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Summary

The increasing miniaturization of electric and mechanical components makes the
synthesis and assembly of nanoscale structures an important step in modern
technology. Functional materials, such as the ferroelectric perovskites, are vital to
the integration and utility value of nanotechnology in the future. In the present
work, chemical methods to synthesize one-dimensional (1D) nanostructures of
ferroelectric perovskites have been studied. To successfully and controllably make
1D nanostructures by chemical methods it is very important to understand the
growth mechanism of these nanostructures, in order to design the structures for use
in various applications. For the integration of 1D nanostructures into devices it is
also very important to be able to make arrays and large-area designed structures
from the building blocks that single nanostructures constitute. As functional
materials, it is of course also vital to study the properties of the nanostructures. The
characterization of properties of single nanostructures is challenging, but essential
to the use of such structures.

The aim of this work has been to synthesize high quality single-crystalline 1D
nanostructures of ferroelectric perovskites with emphasis on PbTiO;, to make
arrays or hierarchical nanostructures of 1D nanostructures on substrates, to
understand the growth mechanisms of the 1D nanostructures, and to investigate the
ferroelectric and piezoelectric properties of the 1D nanostructures.

In Paper I, a molten salt synthesis route, previously reported to yield BaTiO;,
PbTiO; and Na,Tis0;; nanorods, was re-examined in order to elucidate the role of
volatile chlorides. A precursor mixture containing barium (or lead) and titanium
was annealed in the presence of NaCl at 760 °C or 820 °C. The main products were
respectively isometric nanocrystalline BaTiO; and PbTiO;. Nanorods were also
detected, but electron diffraction revealed that the composition of the nanorods was
respectively BaTiOs/BaTisO;; and Na,TicO,; for the two different systems, in
contradiction to the previous studies. It was shown that NaCl reacted with BaO
(PbO) resulting in loss of volatile BaCl, (PbCl,) and formation and preferential
growth of titanium oxide-rich nanorods instead of the target phase BaTiO; (or
PbTiOs3). The molten salt synthesis route may therefore not necessarily yield
nanorods of the target ternary oxide as reported previously. In addition, the
importance of NaCl(g) for the growth of nanorods below the melting point of NaCl
was demonstrated in a special experimental setup, where NaCl and the precursors
were physically separated.

In Paper II and III, a hydrothermal synthesis method to grow arrays and
hierarchical nanostructures of PbTiO; nanorods and platelets on substrates is
presented. Hydrothermal treatment of an amorphous PbTiO; precursor in the
presence of a surfactant and PbTiO; or SrTiO; substrates resulted in the growth of
PbTiO; nanorods and platelets aligned in the crystallographic <100> orientations of
the underlying substrate. The nanorods had a square-shaped cross-section. The
growth of nanorods is explained by self-assembly of facetted or cube-shaped
nanocrystals. The position of the substrate in the autoclave influenced the length of
the nanorods; the longest rods were formed at the lowest position. The growth
orientation of the nanorods could be changed by changing the crystal orientation of



the SrTiO; substrates. PbTiO; nanorods oriented perpendicular to the substrate
surface could also be grown directly on the substrate by a modified synthesis
method. The hydrothermal method described in Paper II and III was developed on
the basis of the method described in Appendices I and II.

In Paper IV, a template-assisted method to make PbTiO; nanotubes is
presented. An equimolar Pb-Ti sol was dropped onto porous alumina membranes
and penetrated into the channels of the template. Single-phase PbTiO; perovskite
nanotubes were obtained by annealing at 700 °C for 6 h. The nanotubes had
diameters of 200 - 400 nm with a wall thickness of approximately 20 nm. Excess
PbO or annealing in a Pb-containing atmosphere was not necessary in order to
achieve single phase PbTiO; nanotubes. The influence of the heating procedure and
the sol concentration is discussed.

In Paper V, a piezoresponse force microscopy study of single PbTiO;
nanorods is presented. The piezoelectric properties were studied in both vertical
and lateral mode. Piezoelectric activity and polarization switching was observed in
the vertical mode, demonstrating the ferroelectric nature of the nanorods. The
nanorods decomposed after repeated cycling of the dc bias at one spot on the
nanorod, which resulted in parts of the nanorod disappearing and/or accumulation
of particles on the surface of the nanorod.

In Paper VI, a method to contact single nanorods by electron beam induced
deposition of platinum is presented. An organometallic compound, (trimethyl)-
methylcyclopentadienylplatinum(IV), was used as precursor. A home-made
apparatus was constructed for the purpose and was mounted onto a scanning
electron microscope. Calculations based on apparatus geometry and molecular flow
were used to estimate the deposition time and the height of the deposits. The
location and height of the deposits were controlled so that single nanorods could be
successfully contacted at the ends of the nanorods.

Fabrication of a sample device for piezoresponse force microscopy studies of
single nanorods using an axial dc bias setup is described in Appendix IV. A
proposed experimental setup for such studies is also presented.
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1. Background

The term nanotechnology is used to refer to a broad field whose unifying theme is
the control and fabrication of structures which in at least one dimension are at the
nanoscale (1 -100nm). With the development of the scanning tunneling
microscope in 1981," and the discovery of fullerenes® and the detailed description
of carbon nanotubes,” both new methods to study nanostructures and new
nanomaterials with improved properties demonstrated the potential of nano-
technology and paved the way for other researchers to follow. The hype of
nanotechnology the recent years can be explained by the commercial availability of
advanced characterization tools, but also by an increase in funding by governments.

Some believe that nanoscience and nanotechnology have the potential to give
changes in the society comparable to the changes induced by the industrial
revolution. But then, one may ask; what makes this technology so fantastic? One
important aspect is the ability to make existing things smaller, thereby reducing the
energy needed, the heat produced, the amount of material needed, and making it
possible to integrate advanced technology into everyday objects in order to
improve their properties. For instance, in microelectronics, “smaller” has meant
greater performance ever since the invention of integrated circuits: more
components per chip, faster operation, lower cost, and less power consumption.*

Another important aspect is that nanoscale properties of a material often differ
from its bulk properties. Quantum confinement of electrons by the potential wells
of nanoscale structures may provide one of the most powerful and yet versatile
means to control the electrical, optical, magnetic, and thermoelectric properties of a
solid-state material.* In nanoscale materials, the long-range forces such as gravity
and Coulombic (ionic) interaction, become less important, while short-range forces
such as covalent interaction and van der Waals forces dominate. The crystal
structure of nanoscale materials will therefore often deviate from the bulk crystal
structure, usually toward a structure with higher symmetry (a high-temperature
phase). Another important aspect is the surface/volume ratio, which increases with
decreasing particle size. The relative number of surface atoms in a nanoparticle is
far greater than in a larger particle, so the surface atoms will in a much greater
degree control the properties of the nanoparticle than in a larger particle, in which
mainly the interior atoms control the properties. In addition, the surface diffusion
of atoms across the surface of a nanoparticle is rapid compared to a large particle.
This has profound implications for particle sintering and coalescence, diffusion-
determined deformations, chemical reactions, and other changes in nanoparticle
assemblies.’

Nanoscale structures consist of one or several of the three basic nanoshapes:
zero-dimensional (0D) quantum dots and nanoparticles, one-dimensional (1D)
nanorods and nanotubes, and two-dimensional (2D) thin films and nanoplatelets.
These nanoshapes will of course have a certain extension, so they are strictly
speaking quasi-0D, quasi-1D and quasi-2D structures. The focus of this work is on
1D nanostructures.

The increasing miniaturization of electric and mechanical components makes
the synthesis and assembly of nanoscale structures an important step in modern
technology. Functional materials, such as the ferroelectric perovskites, are vital to



the integration and utility value of nanotechnology in the future. The recent years
have seen a bloom in the synthesis of 1D nanostructures of ferroelectric perovskites.
To successfully and controllably make 1D nanostructures by chemical methods it is
important to understand the growth mechanism of these nanostructures, in order to
design the structures for use in various applications. The integration of 1D
nanostructures into devices requires routes to make arrays and large-area designed
structures from the building blocks that single nanostructures constitute. As
functional materials, it is of course also vital to study the properties of the 1D
nanostructures. The characterization of properties of single nanowires and
nanorods is challenging, but essential for future applications.



