electrode array [6].

Figure 2 Topography image (a) and piezoelectric images (b, ¢) showing
switching of a single memory cell. The contour of the cell marked “A” has
been determined from the topography image. The cell “B” is shown before
(b), and after (c) applying a single voltage pulse of +10 V for 100 ms.

The proposed growth mechanism is based on the fact that
in bismuth-layered perovskite films any superficial bis-
muth segregates out as metallic, elemental bismuth at the
surface. The deposition taking place in an oxygen atmo-
sphere, the nanoelectrodes were mainly composed of crys-
talline cubic §-Bi;03, as determined from high-resolution
transmission electron microscopy. Cubic §-Bi;O3 has a
defective fluorite structure and is the best ionic conductor
known, with a resistivity of only 1 Qcm at 1023 K [7].
Being ionic conductors, the bismuth-containing islands
formed mesoscopic capacitors and offered the possibil-
ity of locally measuring the ferroelectric properties of the
epitaxial c-oriented BiT film. Probing the nanocells via
a conductive AFM tip and using piezoresponse force mi-
croscopy (PFM), local switching (see Fig. 2) and local
hysteresis measurements were performed [8].

This work was significant, because it demonstrated the
possibility of decreasing the size of ferroelectric memory
cells into the sub-micron range, with a corresponding
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Figure 3 BaTiO3 nanostructures deposited onto vicinal SrTiO3; by pulsed laser deposition.

increase of the memory density into the Gbit range, by
the time when the commercial and the R&D prototypes
of ferroelectric random access memories (FRAMs) had
only kBit densities and were using memory cells of the
size of few tens of microns. The self-assembly concept
was thus introduced into the fabrication of nanoscale
ferroelectrics; however, lateron it was applied to fabricate
ferroelectric nanostructures rather than nanoelectrodes.

2.2. Self-assembled nanostructures by
physical vapor deposition

Very well known methods used for thin film deposition
have been among the first methods used to fabricate
nanosize structures. These are true self-assembly meth-
ods which make use of atoms as building blocks, and of
physical growth concepts such as island growth, in order
to grow nanosize structures. As it was already pointed
out, the main role is played by the mismatch in the lattice
constant during the initial stages of the growth process.
This mismatch determines different growth modes such
as the Stranski-Krastanov or the Volmer-Weber mode,
in this way achieving the growth of crystalline nanosize
structures instead of a continuous film. Assembling nanos-
tructures is achieved via different mechanisms based on
strain fields. This approach can be used to induce a ver-
tical self-assembly, like in the case of germanium islands
on silicon, where the germanium islands can “reproduce”
themselves in a vertical direction via their strain fields [9].
Based on the same assembly concept, using strain fields
generated by pre-patterned [10] or implanted [11] wafers,
a lateral self-assembly can also be induced. This concept
was successfully applied to simple systems (such as ger-
manium on silicon) and even applied to the preparation
of compound semiconductor lasers [3]. However, very lit-
tle has been done so far—using the above concepts—to
obtain nanostructures made from complex oxides. Only
recently the growth of complex oxide islands on differ-
ent substrates using several deposition methods has been

achieved. Pulsed laser deposition (PLD) and metalorganic
chemical vapor deposition (MOCVD) were the first de-
position methods employed.

Pulsed laser deposition and ablation are potential meth-
ods to obtain nanoparticles either deposited on a sub-
strate or simply in the form of a dispersed powder. Pulsed
laser ablation has been used to produce monodisperse
PZT nanoparticles with a fairly narrow size distribution.
The experimental setup is rather complex and consists
of a laser ablation chamber, a charger, and a furnace.
Single crystalline nanoparticles with an average diame-
ter of about 7 nm and a standard size deviation of 5.4%
were obtained [12]. Using a simple PLD deposition pro-
cess, Visinoiu et al. have grown BaTiO3; nanostructures
on SrTiO3 (STO) substrates [13]. Furthermore, using vic-
inal STO substrates a certain degree of registration and
self-organization can be induced as shown in Fig. 3.