2. Aim of work

The choice of research topics for this work has been based on the following overall
goals. First, we wanted to synthesize high quality single-crystalline 1D
nanostructures of ferroelectric perovskites with a high yield. Second, we were
interested in making arrays or hierarchical nanostructures of 1D nanostructures on
substrates, since the assembly of 1D nanostructures into larger structures is vital to
the use in applications. Third, we wanted to understand the growth mechanisms of
the 1D nanostructures, since such an understanding is necessary for the
development and advance of the syntheses. Fourth, we wanted to investigate
ferroelectricity in 1D nanostructures.

To reach these goals, several synthesis methods were used to fabricate
nanorods and nanotubes: molten salt synthesis (Paper 1), hydrothermal synthesis
(Paper II and III), and template-assisted synthesis (Paper IV). The molten salt
synthesis was used to try to reproduce previously reported syntheses of BaTiO; and
PbTiO; nanorods. The hydrothermal synthesis of PbTiO; nanorods had been
developed in our laboratory (Appendices I and II), and in this work we wanted to
refine the synthesis to grow nanorod arrays on substrates. Template-assisted
methods have been reported to be well suited for the synthesis of nanotubes, so for
the synthesis of PbTiO; nanotubes, a template-assisted synthesis was examined.

Finally, to study the ferroelectric and piezoelectric properties of single
nanorods, we chose to use piezoresponse force microscopy (PFM) (Paper V). As
we were interested in using an axial dc bias setup for the PFM study, methods to
contact single nanorods (Paper VI) and to make a sample device with an electrode
pattern (Appendix IV), were necessary steps and constitute the last part of the
thesis.



3. Introduction

3.1. Synthesis of one-dimensional nanostructures

3.1.1. One-dimensional nanostructures

1D nanostructures such as nanorods and nanotubes are the smallest dimension
structures that can be used for efficient transport of electrons and optical
excitations, and are thus expected to be critical to the function and integration of
components at nanoscale.® The use of 1D nanostructures in applied technology
devices is currently still in the initial phase, but they are expected to play an
important role as both interconnects and functional units in fabricating electronic,
optoelectronic, electrochemical, and electromechanical devices with nanoscale
dimensions.” The novelty of these 1D nanostructures makes them interesting for
such varied fields as electronics, photonics, sensors, catalysts, energy harvesting,
information storage and mechanical strength enhancement. Most of the potential
applications for 1D nanostructures take use of the inherent properties of a certain
material (electrical, optical, magnetic or thermoelectric properties), so any general
applications for such nanostructures are few. However, the large surface area
generally makes them interesting for catalysis and sensors, and the anisometric
shape can be used in composites for improving the mechanical strength.

The synthesis of 1D nanostructures has mainly been directed towards metals,
semiconductors, binary oxides, and carbonaceous materials,**'? but syntheses of
complex ternary oxide materials have been rapidly emerging the last 3 - 4 years."
A number of reviews of the literature have been published,**"* which give an
overview of the field. The last years have seen a steadily increase in the literature
on 1D nanostructures, showing the widespread and growing research field that
these structures represent. While much of the literature so far has been focused on
the synthesis and basic properties of 1D nanostructures, demonstrations of more
advanced applications and controlled assembly are now emerging.

1D nanostructures have been produced in several morphologies. While hollow
1D nanostructures are all called nanotubes, a variety of names is used for dense 1D
nanostructures: nanorod, nanowire, nanobelt, nanofiber and nanowhisker (figure 1).
A nanorod and a nanowire can be differentiated by the aspect ratio
(length/diameter). For instance, Murphy and Jana'* defined nanorods as
nanostructures with a width of ~1 - 100 nm and aspect ratios greater than 1 but less
than 20; and nanowires analogous nanostructures that have aspect ratios greater
than 20. However, as no standard is given, these two terms are widely mixed.
Nanobelts are 1D nanostructures with a rectangular cross-section, with a width
markedly different from the height. Nanofiber is often used to name 1D
nanostructures made by electrospinning and in addition sometimes used to describe
clearly polycrystalline 1D nanostructures. Nanowhisker is seldom used.
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Figure 1. Schematic illustration of the most important 1D nanostructures.

3.1.2. Synthesis methods

The production of nanostructures can generally be divided into two approaches:
“top-down” and “bottom-up”. The top-down approach employs physical methods
such as lithography, etching, milling and probe-based methods to downsize larger
structures, while the bottom-up approach typically employs chemical methods to
assemble nanostructures from individual atoms and molecules. Physical top-down
methods can be used to fabricate a wide variety of 1D nanostructures of various
materials. These methods include advanced nanolithographic techniques such as
electron-beam or focused-ion-beam writing. However, great ingenuity is required
to rapidly fabricate large quantities of 1D nanostructures by these techniques from
a diversified range of materials at reasonable low costs. In contrast, unconventional
methods based on chemical synthesis might provide an alternative and intriguing
strategy for generating 1D nanostructures in terms of material diversity, cost,
throughput, and the potential for high-volume production.’

Many standard chemical methods to fabricate and shape bulk materials use
high temperature as the driving force for reaction or diffusion of species. However,
the diffusion processes that are central at high temperature such as sintering,
Ostwald ripening and grain growth are often detrimental in the making of
nanostructures, and must be avoided or carefully controlled, in order to retain
separate nanoparticles and the small size of the particles. Chemical methods to
prepare nanostructures therefore often involve synthesis at lower temperatures than
in synthesis of bulk materials. For chemical reaction to occur, diffusion of the
reacting species is always necessary. A sufficient diffusion rate at lower
temperature can be accomplished by using smaller sized precursors (single
molecules and atoms, instead of agglomerates or bulk particles) and a solvent in
which the precursors can dissolve and easily diffuse. Many of the chemical
methods are therefore called “wet chemistry” methods, implying the use of a



solvent, in contrast to solid state reactions. The main advantage of the wet
chemistry methods is the homogeneous mixing of the precursors, which reduces
the necessary diffusion distance. However, many nanoparticle syntheses take place
at high temperatures, but then excessive diffusion is hindered by a low and
controllable concentration of reactant species.

To synthesize 1D nanostructures by chemical methods it is necessary to
induce anisometric growth of the material. Figure 2 shows some methods to
accomplish such growth. The probably most studied and best controlled method to
prepare 1D nanostructures (excluding carbon nanotubes), is the vapour-liquid-solid
(VLS) or solution-liquid-solid (SLS) method (figures 2b and 3). This method has
especially been used to prepare nanowires of semiconductors such as Si, GaAs and
Zn0.**'® A liquid droplet is used as catalyst seed. Each liquid droplet serves as a
soft template to strictly limit the lateral growth of an individual wire. The precursor
is introduced as a vapour or in a solution, and dissolves into the catalyst droplet.
When the droplet is supersaturated with the dissolved species, the nanowire starts
to grow. The diameter of the nanowire is governed by the size of the catalyst
droplet.

The VLS and SLS methods are better suited to produce binary semiconductors
and oxides, than more complex materials such as ternary oxides, because of the
need of more complex precursors for the ternary oxides, and the corresponding
difficulty in controlling the growth conditions. For complex materials such as
perovskites and spinels other methods are used instead. Many of these other
methods are specific for the material; however, some general synthesis methods are
widely used and will be described briefly here.
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Figure 2. Schematic illustration of various methods to induce 1D growth in order
to obtain 1D nanostructures: (a) use of the anisometric crystallographic structure of
a solid, (b) introduction of a liquid-solid interface to reduce the symmetry of a
seed, (c) use of various templates with 1D morphologies to direct the formation of
1D nanostructures, (d) use of appropriate capping reagent(s) to kinetically control
the growth rates of various facets of a seed, (e) self-assembly of spherical 0D
nanostructures, and (f) self-assembly of non-spherical 0D nanostructures into
mesocrystals.*'* The figure is partly adapted from Xia et al.*
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Figure 3. Schematic illustration of the VLS and SLS mechanisms for nanowire
growth. (a) VLS mechanism for growth under chemical vapour deposition
conditions. (b) SLS mechanism for analogous growth from solution. The figure is
adapted from Wang et al.'®

The easiest method to produce 1D nanostructures is to use a negative template
such as porous alumina (also named anodic aluminium oxide, AAO) or track-
etched polymer (mostly polycarbonate), which has 1D pores or channels in which a
sol or an aqueous solution can penetrate (figure 2c).'"'* By a following heat
treatment, the solvent evaporates, and the material starts to crystallize on the
surfaces of the channels of the template. Nanotubes are most frequently produced
by this method, but by increasing the immersion time or employing a particle-
directing force such as electrophoresis,'” nanowires have also been reported. AAO
templates can be purchased commercially; however, better control of the pore
dianl;eter and pore distribution is obtained if the AAO templates are produced in the
lab.