In the case of systems that have a high lattice mis-
match, the same concept of island growth leads to the
formation of self-assembled structures during the initial
growth stages of STRuO3 (SRO) films on LaAlO3; (LAO)
substrates [14]. In the initial growth stage (below a thick-
ness of three monolayers) a periodic ripple forms as a
result of stress release via the creation of an additional
roughness. Further nucleation is confined to the ripples.
As a consequence, at a film thickness of about 2.5 nm,
three-dimensional islands assemble on the ripples in a
row-like pattern. Due to an anisotropic grain coalescence,
most probably originating from an anisotropic diffusion
coefficient, a compact regular array of wires results [15].
The nanopatterned SRO films show metallic conductivity
and are ferromagnetic (as are bulk films). They show a
resistivity of about 280 Q2cm at room temperature, and a
ferromagnetic Curie temperature of about 155 K, slightly
lower than the bulk value, due to the presence of stress.

Concerning the growth of nanosize ferroelectric struc-
tures employing island growth, the best results so far were
most probably obtained using MOCVD. It was found by
Shimizu ef al., that during initial growth stages of PbTiO;
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Figure 4 PZT (Zr/Ti = 24/76) island structures deposited for (a) 1 min, (b) 3 min and (c) 7 min. Scan area is 1 x1 pum. [18].

(PTO) and PZT films on Pt substrates, islands were ob-
served before a continuous film formed [16]. In the case of
PZT films, triangular-shaped PZT islands were observed
independently of the Zr/Ti ratio (Fig. 4). The triangu-
lar shape of the PZT islands directly reflects the (111)-
orientation of the perovskite lattice. A very short deposi-
tion time of a few seconds resulted in triangular islands,
the size of which increased from 50 nm to 160 nm as
the deposition time increased from 30 s to 3 min. At the
same time the height increased from 35 to 70 nm, while
at longer deposition time the islands coalesced into a con-
tinuous film. For a certain deposition time the width and
height of the islands decreased as the Zr content increased.
This result corresponds to the fact that a higher growth
temperature is required to crystallize Zr-rich PZT than
Ti-rich PZT. Transmission electron microscopy (TEM)
observations revealed that these PZT islands have tetrag-
onal or rhombohedral structures, and that corresponding
PTO islands have a twinned structure showing 90° do-
mains originating in the tetragonal structure. This was
taken as an initial hint to the nanosize island showing
ferroelectricity [17].

PFM measurements indeed proved that the MOCVD-
obtained PZT islands are ferroelectric, but the minimum
width and height of the islands that exhibit ferroelectricity
were relatively large, viz. 50 and 20 nm, 70 and 30 nm,
and 70 and 8 nm for Zr/Ti ratios of 0/100, 24/76 and
74/26, respectively [18]. The poor ferroelectric behavior
was attributed to a degradation of ferroelectricity due to
internal stress that is retained in the isolated islands.

An interesting method to pre-define the position of the
structures by inducing nucleation sites has been shown by
Buhlmann and Muralt [19, 20]. A TiO, nucleation site is
lithographically pre-defined using electron-beam lithog-
raphy and etching of a TiO,-coated substrate. The resulted
TiO, dots are only locally increasing the nucleation prob-
ability of the PZT and are acting as nucleation sites for
the subsequent sputter deposition of PZT. In such way,
ferroelectric structures are formed only on the TiO, dots
and not on the remaining free surface. Ferroelectricity in
120-150 nm lateral size structures has been subsequently
shown by PFM.
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2.3. Microstructural instability

One of the most convenient methods to obtain oxide
nanoscale structures uses the effect of microstructural
instability of ultrathin films. Although this method is fre-
quently named a “chemical route”, it is actually a physical
self-patterning method. A chemical deposition method is
used just to obtain an ultra-thin oxide layer on a substrate
of choice, but the self-patterning process itself takes place
in the later stage of high-temperature annealing. Briefly,
using sol-gel or other metalorganic routes a precursor
solution is prepared [21, 22]. This precursor solution is
spun on a substrate in order to obtain a thin metalorganic
gel film that subsequently is transformed into an amor-
phous oxide film by pyrolysis, i.e. by a thermal annealing
process at a moderate temperature of 250 to 300°C in air
or oxygen. During the subsequent crystallization anneal,
depending on film parameters and annealing conditions,
the system transforms either into a normal thin film, or
it patterns “itself” into nanostructures of a large variety
of shapes and sizes. Seifert et al. [23] were the first
to observe microstructural instabilities in perovskite
thin films, following previous work on yttria-stabilized
zirconia (YSZ) [24]. For example, PTO films on SrTiO3
(STO) substrates, with a nominal film thickness below
100 nm, develop holes during the crystallization anneal
(performed in order to convert them into single crystal
films). Upon further annealing these holes grow to a stable
size, or even cause breaking up of the film into isolated,
single crystal islands. In this way relatively thick films
entirely cover the substrate, whereas thinner films develop
faceted pits and/or holes and finally fall apart into single
crystal islands. The above phenomenon is described as
a microstructural instability based on the minimization
of the global surface energy: During the crystallization
anneal, initially isolated pores (that are always present
due to the CSD process) grow into surface pits that
eventually transform into holes and uncover the substrate.
This process depends on the film thickness and pore
spacing and implies four different stages [23]. The first
stage involves the growth of pyramidal holes until they
reach the film-substrate interface. In the second stage the
holes continue to grow as truncated pyramids, until they
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Figure 5 SEM images of PZT nanoislands obtained after deposition of (a) 1:20, (b) 1:25, (c) and (d) 1:40 diluted PZT precursor and after 800°C (a—c) and

1100°C (d) thermal treatment.

become connected. In the third stage the film is trans-
formed into a collection of truncated pyramids still
connected at the lowest edge, until finally the film
becomes a collection of unconnected islands in the fourth
stage.

The above well-described effect of instability of ultra-
thin films was used as a “bottom-up way” to fabricate
nanoscale ferroelectric structures. Waser et al. obtained
polycrystalline PTO nanoscale structures on Pt-coated sil-
icon substrates using a highly diluted precursor [25]. In
this way structures with lateral sizes down to 20 nm were
successfully prepared. Using PFM, Roelofs et al. showed
that such PTO grains with lateral sizes of about 20 nm
do not exhibit the out-of-plane piezoelectric signal, sug-
gesting that the size at which ferroelectricity vanishes in
PbTiOj3 is about 20 nm [26].

If a single crystal substrate is used, the obtained struc-
tures are epitaxially oriented as was shown by Szafraniak
et al. They obtained epitaxial single crystal ferroelectric
structures using the same concept of microstructural in-
stability [27]. Nanosize epitaxial PZT crystals with lat-
eral dimensions of 40 to 90 nm and a thickness of 9
to 25 nm were obtained by conventional annealing of
ultrathin amorphous oxide films at temperatures above
800°C (see Fig. 5). The size, shape and distribution of the
nanocrystals could be tuned to some extent by modifying
the initial film thickness and the crystallization temper-
ature. The epitaxial nature of the crystals was revealed

both by X-ray diffraction analysis and high resolution
TEM investigations.

Dawber et al. [28] analyzed the shape and size distri-
bution of both the self-patterned nanoelectrodes and the
above PZT nanostructures. They discussed the results of
the analysis in terms of island formation mediated by re-
pulsive interactions between the islands and the substrate
via strain fields, in a similar way as it had been described
for Ge islands on Si(100) before [29, 30]. Dawber’s the-
ory predicts (i) three different kinds of structures such as
pyramids, domes, and superdomes, (ii) the volume dis-
tribution and (iii) a shape map of the relative population
of the structures, both as a function of coverage and crys-
tallization temperature. The self-patterned nanoelectrodes
showed a bimodal distribution (see Fig. 6), whereas the
shape of PZT structures on STO - due to the very low
thickness-transfers from the coexistence of superdomes
and domes to the dominance of domes. Apparently this
was the first time that the Shchukin-Williams theory was
applied to a more complex system than a semiconduc-
tor. In addition this approach might offer a practical base
for the registration of the islands using strain fields and
engineered substrates.