In addition to the negative templates, positive templates such as nanowires,
nanorods, and carbon nanotubes can also be used to make 1D nanostructures, by
coating the outer surface of the template with the desired material.'' Subsequently,
the positive templates can either be removed by chemical etching and/or pyrolysis
to make nanotubes, or remain as the core in core-shell nanowires.

Electrospinning is another method that can be used to produce a wide variety
of materials as nanowires or nanofibers. The formation of a thin fiber via
electrospinning is based on the uniaxial stretching (or elongation) of an electrified
jet derived from a highly viscous polymer solution. A solid fiber is produced due to
the evaporation of solvent."

Other methods to prepare complex materials as 1D nanostructures include
molten salt synthesis, hydrothermal synthesis and thermolysis. Common for all
these methods is that the 1D growth takes place in a solution, and one or several of
the mechanisms in figure 2 (a, d, e, or f) are responsible for the growth. These
methods are more trial-and-error approaches than the previously described
template methods, because it can be difficult to determine the correct set of



synthesis parameters that can induce 1D crystal growth in a system without any
inherent driving forces for such growth.

In molten salt synthesis a variety of salts can be used, such as chlorides,
nitrates and hydroxides. The features of this synthesis method are related to the
surface energies and the interface energies between the constituents and the salt,
resulting in a tendency to minimize the energies by forming a specific morphology.
The size, shape and crystallinity of the products as well as the growth rate are
affected by the preparation conditions, the type of salt or salt mixture, the precursor
composition and morphology, the initial particle size and the solubilities of the
precursor constituents in the salt.”’

In hydrothermal synthesis the precursor(s), the solvent, and in some cases the
surfactant(s) or other additives, are mixed and heated in a closed container. The
elevated temperature increases the pressure inside the container, so that the
synthesis conditions approach the critical point of the solvent. This increases the
solubility and the reactivity of reactants, and makes it possible to crystallize 0D and
1D nanoparticles at a significantly lower temperature than other methods.*

Thermolysis (thermal decomposition) has been used to prepare many different
materials as 0D, 1D and 2D nanostructures, mostly binary compounds,”’ but also
ternary compounds.”” Typically, molecular precursors are injected into a hot
(~100 - 350 °C) organic solvent containing capping molecules (surfactants),
inducing a rapid increase of the monomer concentration, followed by nanocrystal
growth through aggregation of the monomers, and surface passivation of the
resulting nanocrystals with capping molecules.”> An important aspect of this
method is the facile separation between the nucleation and growth stages, so that
the nanocrystal growth can be more easily controlled than in other methods.

Several of the reported syntheses of 1D nanostructures only describe the
synthesis of individual particles. However, from a practical point of view, methods
to fabricate arrays of 1D nanostructures are more attractive than syntheses of
randomly oriented individual particles. Future applications and nanomanufacturing
will strongly rely on large-scale patterned and designed growth, and on self-
assembly technology. Therefore, an essential step in integrating nanostructures
with existing technologies will be to be able to control the number, location and
orientation of the 1D nanostructures.'’” In the VLS synthesis of semiconductor
nanowires, this is now possible for many materials, but for other materials and
methods this is a subject of intense study.

3.1.3. Growth mechanisms for template-free syntheses

For template-free synthesis routes such as molten salt and hydrothermal synthesis,
the 1D growth is induced by one of the mechanisms depicted in figure 2. The more
important mechanisms for this work are further described here.

For materials with an anisometric crystal lattice, 1D growth is more easily
obtained due to the energy difference between different crystal faces (figure 2a).
Simply put, when the number of atoms per surface area is high, then the surface
energy is high, because many bonds have to be broken if two such surfaces are
formed by cleaving the material. Although the crystal faces of materials with
isometric crystal lattice also have different surface energies, the difference is not



directed in 1D or 2D direction(s). Wulff’s rule defines the equilibrium morphology
of a crystal as being given by the minimum surface energy of all exposed crystal
faces. Crystal faces with high surface energies exhibit the fastest growth rate and
are minimized or even disappear in the final morphology.** However, growth of 1D
nanostructures is in general a thermodynamically non-equilibrium process which is
controlled by kinetics. As growth kinetics is a rather complex process, a solid
understanding of the growth kinetics is essential for controlling the growth
process.'’

The surface energy of the nanocrystals can be modulated by introducing
surfactants that adsorb onto surfaces of growing crystallites (figure 2d). When
surfactants stabilize a certain surface by selective adhesion, the growth rate
difference between different crystallographic directions can be accentuated.”’ The
choice of a surfactant in a synthesis is often more or less arbitrary, or done on a
trial-and-error approach, as knowledge of how strongly or if at all specific
surfactants adsorb on specific crystal faces is scarce. When choosing surfactant
several factors should be considered: the type (anionic, cationic or non-ionic), the
size (length of alkyl chain, polymeric or non-polymeric), the head size (size of
polar end) and the shape of the nonpolar end (single/double alkyl chain, straight or
branched alkyl chain, benzene rings) are all factors that influence the interaction of
the surfactant with the material and the solvent. By appropriately choosing
surfactant(s), the crystallization and growth can be controlled and directed to obtain
the desired nanostructure.

The two growth mechanisms described above (anisometric growth because of
anisometric crystal lattice or the use of a capping reagent) are both examples of
classic crystallization, that is, ion-by-ion growth on a primary nanoparticle by
amplification. Contrary to the classic crystallization, the recent decade has seen
many examples of an alternative crystallization mechanism based on self-assembly,
named oriented attachment or mesocrystal formation.">** Figure 4 shows the steps
in this particular mechanism. Primary nanoparticles can arrange into an iso-
oriented crystal via oriented attachment (path b), and form a single crystal upon
fusion of the nanoparticles. If the nanoparticles are coated by adsorbed surfactants,
they can form a mesocrystal via mesoscale assembly (path c), possibly followed by
fusion to an iso-oriented crystal and finally to a single crystal.">** Fusion is
accomplished by desorption of surfactant molecules and formation of chemical
bonds at the interface between primary particles. The total energy is decreased as a
result of the elimination of solid-liquid or solid-gas interface and an increase in
entropy because of surfactant desorption.”> Due to the anisometric shape of the
building blocks, anisometric shapes are frequently formed as a result of the self-
assembly. 1D growth can be enhanced by electric or magnetic polarization inherent
in the nanoscale building blocks.

It must be emphasized that much of the literature on 1D nanostructures is
purely descriptions of the synthesis, without any study or discussion of the growth
mechanism behind the 1D growth. In order to develop the field further and be able
to design syntheses of new materials without extensive trial and error, the
underlying mechanisms for 1D growth are important to unveil.
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Figure 4. Schematic illustration of classical and non-classical crystallization. (a)
Classical crystallization pathway. (b) Oriented attachment of primary nanoparticles
forming an iso-oriented crystal upon fusing. (c) Mesocrystal formation via self-
assembly of primary nanoparticles covered with organics. The figure is adapted
from Niederberger et al.**

3.1.4. Syntheses of one-dimensional nanostructures of ferroelectric perovskites

The main topic of this work has been the synthesis of 1D nanostructures of
ferroelectric perovskites, especially PbTiO;. Until recently, few 1D nanostructures
of ferroelectric perovskites had been synthesized, only sub-micron- or micron-sized
structures had been made.”* One exception is the hydrothermal synthesis of so-
called PX-phase PbTiO; (with a tetragonal bcc structure), which was transformed
into the tetragonal PbTiO; perovskite structure after heat treatment at ~605 °oC.’!
Then in 2001, Cho et al.*® reported a hydrothermal synthesis of PbZr,,Ti,O; (PZT)
nanowires, while Limmer et al*® described an electrophoretic sol-gel template
synthesis of PZT nanorods. Urban et al.** reported synthesis of BaTiOs and SrTiO;
nanowires in 2002. The same year Hernandez et al.** reported a template-assisted
synthesis of BaTiO; and PbTiO; nanotubes, and Liu er al® reported a
hydrothermal synthesis of KNbO; nanorods. From 2003 and forwards, many other
groups have reported the synthesis and studied the properties of 1D nanostructures
of ferroelectric perovskites, especially the last three years. A summary of the
available literature on 1D nanostructures of ferroelectric perovskites and closely
related compounds, made mainly by chemical methods, is given in table 1.
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Table 1. A summary of synthesis studies of 1D nanostructures of ferroelectric
perovskites and closely related compounds.

Material Synthesis method Reference(s)

BaTiO; Thermolysis 22,36
Sol-gel deposition in AAO template 34,37
Sol-gel electrophoretic deposition in polycarbonate 38
template
Sol-gel deposition in electron beam resist mold 39,40
Molten salt 41
Hydrothermal 42,43
Hydrothermal conversion of TiO, nanotubes 44-47
Hydrothermal conversion of sodium titanate 48
nanowires and nanotubes
Hydrothermal conversion of sodium hydrogen 49
titanate nanotubes
Hydrothermal conversion of potassium titanate 50,51
nanowires
Calcination of gel 52
Electrospinning 53-56
Low-temperature crystallization in ethanol solution 57
Magnetron sputtering onto Si or ZnO nanowires as 58
positive templates

PbTiO; Sol-gel deposition in AAO template 18,34,59-61
Sol-gel deposition in polycarbonate template 59
Aqueous salt solution deposition in AAO template 62
Molten salt 63,64
Hydrothermal 31,65-71
Microwave-hydrothermal 72
Hydrothermal conversion of TiO, nanotubes 73,74
Hydrothermal formation of stripes in grooves on 75
SrTiO; substrates
Electrospinning 76

continues on next page
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Table 1 continues

Material Synthesis method Reference(s)
PbZr,,Ti,O; Sol-gel deposition in AAO template 37,77-82
(PZT)

Sol-gel electrophoretic deposition in AAO template 83,84
Sol-gel electrophoretic deposition in polycarbonate 33,38

template

Centrifugation-assisted sol-gel deposition in 85
polycarbonate template

Sol-gel deposition in porous silicon 77,86
Hydrothermal 32,87-90
Electrospinning 91-94

Thermal evaporation formation of stripes on SrTiO; 95
substrates controlled by gold particles

Pulsed laser deposition onto Si, ZnO or MgO 58,96,97
nanowires as positive templates

Liquid source misted chemical deposition onto 98
carbon nanotubes as positive templates

Liquid source misted chemical deposition onto ZnO 99
nanowires as positive templates

PbZrO; Pulsed laser deposition in AAO template 100
SrTiO; Thermolysis 22
Hydrothermal 42,101
Hydrothermal conversion of TiO, nanotubes 44
Hydrothermal conversion of hydrogen titanate 102
nanotubes
Hydrothermal conversion of potassium titanate 103
nanotubes
Hydrothermal conversion of layered titanate 104
nanowires
Self-propagating high-temperature combustion 105

continues on next page
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Table 1 continues

Material Synthesis method Reference(s)

Ba,_Sr, TiO; Sol-gel deposition in AAO template 106
Hydrothermal conversion of TiO, nanotubes 46,107
Hydrothermal conversion of sodium titanate 48
nanowires and nanotubes
Electrospinning 108
Ultrasonic irradiation of sol followed by 109
calcination of gel
Room-temperature microemulsion 110

Pbg,sBag15S196TiO;  Sol-gel deposition in AAO template 111

LiNbO; Thermolysis of bimetallic precursor in AAO 112
template

NaNbO; Hydrothermal 113
Molten salt conversion of K,NbgO, 114
nanowires

KNbO; Hydrothermal 35,115-122
Calcination of polymeric gel 123

KNb,;_,Ta, O3 Hydrothermal 116,124

NaTaO; Alkalide reduction 125

BiFeO; Sol-gel deposition in AAO template 126-130

Nay sBi sT103 Hydrothermal treatment of dry gel 131

K 5BigsTiO; Molten salt 132
Hydrothermal treatment of dry gel 133,134

(NaysKg2)o5BipsTiO; Hydrothermal treatment of dry gel 135

(KosBig5)04BagsTiO3 Hydrothermal treatment of dry gel 136

Bi3,15Ndg 5513015 Electrospinning 137

Bissslag 75T1301, Precursor solution deposition in AAO 138,139
template

Sry sB15,Ta,0g Liquid source misted chemical deposition in 77,140
porous silicon templates

Multiferroic Sol-gel deposition in AAO template 141

CoFe;04-PZT Electrospinning 142

composite

Multiferroic Electrospinning 143

NiFezO4-PZT

composite
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Several of the syntheses in table 1 include advanced chemistry and detailed
procedures. Often, the necessary information to precisely duplicate the
experimental procedure is not described in detail, and therefore it may be
problematic to reproduce the synthesis. For instance, although the paper by Urban
et al.? reporting synthesis of BaTiO; and SrTiO; nanowires is highly cited, no
follow-up studies using the same method by other research groups have been
published. Our preliminary efforts to synthesize BaTiO; nanowires by the method
published by Urban ez al. gave very low yields of nanorods.'**'** In Paper I in this
work, we describe our study to reproduce the molten salt synthesis of BaTiO; and
PbTiO; nanorods reported in the literature,*"%*** but we were unsuccessful in
producing perovskite nanorods. Instead, nanorods of titanium-oxide rich
compounds were formed,'*® which has also been confirmed by others.'*”'* In
general, most of the non-template methods have been used only by one research
group. In comparison, the template-assisted methods are the simplest and most
studied methods, and they are also more easily reproduced due to the simplicity of
the method. The template method can be used for all ternary oxides, as long as a
suitable precursor solution can be made. However, the template methods generally
produce polycrystalline nanotubes or nanowires, which presents a serious problem
in terms of controlling the uniformity of their ferroelectric properties.'* In addition,
the removal of the template often cause the 1D nanostructures to bundle together,
especially when the template is etched in a solution, because of capillary stress
created during evaporation of liquids. Such bundling can however be avoided by
supercritical CO, drying which gives negligible surface tension.'”

Since the ferroelectric perovskites in general have a pseudo-cubic unit cell,
with c/a ratios of 1.01 for BaTiO; and 1.06 for PbTiO; (where a and ¢ are the
lattice constants in the tetragonal structure),"”"'>* the surface energies of closely
related crystal faces (such as (100) and (001)) will be almost equal. Hence, the
products will most often have an isometric morphology unless some structure-
directing agent is present in the synthesis. In the syntheses listed in table 1, the 1D
structure is in most cases controlled by the template, the surfactant(s), the precursor
morphology, or the synthesis method (for electrospinning). However, several of the
syntheses in table 1 contain none of these structure-directing means, especially
some of the hydrothermal syntheses.?>***-¢3¢77210LIBIS The morphology may
then be controlled by differences in surface energy. In the hydrothermal synthesis,
the effect of the difference in surface energy may be enhanced because of the high
solubility of reactants in the solution leading to kinetic growth control and a high
growth rate in one direction. Regrettably, many authors do not comment on the
anisometric growth mechanism, although it is very important in order to improve
the syntheses. For the KNbO; nanowires synthesized by hydrothermal method,
Goh et al'" have proposed a spiral growth mechanism because of screw
dislocations parallel to the axial direction, while Vasco et al.'>* have proposed a
cube-based growth mechanism. In the syntheses with calcination of a polymeric gel,
the morphology may be controlled by an intermediate phase with anisometric
crystal structure, such as the layer-structured compound K4Nb¢O17 in the synthesis
of KNbO;.'”

Although none have studied the inclusion of foreign cations in the perovskite
lattice of 1D nanostructures, it can be of importance for the application of 1D
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nanostructures of ferroelectric perovskites. Both alkali metal and proton
substitution adversely affect the dielectric properties of the perovskites.'”*'** In
both the molten salt and hydrothermal syntheses, alkali cations such as Na" and K"
are usually present in significant amounts. Na" and K" may substitute the Ba*" or
Pb*" ions in the lattice, creating oxygen vacancies to maintain charge neutrality.'>*
In addition, OH™ may substitute O, creating cation vacancies.'” The protons can
be removed from the structure by annealing. Heat treatment up to 600 °C may be
necessary to remove all the protons from the lattice; however, a significant amount
of protons is removed at lower temperatures.”® So although the hydrothermal
synthesis route is a low-temperature synthesis route, subsequent high-temperature
annealing to annihilate defects in the structure may be necessary.