The high quality of the PZT nanocrystals obtained by
the above self-assembly method has enabled a detailed
structural study performed by Chu et al. [31] on the im-
pact of misfit dislocations on the polarization instability
in nanoscale ferroelectrics. The main result of the high
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Figure 6 Bimodal distribution of bismuth oxide nanoelectrodes showing
the coexistence of pyramids and domes and the excellent fit to the distribu-
tion function of Wiliams et al. [30].

Figure 7 Cross-sectional and plan-view micrographs and calculated con-
trasts of the PZT (48/52) nanocrystals. (a) Cross-sectional HREM image
of a (001)-oriented PZT nanoisland in [010] projection; misfit dislocations
indicated by T. (b) An enlarged interface zone of a; the rectangle and square
indicating respective PZT and STO lattices; inset, multislice contrast simu-
lation at # =4 nm and Af= —60 nm with PbO-(Zr,Ti)O,-SrO-TiO; stacking
across the interface. At these imaging conditions, bright and dark contrasts
represent the cation and anion columns, respectively. (c) Bright-field plan-
view image recorded under ¢ = [220] on specimens annealed at 950°C for
1h, the dark contrasts showing the network of misfit dislocations [31].

resolution TEM investigations was the observation of a
high-strain region formed around each misfit dislocation
(Fig. 7). (Such misfit dislocations generally occur to relax
the strain in epitaxially grown structures and films). For
the studied case of PZT (48/52) nanoislands grown on
STO substrates, the cross section of the highly distorted
“tube” around each dislocation is about 8§ nm in width
and 4 nm in height. In this volume the tetragonal lattice is
distorted due to triaxial strain fields, so that the ferroelec-
tric polarization of an island with a height of about 9 nm
and a lateral size of 20 nm becomes unstable. This was
interpreted as a size effect which actually originates from
an extrinsic effect (viz. the misfit dislocations) rather than
from the super-paraelectric limit. It was also shown that
avoiding the formation of misfit dislocations at the inter-
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face, the ferroelectricity could be retained in very small
structures of this type.

The above studies have clearly shown that on the one
hand high-quality structures approaching ideal systems
are required to evidence true size effects, and that on the
other hand single defects in these nanoscale structures
can be most detrimental for the ferroelectric properties.
In other words, the extrinsic size effects generated by in-
terfaces, surfaces, strain, compositional inhomogeneities,
etc. can have a higher negative impact on the polarization
stability than intrinsic size effects.

3. Self-patterning via chemical routes

3.1. Hydrothermal growth

Hydrothermal synthesis is a unique technique for the
low-temperature fabrication of powders or films. It in-
volves the growth of oxides from an aqueous solution at
moderate temperatures (about 100—400°C) and pressures
(0.1-15 MPa). During the last decade this method was
applied to produce various oxides at low temperatures
[32]. Perovskite ferroelectrics can be easily synthesized
by this technique at temperatures below 200°C. For in-
stance, barium titanate was grown even at 90°C without
any additional post-deposition thermal treatment [33-35].
Hydrothermal growth can be used as a bottom-up strat-
egy in order to obtain complex oxide nanoscale structures.
Usually, one needs to mix an equimolar amount of precur-
sors in an aqueous solution with a very high pH value, and
subject the solution for a certain time to a low-temperature
annealing under pressure. For example, appropriate pre-
cursors for Ti, Pb, and Ba ions could be TiO,, Pb(NO3),,
and barium acetate, respectively. The pH value of the so-
lution plays a very important role to stabilize the desired
phase. For the Ba-Ti—-H,O0—-CO, system, barium titanate
is stable for a pH >12 [36].

Recently Szafraniak et al. obtained ferroelectric epi-
taxial nanocrystals using a hydrothermal route [37]. As
expected, besides the initial stoichiometry and the pH
value, temperature and time play an important role for the
obtained structures. For PbTiO3; grown on (111) STO the
first visible crystals nucleate after 2 h while at 150°C the
first pyramid-shaped structures appear after 4 h of treat-
ment. For a longer time the nuclei grow and eventually
coalesce in larger structures or films. As expected, the
coalescence process takes longer time at lower tempera-
tures. Interestingly, in few cases a self-assembled, fairly
ordered arrangement was observed (Fig. 8). This fact is
most probably due to the substrate preparation (e.g., the
polishing process) which could induce a spatial arrange-
ment of nucleation centers, for instance along steps of
vicinal surfaces. This suggests that a certain degree of
orientation and order can be induced, manipulating the
nucleation process at the substrate surface. For instance, a
pre-patterning or a deposition of monolayers of materials



Figure 8 Highly ordered epitaxial PZT nanostructures obtained by hy-
drothermal growth on Nb:STO (100) single crystal substrates [37].

with different wetting properties might induce a preferen-
tial nucleation and registration of the obtained structures.

3.2. Synthesis of nanoparticles

Provided that there will be appropriate methods to manip-
ulate nanosize particles and to deposit them into mono-
layers on desired substrates, or even to arrange them in a
registered way, the fabrication of nanoparticles via chem-
ical routes might be of high interest. This interest should
be due to the flexibility of the process of low-temperature
processing by which very small nanosize particles made
from complex materials can be obtained.

Vapor phase routes, such as vapor deposition (CVD)
and pulsed laser deposition (PLD) are suitable to pro-
duce high-purity nanoparticles, but suffer from the high
cost of equipment and from low yield. The solution-based
chemical routes potentially offer better grain-size homo-
geneity and good stoichiometry control. A number of
routes to produce fine powders have already been estab-
lished. These include co-precipitation, sol-gel processing,
hydrothermal synthesis, and other routes.

Two different approaches are considered in order to
synthesize nanoparticles via chemical routes. One is the
preparation of stabilized particles dispersed in liquids,
and the second is an in-situ preparation using a surfactant
assembly such as Langmuir-Blodgett films, micelles, mi-
croemulsions, or similar, all based on colloid chemistry.
In all cases the desired output is represented by nanome-
ter size particles dispersed in a solvent. The stability of
the solution is given by the balance between the short
range attractive forces among the particles and the repul-
sive forces [38]. The obtained particles can be transferred
to a substrate using an appropriate technique such as the
Langmuir-Blodgett method. Appropriate control of the
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particles’ hydrophobicity, surface charge and charge den-
sity can result in monolayers of particles that later can be
transferred to a solid substrate [39].

3.2.1. Sol-gel synthesis

Sol-gel synthesis is one of the most common routes to syn-
thesize oxide particles, in particular particles of ferroelec-
tric oxides. The synthesis follows a simple route, starting
with the preparation of a complex alkoxide chosen accord-
ing to the final formula of the desired oxide compound.
The obtained alkoxyde is then hydrolyzed in a controlled
way to obtain a precipitate. Finally the nano-particle pre-
cipitate is washed and dispersed in a certain solvent. To
obtain a stable suspension from the nano-particles is the
most difficult part of the process. A successful attempt
to synthesize stable monodisperse nanosize particles us-
ing a simple sol-gel method was recently reported by Liu
et al. [40]. They prepared a complex metalorganic com-
pound from lead acetate, Ti ethoxide and Zr butoxide in
pure acetic acid in order to avoid any reaction with water.
The solution was slowly precipitated at 80°C by adding
ammonia via an argon bubbler, and then kept at this tem-
perature for several days to allow the particles to grow.
The dried product of nanoparticles, which were initially
amorphous, was crystallized at temperatures ranging from
400° to 800°C in argon atmosphere and then in oxygen at a
lower temperature. A stable suspension can be formed af-
ter modifying the surface of the nanoparticles with tartrate
ligands. Free standing nanoparticles of 10 nm to 30 nm
diameter were prepared in this way.