3.2. Ferroelectricity

3.2.1. Ferroelectric materials

Ferroelectric materials (named ‘“ferroelectrics”) have a spontaneous electric
polarization which can be switched by an external electric field. In all known
ferroelectric crystals, the spontaneous polarization is produced by the arrangement
of ions in the crystal structure, depending on their positions, as in conventional
ferroelectrics, or on charge ordering of multiple valences, as in electronic
ferroelectrics.”””'>® Only materials with a non-centrosymmetric point group which
contains alternate atom positions or molecular orientations to permit the reversal of
the dipole and the retention of polarization after voltage removal are ferroelectric.
Ferroelectricity is closely related to piezoelectricity and pyroelectricity; all
ferroelectric materials are also piezoelectric and pyroelectric, but not all
piezoelectrics are pyroelectric, and not all pyroelectrics are ferroelectric.'”’

Among the ferroelectric materials, the technologically most important ones are
the perovskite-type compounds. The perovskite structure (ABX;) is the most
multifunctional among the ternary crystal structures, as it can produce an incredibly
wide array of phases with totally different properties for advanced technological
applications. The oxide structure (ABQOs3) is by far the most studied, and has been
used to make materials with unique electronic, magnetic and optical properties,
including ferroelectricity, high-temperature superconductivity, and colossal
magnetoresistance.'”” The ideal (cubic) perovskite structure consists of corner-
sharing oxygen-octahedra with the B cation in the middle of the octahedra, and
with the A cation in the 12-coordinated hole between 8 octahedra (figure 5a). The
three main classes of perovskites are AIBVO3, AHBIVO3, and AHIBIHO3, with the
Roman numerals depicting the valence state of the cations. In this work the
ferroelectric perovskites BaTiO; and especially PbTiO; have been central.

The prototype ferroelectric perovskite is BaTiOs, in which ferroelectricity was
discovered in the 1940s."” The ferroelectricity in BaTiO; arises from a
displacement of the titanium ion in the [001] direction of the tetragonal perovskite
structure, and BaTiO; is therefore labelled a displacive ferroelectric. At high
temperature, BaTiO; has a paraelectric cubic perovskite structure (Pm-3m, figure
S5a). At 120 °C, it transforms from the cubic phase to a ferroelectric tetragonal
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Cubic phase Pup Pdown

Figure 5. Crystal structure of the ferroelectric perovskite BaTiO;. (a) High-
temperature paraelectric cubic phase. (b)-(c) Room-temperature ferroelectric
tetragonal phases, showing up and down polarization variants. The atomic dis-
placements are scaled to be clearly visible. The figure is adapted from Ahn ez al.'®

phase (P4mm, figures 5b and c). This phase remains stable until 5 °C, where there
is a second transformation to a ferroelectric orthorhombic phase (4mm2). The last
transition occurs at -90 °C, where BaTiO; transforms to a ferroelectric
rhombohedral phase (R3m). Each transition is accompanied by small atomic
displacements, dominated by displacement of the Ti ion relative to the oxygen
octahedron network, and a macroscopic strain. In the successive ferroelectric
phases, the polar axis is aligned respectively along the <100>, <110> and <111>
directions corresponding to the direction of the atomic displacements with respect
to their position in the cubic reference structure.'””'®

Compared to BaTiOs;, PbTiO; has a higher spontaneous polarization at room
temperature (75 nC/cm? versus 26 nC/cm?®)">"'** and a higher c/a ratio (1.06 versus
1.01).""'5* The transition from the high-temperature cubic phase to the ferro-
electric tetragonal phase occurs at ~490 °C, which is much higher than for BaTiO;
(120 °C)."**7138 Eirst-principles calculations'”' and experimental verification'™
have shown that the hybridization between the Ti 3d states and the O 2p states is
essential to the ferroelectric instability in both PbTiO; and BaTiO;. The orbital
hybridization existing between the Pb 6s state and O 2p states plays a crucial role
for the larger ferroelectricity in tetragonal PbTiO;, whereas the interaction between
Ba and O is almost ionic in tetragonal BaTiO; (figure 6). The Pb-O hybridization
leads to a large strain that stabilizes the tetragonal phase via strain-polarization
coupling. Another difference is that displacement of the Pb ion, in addition to that
of Ti, is substantial and contributes significantly to the spontaneous
polarization,'*"-1**!38

When a crystal is cooled from a paraelectric phase to a ferroelectric phase in
the absence of an electric field, different regions of the crystal will polarize in
different directions. These regions are referred to as domains. Domains form to
minimize the energy associated with the depolarization field. The depolarization
fields which appear on cooling are usually sufficient to prevent any net polarization
in a virgin crystal. The boundaries separating domains are referred to as domain
walls. Domain walls are characterized by the angle between the polarization
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Figure 6. Maximum entropy method charge-density distributions of PbTiO; (a-d)
and BaTiO; (e-h): (a)-(b) cubic PbTiO; phase at 527 °C, (c)-(d) tetragonal PbTiO;
phase at 27 °C, (e)-(f) cubic BaTiO; phase at 300 °C, and (g)-(h) tetragonal BaTiO;
phase at 27 °C. The columns show the Pb-O plane, Ba-O plane and Ti-O planes.
The figure is adapted from Kuroiwa et al."*

directions on either side of the wall. The allowed angles for domain walls depend
on the orientations of the polarization allowed by symmetry. In tetragonal
perovskites such as BaTiO; and PbTiO;, the domains align with 180° and 90°
domain walls (figure 7), while in rhombohedrally distorted perovskites, there are
no 90° domain walls, but instead 71° and 109° walls. The domain pattern in a
crystal depends on many factors including the crystal symmetry, the electrical
conductivity, the defect structure, the magnitudes of the spontaneous polarization
and elastic and dielectric compliances, as well as the history of the crystal
preparation and sample geometry.'>”"1¢2

A defining property of ferroelectricity is the switching between different
metastable states by the application and removal of an electric field. The domains
are highly active in the switching process, through the motion of domain walls.
Ferroelectricity is typically demonstrated by a hysteresis loop between the applied
electric field (£) and the polarization (P) (figure 8). The ideal ferroelectric P-E
hysteresis loop is symmetric and the remanent polarization (P;) and coercive fields
(E.) are easily defined and extracted. For an initially non-polarized crystal the
ferroelectric domains are randomly oriented prior to application of the electric field,
with a zero net polarization. As the electric field is increased, the domains begin to
reorient in the crystal and align parallel to the applied field. The polarization
reaches a saturation value (B) when all the domains are aligned in the direction of
the field. If the electric field then is reduced to zero, many of the domains will
remain aligned such that a remanent polarization (P,) exists. If the electric field is
reversed, the domains are forced to switch direction. When the domains in one
direction balance the domains in the opposite direction, the result is zero net
polarization, which occurs at -E,, called the coercive field. Continued increase in
the negative electric field causes net polarization in the opposite direction.'>”!**!1¢
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Figure 7. Schematic illustration of domain walls in PbTiO;. Supercell geometries
containing eight perovskite primitive cells for (a) 180° and (b) 90° domain walls
(DW). Atoms are omitted and only solid lines connecting the Pb atoms are drawn.
Supercell boundaries are indicated by dashed lines. The figure is adapted from
Weber and Vanderbilt.'®!

Figure 8. Ferroelectric hysteresis loop between applied electric field (£) and
polarization (P). The figure is adapted from Richerson.'®
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3.2.2. Nanoscale ferroelectricity

Recent advances in science and technology of ferroelectrics have resulted in the
development of ferroelectric structures and devices with length scales of several
hundred nanometres and less. Scaling of the device dimensions to the range where
ferroelectric materials start to show a pronounced size effect has emphasized the
importance of nanoscale studies of ferroelectric properties. When the physical
dimensions of ferroelectric structures are reduced, the size effect is observed by a
decrease in the remanent polarization, dielectric permittivity and phase transition
temperature, increase in the coercive field, changes in the domain structure, etc.'?

Ferroelectricity at the nanoscale is limited by the relevant electrical and
mechanical boundary conditions, but also by the practical issues involved in
producing high-quality samples on the extreme nanoscale.'® Size effects can be of
intrinsic nature (related to the changes in atomic polarization at small scales) or
extrinsic nature. Extrinsic effects are caused by the patterning and processing of
materials, or more complicated effects which include the influence of
inhomogeneous strain, incomplete polarization screening at the surface and defect
microstructure. Most of the early studies of the size effects refer to the extrinsic
ones; therefore, information is rather contradictory and scattered even for the same
materials prepared with different processing routes.'*

Current opinion is that, once the processing effects are eliminated, the critical
dimensions in nanoparticles of ferroelectric oxides lie in the range 5 - 15 nm."**'®
The size-driven phase transition in PbTiO; from the ferroelectric tetragonal phase
to the paraelectric cubic phase has for instance recently been determined at 6 nm by
Erdem et al.'® and ~15 nm by Akdogan et al.'’” Nuraje et al.'®® and Spanier et
al.'® have demonstrated ferroelectric properties of 6 - 12 nm BaTiOs nanoparticles
and BaTiO; nanowires with diameter down to 3 nm, respectively, using
electrostatic force microscopy (EFM).

Epitaxial thin films of perovskite oxides can be made with thicknesses down
to a single unit cell.'"® For instance, Fong et al.'” have made ultrathin PbTiO; films
on SrTiO; substrates with thicknesses from one to four unit cells. With X-ray
synchrotron diffraction the ferroelectric phase was shown to be stable down to
three unit cells (~1.2 nm) in these films.'” First-principles calculations on BaTiO;
thin films between SrRuOj; electrodes in short circuit have demonstrated that the
ferroelectric properties are lost below a critical thickness of about six unit cells
(~2.4nm)."”" In addition to the critical size for ferroelectricity, many researchers
have studied how strain from the crystal lattice of the substrate can affect the
ferroelectric properties of the films. In BaTiOs thin films on DyScO; and GdScO;
substrates, Choi et al.'”* have demonstrated an up to 500 °C increase of the
ferroelectric transition temperature, and a remanent polarization up to 250 % higher
than for bulk BaTiO; single crystals. A 50 % increase in the polarization compared
to bulk BaTiO; has also been shown in asymmetric superlattices consisting of
alternate layers of BaTiOs;, SrTiO; and CaTiOs, even though both SrTiO; and
CaTiO; are paraelectric.173

Compared to nanoparticles and thin films, the ferroelectric size effect in 1D
nanostructures has been much less studied. This is largely because of the difficulty
of producing ferroelectric 1D nanostructures with controllable dimensions. The
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only experimental study is the EFM study of BaTiO; nanowires by Spanier et al.'®

Their measurements show that the ferroelectric phase transition temperature (7¢) is
depressed as the nanowire diameter (d,,) decreases, following a 1/d,, scaling
(figure 9). The diameter at which 7¢ falls below room temperature was determined
to be ~3 nm, and extrapolation of the data indicated that nanowires with d,, as
small as 0.8 nm can support ferroelectricity at lower temperatures.'® However, the
observation of the ferroelectric behaviour in these nanowires is not without
controversy. One of the possibilities is that the applied field resulted in the
depletion of or accumulation of charge underneath the tip without actual
ferroelectric switching,'*

In the lack of experimental evidence, various theoretical calculations on
ferroelectric nanodots, nanowires and nanotubes have shed light on the
ferroelectricity in these structures. From these studies, ferroelectricity is generally
conserved down to nanowire diameters of only a few unit cells.'”*'™ A few studies
have shown that surface tension can increase the transition temperature and
polarization above bulk values in nanorods'’®'” and nanotubes'™ of a certain
diameter. In very small nanoparticles of BaTiO;,"®" PbTiOs,'® and PZT,'s*'™ a
vortex phase with toroidicity of dipoles has been demonstrated (see for instance the
recent review by Prosandeev et al.'*’). Simulations show that the toroidicity in
nanoparticles transforms to a directed polarization when one of the dimensions of
the nanoparticle is increased to change it into a nanowire.'
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Figure 9. Ferroelectric phase transition temperature (7¢) as a function of BaTiO;
nanowire diameter (dy,y). The solid circles are the experimentally determined T,
and the error bars are uncertainties. The solid line is the result of the fit to the data
using the 1/d,, scaling relation. The inset plots 7¢ as a function of 1/d,, and
ilh{ggrates the inverse diameter dependence. The figure is adapted from Spanier et
al.
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3.2.3. Characterization of ferroelectrics at the nanoscale

Until recently, high-resolution studies of ferroelectrics were limited to electron
microscopy methods. Scanning probe microscopy (SPM) techniques have emerged
as a powerful tool for high-resolution characterization of ferroelectrics, providing
an opportunity for non-destructive visualization of ferroelectric domain structures.
SPM has made it possible to map the surface potential at the nanoscale, to evaluate
local electromechanical properties, and to measure non-linear optical and dielectric
constants. Among the SPM techniques for the nanoscale characterization of
ferroelectrics, the most popular one is piezoresponse force microscopy (PFM). The
high spatial resolution, easy implementation, effective manipulation and control of
nanoscale domains, and local spectroscopy capabilities make PFM a well-suited
tool for nanoscale ferroelectric studies. PFM is used both for imaging and for non-
imaging spectroscopy studies.'*

In PFM, a conductive AFM probe tip is brought into contact with the sample
top surface in contact mode. An ac bias is applied between the probe and the
conductive sample back surface, which induces local oscillatory structural
deformation due to the converse piezoelectric effect. This deformation is measured
through a lock-in amplifier. PFM can be operated in two modes, vertical and lateral
(figure 10). In the vertical PFM mode, the induced local vertical deformation is
measured through the vertical deflection of the AFM cantilever and the out-of-
plane polarization is studied, while in the lateral PFM mode, the local shear
deformation of the sample is measured through the torsional twisting of the AFM
cantilever and the in-plane polarization is studied. The conventional PFM
technique for studying 1D nanostructures is shown in figure 11a, where both the ac
bias and the dc bias are applied between the AFM tip and the sample back
electrode.'’

Response mechanisms in PFM are complex and include -electrostatic,
electromechanical and non-local contributions. Quantitative spectroscopic
piezoresponse measurements require that the electrostatic and non-local
components of the response should be minimized. Relatively stiff cantilevers with

Substrate

<+— Cantilever

\ / < > <« Tip
| ﬁ | 04— Nanorod
Vertical PFM mode Lateral PFM mode

Figure 10. Schematic illustration of the vertical and lateral modes of PFM in the
study of a single nanorod, with the three major components of the AFM probe.
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Figure 11. Schematic illustration of (a) the biasing condition in conventional PFM
of nanowires, and (b) the axial biasing setup in the study of Wang ef al.'® The
figure is adapted from Wang et al.'”’

spring constants of k.r>1N/m will reduce these non-local electrostatic
interactions.'™ However, Wang e al.'"® have claimed that for lateral PFM the
effect of electrostatic interaction between the sample and the cantilever is
negligible when using a cantilever with spring constant of only 0.15 N/m, as the
signal is detected through the twisting of the AFM cantilever.

The use of SPM methods to demonstrate ferroelectric and piezoelectric
properties of single 1D nanostructures of ferroelectric perovskites have been
reported by several groups. Park and co-workers®'®"'* and Bao et al*® have
studied the radial ferroelectric response in BaTiO; nanowires using EFM as
described above (figure 9). Conventional PFM studies have been reported on a
variety of 1D nanostructures, such as BaTiO; nanowires,'® PZT nanowires’>**
and nanotubes,”™® CoFe,04-PZT nanofibers,”” KNbO; and KNb,,Ta,0;
nanorods,''® NaNbO; nanorods,'"” and BiFeO; nanotubes,'”’ while the present
study'' (Paper V) is the first PEM study of single PbTiO; nanorods. For instance,
by comparing the amplitude and phase loops obtained by lateral and vertical PFM,
Wang et al.'™ observed that the polarization of BaTiO; nanowires was oriented in
the length direction of the nanowires, as hysteresis loops were obtained by lateral
PFM (figure 12).