Two key steps allow the preparation of free standing
crystalline nanoparticles: (i) the annealing in argon which
— unlike annealing in oxygen — prevents sintering of
the nanoparticles, and (ii) a chemical treatment of the
surface (in this case with a tartrate ligand) which allows
the suspension in a solution. As it will be seen later, the last
step is decisive to achieve a suspension of free-standing
particles, because un-coated particles are usually quickly
aggregating and precipitating.

A slightly different route was implemented by O’Brian
et al. [41] to prepare nanosize BaTiOj particles. A
single bimetallic alkoxide precursor (barium titanium
ethylhexano-isopropoxide) was injected into a mixture of
diphenylether and oleic acid as stabilizing agent at 140°C
under an inert atmosphere. After distillation of 2-propanol
the resulting solution was cooled to 100°C, and hydro-
gen peroxide was injected. The solution was maintained
at this temperature for 48 h to promote hydrolysis and
crystallization under the conditions of inverse micelles.
Monodisperse BaTiO3 particles of 4 to 8 nm diameter
were obtained. The diameter could be tuned modifying
the ratio between alkoxide precursor and oleic acid, which
also passivated the surface of the particles, in this way pre-
venting the agglomeration and enabling the transfer of the
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Figure 9 Scanning electron microscopy image of (a) agglomerated BaTiO3 nanoparticles and (b) BaTiO3 nanoparticles deposited on a Nb:STO substrate.

particles into a nonpolar solvent. Two points are remark-
able in this route. First, the crystalline phase occurs at
temperatures as low as 100°C directly from the reaction,
and second the reaction takes place in a so called in-
verse micelle, i.e. a colloidal-type solution. The colloidal
or microemulsion route is a generic route to synthesize
nanoparticles as discussed in the following.

3.2.2. Generation of nanoparticles in
microemulsions

Among all the chemical routes, the microemulsion tech-
nique is the most promising method to prepare nanoscale
perovskite particles. The basic characteristic of this route
is the confinement of the involved reactions in so-called
“nanoreactors”. The particle formation in nanoreactors
takes place simultaneously in a number of about 10'8-
10?° nano-compartments separated from each other [42].
The microemulsion technique has already been used to
prepare ultrafine powders from a variety of materials,
including metals [43], metal oxides [44], and high-T¢
YBa,Cu30O;_, superconductors [45]. Herrig and Hempel-
mann [5] were among the first to use the microemulsion
approach for the preparation of ultrafine powders of sim-
ple perovskites. A comprehensive review on the prepara-
tion of nanosize oxides via microemulsion-mediated syn-
thesis is given by Osseo-Asare [46].

It is not the goal of the present paper to review this
route in detail. We would just like to point out the pos-
sibilities of the microemulsion route and to show a few
examples. Briefly, a miniemulsion or microemulsion is a
system where small droplets of high stability are created
using high shear [42]. The system must have at least three
components, viz. a continuous phase, a dispersed phase,
and a surfactant. An unstable system is, e.g., given by a
water-in-oil system which is simply obtained by mixing
a dispersed phase (water) in the continuous phase (oil).
The stability of such a system is obtained by adding an
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agent that dissolves a dispersed phase but is insoluble in
the continuous phase. For a water-in-oil system, an oil,
water, an emulsifier (surfactant) and a hydrophobic agent
are mechanically homogenized (using, e.g., ultrasonic ag-
itation) to obtain monodisperse droplets in the size range
between 30 and 500 nm. A simple water-in-oil system
is considered being unstable due to two droplet growth
mechanisms, Ostwald ripening and coalescence. The sur-
factants control the coalescence, while the Ostwald ripen-
ing is controlled by the hydrophobic agent. Moreover, the
type of surfactant used for the stabilization can be used to
adjust the size of the droplets.