However, there exist some limitations in the conventional PFM setup for in-
plane polarization study. Because of the concern of electric breakdown, and the
localized nature of the electric field, whenever a high bias is needed for in-plane
polarization switching or a sample segment needs to be uniformly polarized, the

22



(a) T T T T . T T T (b)200 C T T T T T T T ] 200
180 | aroge R 2, 4 1
. >‘3 150 | ‘ g§ {150 5
r 8 \ §
2 9t >
I L 3 P-]
s £ 100} " {100 8
£ a L =
= 3 c ’ 3
< EY §
50 % o R 450
di y Jh P
I ¥
0l L . " " L a0
-5 10 5 0 5 10 15 45 10 5 0 5 10 15
Sample DC bias (V) Sample DC bias (V)
(c) (d),f 1
180 4 %
3 £
% g o} {2 §
£ B %
< a
w0} 41
oF
15 10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Sample DC bias (V) Sample DC bias (V)

Figure 12. PFM study of a BaTiO; nanowire lying on a Au/Pd-coated substrate.
(a)-(b) Lateral PFM in-field hysteresis phase loop (a) and amplitude loop (b). (c)-
(d) Vertical PFM phase loop (c) and amplitude loop (d). All loops were obtained
from the same spot on the nanowire. The figure is adapted from Wang et al.'®

conventional lateral PFM setup is incapable. Wang et al.'®” have reported a setup
where the dc bias is applied along the length direction of a nanowire (figure 11b).
The ac bias is still applied through the AFM tip, but the dc bias used to switch the
in-plane polarization of the nanowire is applied directly between the two ends of
the nanowire. This provides in-plane polarization control while simultaneously
allowing the study of ferroelectric hysteresis and shear piezoresponse of a
nanowire with PFM. This technique facilitated the study of polarization formation
and switching in a BaTiO; nanowire.'®”'* The polarization switching was shown
to be non-remanent, because of an unswitchable shell of ~10 nm thickness, which
made the switched core polarizations spontaneously switch back to conform to the
surface polarizations.'”

3.3. Potential use of one-dimensional nanostructures of ferroelectric
perovskites

Ferroelectrics find three main technological applications based on three related
physical characteristics. First, as a result of their spontaneous electric polarization,
they can be used as binary data storage media in which opposite directions of
polarization represent the 1 or 0 data bits. Second, because the electric polarization
is coupled to the structure of the material, ferroelectrics can convert mechanical
energy to electrical energy and vice versa. This leads to their widespread use in
transducer applications such as piezoelectric actuators and sonar detectors. Finally,
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they have very large dielectric permittivities leading to applications in
capacitors.'” Ferroelectric nanostructures will be important within all these
applications. Here, some of the ideas that have been proposed for the use of
ferroelectric 1D nanostructures are presented.

The present roadmap for ferroelectric random access memory (FeRAM)
development'* calls for fully 3D devices by 2016. The drive for implementation of
more complex 3D structures into FeRAM, instead of the conventional 2D plate
capacitor arrangements, is caused by the requirement that FeRAM capacitors must
have large enough electrode surfaces to generate sufficient switched charge for the
sense amplifiers to reliably discriminate between the “1” and “0” states in the
memory.'”> The down-sizing of the current 2D arrangements will result in too
small electrode surfaces to accomplish the necessary charge. Schemes for 3D
development include both free-standing nanotubes and nanowires, ™ and maybe
more importantly ferroelectric nanotubes made by coating electronically
conducting positive templates (such as carbon nanotubes’® or Pt-covered Si or ZnO
nanowires™>”’) with a ferroelectric material, as this results in a large electrode
surface. Such metal-ferroelectric-metal composite nanotubes are good candidates
for 3D capacitors for non-volatile FeRAMs approaching Tb/in” storage density.

Nanowires and nanotubes are of course also very important in fundamental
experimental studies of nanoscale ferroelectricity, as described in chapter 3.2.2.
and 3.2.3. Most other possible applications of 1D nanostructures of ferroelectric
perovskites do not make use of the ferroelectricity itself, but of the related
properties of piezoelectricity, pyroelectricity and dielectricity. Pyroelectrics are
useful in a variety of imaging and detection applications, and pyroelectric 1D
nanostructures could be well suited for sensors. Piezoelectrics find a host of uses in
electromechanical devices. Piezoelectric nanotubes have for instance been
presented as candidates for microfluidic delivery systems, making ultra-small ink-
jet printers possible.”” An interesting energy-harvesting concept using piezoelectric
nanowires has been developed by Wang et al.®*"’ They have shown that ZnO
nanowire arrays can generate electrical energy when the nanowires are deflected,
thus enabling a self-powering nanosystem that harvests its operating energy from
the mechanical and vibrational energy of the environment. However, this energy-
harvesting concept have recently been questioned by Alexe et al.,””® who
demonstrated that the measured signals might have different sources than the
piezoelectric effect. Nevertheless, considering the relatively low charge constants
(piezoelectric constant) of ZnO (~12 pC/N), it would be desirable to use nanowires
made of piezoelectric perovskite materials with high charge constants such as
BaTiO; (up to 85 pC/N) and PZT (up to 268 pC/N), instead of ZnO nanowires.'”’
Wang et al."”’ have demonstrated periodic voltage generation from a single BaTiO;
nanowire by applying a periodically varying tensile mechanical strain using a
precision mechanical testing stage. Recently, Zheng et al'™ simulated the
behaviour of an uniaxially pulse-loaded PbTiO; nanowire using a thermodynamic
model, and showed that under a suitable load, an appropriately dimensioned
ferroelectric nanowire can produce a sizable alternating current voltage, sufficient
for applications as a nanopower source for energy harvesting, or as an effective
nanomechanical sensor. These demonstrations of the direct piezoelectric effect in a
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single nanowire show the possibility of using such piezoelectric perovskite
nanowires for energy-harvesting applications.

The optical properties of 1D perovskite nanostructures are useful in
applications such as photonic crystals and subwavelength optics. The important
fundamental property of photonic crystals lies in the photonic band gaps that
emerge in periodic dielectric structures having refractive index contrast. The
photonic band gaps result from the diffraction of electromagnetic waves generated
in the periodic dielectric structures, creating standing wave conditions. Periodic
dielectric structures with a large refractive index contrast produce photonic band
gaps at limited frequencies, where light of the same frequencies is forbidden to
exist inside the perfect photonic crystals.*”” This enables control of photons in a
wide range of possible applications in wave-guiding devices. Photonic crystals of
BaTiO; with regular hexagonal arrays of BaTiO; nanorods have been made by
templating, and have been shown to exhibit photonic band gaps in good agreement
with calculations.” These photonic crystals require perfect periodicity of the
dielectric structures, and the template methods are therefore the most likely
candidates for the synthesis of such structures.

Another novel optical application has been described by Nakayama et a
They used an optically trapped single KNbO; nanowire as a tuneable nonlinear
optical probe in a scanning light microscopy setup. The KNbO; nanowire exhibit
efficient second harmonic generation, doubling the frequency of the trapping light
and then waveguiding this locally generated light to its ends. The large second-
order susceptibility #* of KNbO; nanowires facilitates the generation of tuneable,
coherent visible radiation that is sufficient for in situ scanning and fluorescence
microscopy.

Because of the high surface/volume ratio of 1D nanostructures, they should
also be attractive for catalytic devices. Miyauchi'®® has for instance shown the
strong photocatalytic oxidative activity of SrTiO; nanorod films. Other applications
include templates for textured ceramics®’' and composites. As is evident from this
overview, application studies and practical use of 1D perovskite nanostructures lie
far behind the synthesis studies of these structures; however, the coming years will
certainly see a flourish also on the application side.
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4. Conclusions and outlook

In this work we have investigated several synthesis methods to produce nanorods,
nanotubes, and nanostructures of ferroelectric perovskites. The use of different
methods has given insight into many techniques, and has shown the advantages and
disadvantages of various methods. Generally, the synthesis of 1D nanostructures of
ternary oxides by chemical methods is challenging, but compared to physical
methods, chemical methods are cost-effective and offer the possibility of high-
volume production of a variety of materials if a suitable method is used.