The nanodroplets of a water-in-oil system are an ideal
medium for the preparation of very fine oxide particles,
either by a sol-gel type hydrolysis of metal alkoxides
in the microemulsion-provided nano-reactors, or by co-
precipitation of an aqueous solution of mixed oxalates or
nitrates from the corresponding microemulsion. Accord-
ing to Beck et al. [47], nanoscale BaTiO3 particles can
be fabricated using the sol-gel-type hydrolysis approach.
First a microemulsion is prepared by mixing a surfactant
(Tergitol TNP-35, TNP-10, or TNP-7) with cyclohexane
and 1-octanol, adding water. The resulting microemulsion
can then be used to hydrolyze a BaTiO; alkoxide precur-
sor to yield fine BaTiOs particles with a crystallite size
tailored in a broad range from 3 nm to about 60 nm, each
size having a relatively narrow distribution. The particle
diameter is nicely tuned by adjusting the droplet size of
the microemulsion, knowing that the latter is determined
by the length of the hydrophilic part of the surfactant. This
effect was used by Beck et al. to tune the crystallite size
of BaTiO; performing a hydrolysis of a complex alkox-
ide in different microemulsions prepared with different
surfactants.

An important advantage of the microemulsion route is
the low calcination temperature required for the formation
of the perovskite phase, which is up to 200°C lower than in
the conventional solid-state reaction methods [48]. Even



Figure 10 SEM image of a self-assembled monolayer of monodisperse
latex spheres of 1 um diameter.

the formation of a pure barium titanate perovskite was
reported during the wet chemical precipitation followed
by any calcination treatment [5].

Bhattacharyya et al. [49] have used a microemulsion
route to produce monodisperse nanoparticles, i.e. parti-
cles dispersed in a liquid medium, and to obtain BaTiO;
structures of 50-60 nm diameter in a random distribution
on Nb:STO substrates, as shown in Fig. 9.

4. Self-assembled lithography

An economic, versatile means to fabricate arrays of fer-
roelectric nanostructures is given by the possibility to
use a self-assembled lift-off deposition mask in combina-
tion with a physical or chemical vapour deposition tech-
nique. For example, a principal possibility is the combi-
nation of a self-assembled monolayer mask of hexago-
nally close-packed monodisperse latex spheres with the
physical vapour deposition of an array of metal nanodots,

called “Natural lithography”, “Nanosphere lithography”
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or “Shadow nanosphere lithography” [50-52]. This tech-
nique can also be applied to the fabrication of ferroelectric
nanostructure arrays, as has been demonstrated by Ma and
Hesse [53-55].

A self-assembled monolayer of monodisperse latex
spheres arranged in a close-packed hexagonal array was
prepared according to [51, 52] and was used as a lift-off-
type deposition mask for pulsed laser deposition (PLD) of
BaTiO; (BTO) or SrBi,Ta;Og (SBT) nanostructures [53—
55]. BTO and SBT were studied as prototypes for per-
ovskite and bismuth-layered perovskite ferroeletric mate-
rials, respectively. The latex-sphere monolayer was pre-
pared on a conductive (100)-oriented Nb-doped SrTiOs
single crystal substrate (that later served as a bottom
electrode) by a spin-coating process, using commercial
monodisperse polystyrene latex sphere dispersions with
spheres of 1 um or 0.5 um diameter. Fig. 10 is a scanning
electron micrograph (SEM image) of such a monolayer.
The bright regions correspond to stacking faults within the
layer. Avoiding the formation of stacking faults is possi-
ble, e.g. on an area of 50 um? [56]. This requires, how-
ever, some effort, skill and experience, cf. [56]. Stacking
faults can, however, also made use of. They provide some-
what larger spacings for deposition, resulting in larger
than usual lateral sizes of the prepared ferroelectric struc-
tures. These larger structures may be used to compare
their physical properties with those of the regular, small
nanostructures, as shown below.

Pulsed laser deposition of BTO and SBT followed by
the lift-off of the polystyrene latex spheres in methylene
chloride, and the subsequent crystallization anneal, yield
a regular pattern of ferroelectric nanostructures as shown
in Fig. 11.

The advantage of such a technique is that—using ap-
propriate substrates—the nanostructures can be epitaxi-
ally crystallized [54, 55]. Moreover, using piezoresponse
scanning force microscopy (PFM) the structures can be
accurately characterized by measuring piezoelectric hys-
teresis loops (see Fig. 12). This enabled a detailed study
of — and revealed a thickness-dependent imprint effect in

(a)

(b)

Figure 11 (a) SEM image and (b) Scanning force (AFM) topography image (2 x 2 pum) of part of a SrBipTa;Og array fabricated from a self-assembled

monolayer of latex spheres of 1 um diameter.
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Figure 12 PFM hysteresis loops obtained from BTO nanostructures of
different size. ds3 is the effective piezoelectric coefficient along the vertical
of the nanostructure. For curves a, b, and c, see the text.

- both the BTO and the SBT nanostructures. For example,
Fig. 12 shows that the hysteresis curve (a) of a 44 nm
high BTO nanostructure (fabricated from a 1 pum sphere
mask) is more or less symmetric, whereas the loops (b)
and (c) of two only 26 nm high nanostructures (fabricated
using a 0.5 pwm sphere mask) are shifted towards the nega-
tive ds3 axis, i.e. are imprinted. This effect is independent
of the lateral size, as is also shown in the figure: Curve
(c) was recorded from a laterally extended structure, that
had been formed at a stacking fault of the sphere mask,
whereas curve (b) is from a laterally small structure.

In cases where three-dimensional nanostructures have
clearly developed lateral surfaces, a similar size-
dependent imprint effect may occur [57]. To explain this
effect, as well as the thickness-dependent imprint effect
observed in the laser-deposited arrays shown above, a phe-
nomenological model has been developed. According to
this model, the imprint effect in the flat BaTiO3 nanostruc-
tures results from a domain locking near the ferroelectric-
electrode interface, so that the nanostructures are com-
posed of switchable regions and of non-switchable ones,
the latter being close to the interface with the substrate.
A similar effect occurs at the lateral surfaces of the three-
dimensional nanostructures.

In summary, self-assembled lithography methods based
on latex monolayers permit a rapid, cost-effective fabrica-
tion of high-quality ferroelectric nanostructures by physi-
cal or chemical vapor deposition enabling in-depth studies
of size effects in nanoscale ferroelectrics.

5. Conclusions

The successful preparation of sub-micron and nanosize
ferroelectric structures and the development of appropri-
ate nanoscale measurement methods have opened a new
emerging field, viz. nanoscale ferroelectrics. Bottom-up
approaches offer the possibility of a low-cost fabrication
of ferroelectric structures with lateral sizes of 10 to 50 nm,
well below the sizes accessible by any of the top-down

10

methods on relatively large substrates. Unfortunately, reg-
istration of the structures is still a major problem of all
bottom-up approaches, and quite an effort will be nec-
essary to solve this problem. Some of the self-assembly
methods offer the possibility to fabricate high-quality epi-
taxial or single crystalline nanostructures, which repre-
sents a major advantage in addressing fundamental prob-
lems such as size effects, domain pinning at nanoscale,
or determination of the super-paraelectric limit. In any
case suitable fabrication methods to obtain high-quality
nanoscale ferroelectrics are now available, which make
us assert that nanoscale ferroelectrics will be part of our
near future.
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