The molten salt method described in Paper I was shown to produce isometric
nano-crystalline BaTiO; and PbTiO; particles as the main products, but nanorods
were also detected. It was demonstrated that the stochiometry of the nanorods was
difficult to control due to formation and volatility of BaCl, and PbCl,, which
resulted in formation of nanorods of titanium oxide-rich compounds rather than the
desired perovskites BaTiO; and PbTiO;. By a salt-assisted method conducted
below the melting point of the salt, volatile NaCl was shown to be vital for the
growth of nanorods. The experimental results suggest that the molten salt synthesis
is best suited for the synthesis of nanorods of compounds with highly anisometric
crystal structures, because the difference in surface energy of different crystal faces
can enhance the anisometric growth. After Paper I was published, Yu et al.'*® have
reported the synthesis of BaTi,Os nanobelts by reacting BaTiO; powder in a
NaCl/KCl mixture at 950 °C for 5 h, supporting our results. In addition, Xu** has
made BaTisO;; microrods by reacting TiO, with BaCl, at 800 °C.

In order to prepare nanorods of compounds with cubic or pseudo-cubic crystal
structure by molten salt synthesis, a more promising method is probably to use a
rod-shaped precursor which has a low solubility in the salt for a topotactic reaction
or transformation into the desired material, keeping the shape of the precursor. For
the BaTiO; and PbTiO; systems, a rod-shaped titanium-containing precursor can be
used, as TiO, has very low solubility in alkali chlorides.*”® Then the more soluble
precursor, such as BaO or PbO,**?% can dissolve into the salt and diffuse onto the
surface of the less soluble precursor and react there to form the product phase. This
principle has been demonstrated by Hayashi et al.*” using rod-shaped TiO,nH,O to
produce submicron BaTiOs rods, by Cai ef al.** using rod-shaped TiO, to produce
microrods of PbTiOs, and by Xu e al.''* to produce NaNbOs; nanorods from
K;NbgO,, nanowires. This method is therefore a more general approach, which can
be used to make nanorods of other ternary oxides, if the appropriate rod-shaped
precursor with low solubility in the salt is used, combined with a precursor with a
higher solubility. In hydrothermal syntheses of 1D nanostructures of ferroelectric
perovskites, the use of an anisometric precursor have been employed by many
researchers (see table 1 in chapter 3.1.4.).

In Paper II and III we describe a surfactant-assisted hydrothermal synthesis
method to produce arrays and hierarchical structures of nanorod and platelets of
PbTiO;. An amorphous PbTiO; precursor was hydrothermally treated at 180 °C in
the presence of SrTiO; or PbTiO; substrates. The main advantages of this method
are the absence of a template-removing step in the synthesis and the production of
single-crystalline nanorods. The nanorods had a square cross-section of
35 -400 nm and were up to 5 pum long. Homogeneous growth across the substrate
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and increased control of the morphology were enabled by changing the orientation
of the exposed side of the substrates from being faced upwards (Paper II) to facing
downwards (Paper III), because sedimentation of particles was hindered. In Paper
III, it was shown that, initially, platelets grew oriented in the crystallographic
<100> orientations of the underlying SrTiO; substrate. Nanorods with a square-
shaped cross-section then grew from the platelet surfaces. The morphology of the
PbTiO; micro/nanostructures was varied by controlling the height of the substrate
in the autoclave, the synthesis time, and the crystallographic orientation of the
SrTiO; substrates. PbTiO; nanorods oriented perpendicular to the substrate surface
could also be grown directly on the substrate by a modified synthesis method.

A growth model, based on initial growth of platelets and/or an epitaxial layer
by ions, followed by self-assembly of cube-shaped or facetted nanocrystals into
nanorods, was proposed for the hydrothermal growth. The basis of this growth
model is a dissolution-reprecipitation mechanism: dissolution of the amorphous
precursor into ions, followed by nucleation of crystalline nanoparticles which grow
into cube-shaped or facetted nanocrystals. We can not exclude the possibility that
also the nanorods grew by a classic nucleation and growth mechanism based on
Ostwald ripening, aided by surfactant adsorption; however, the transition of growth
from platelets to nanorods indicates two different growth mechanisms for the
platelets and the nanorods. A two-stage growth mechanism was also observed in
the growth of burr-like nanostructures described in Appendices I and II. To gain
further insight into the growth mechanism of the platelets and the nanorods,
detailed transmission electron microscopy (TEM) should be performed. For
instance, cross-sections of nanorods cut along the length direction would be
interesting to study, to investigate if grooves or irregularities in the structure could
be found also in the radial direction of the nanorods, similar to the ones found in
the longitudinal direction (Appendices I - I1I).

An optimized synthesis procedure may give even more interesting structures,
such as PbTiO; nanorods growing directly on conducting substrates in large areas,
not just in small areas as demonstrated in Paper III. The principle of PbTiO;
nanorods grown directly on substrates is interesting for applications such as
energy-harvesting devices'”” or ferroelectric random access memory.'”> For the
optimization, several synthesis parameters can be varied. For instance, stirring of
the dispersion, intermediate washing of the dispersion to remove organics, varying
the concentration of KOH, precursor, or surfactant, or changing the OH -source,
are all variations that will influence the growth and final morphology of the
products. 9206207

An interesting question is if this hydrothermal method can be used for the
growth of nanorods and hierarchical nanostructures of other materials? A
preliminary experiment with barium acetate instead of lead acetate as precursor in
order to make BaTiO; did however not produce nanorods of BaTiO;. If the
ferroelectric polarization of the nanocrystals is important for the self-assembly into
nanorods, nanorod growth will be prevented at temperatures above the tetragonal to
cubic phase transition. For BaTiOs, with Tc = 120 °C,”" a synthesis temperature of
180 °C may thus inhibit nanorod growth. In addition, the precursor chemistry is
different, and other complexing agents or surfactants may be necessary. A
systematic study to grow PZT, BaTiO; and SrTiO; by the present hydrothermal
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method would be interesting for the further understanding of the growth
mechanism. Other materials such as KNbO; may be too different for the exact
same growth mechanism to take place; however, oriented attachment of
nanocrystals into KNbg75Tag,50; tower-like nanostructures was recently reported
by Hu et al.m, using Nb,Os and Ta,Os as precursors in a KOH solution with
polyethylene glycol as surfactant. In our laboratory, KNbO; nanorods have been
made by a hydrothermal method, using Nb,Os as precursor in a KOH solution with
sodium dodecylsulfonate as surfactant.'*""'?? Both the KNby7sTag,50; tower-like
nanostructures and the KNbO; nanorods grow in the [001] direction,'*"'**'** while
the polar direction of these materials (with an orthorhombic crystal structure) is the
[011] direction,"’ so the ferroelectric polarization is probably not important for the
anisometric growth of these materials. For the epitaxial growth of nanostructures
on substrates, the crystal lattice match or mismatch between the material and the
substrate is of course vital, so an other substrate than SrTiO; may have to be used if
other materials are synthesized.

In Paper 1V, a template-assisted method to produce PbTiO; nanotubes is
described. A Pb-Ti sol was dropped onto porous alumina membranes and
penetrated into the channels of the template. Direct heating at 700 °C for 6 h was
shown to be sufficient to obtain single-phase perovskite nanotubes from an
equimolar precursor solution, avoiding the addition of excess lead or annealing in a
Pb-rich atmosphere. The nanotubes had diameters of 200 - 400 nm. Variation of
the sol concentration did not significantly affect the wall thickness of the nanotubes.
Large internal pores in the membranes with nominal pore diameters of 20 nm and
100 nm prevented the formation of nanotubes with smaller diameters.

The template-assisted method is an easy route to obtain polycrystalline
nanotubes of complex materials, and it has therefore been studied by many
researchers. However, the control of wall thickness is rarely reported and should be
an interesting issue for future studies. The template-assisted method is best suited
for production of nanotubes, but nanowires or nanorods can also be obtained if a
particle-directing method such as electrophoresis is used.

In addition to the syntheses reported in the thesis, a few other synthesis
methods have also been investigated. Our preliminary efforts to synthesize BaTiOs
nanowires by the inverse micelle method reported by Urban ef al.** gave very low
yields of nanowires.'**'* We have also tried to reproduce the hydrothermal
synthesis of BaTiO; nanowires reported by Joshi et al.,*** but only produced
BaCO; nanowires.””™ Finally, we tried to reproduce a composite-hydroxide-
mediated approach®”' for the synthesis of BaMnO; and BaCeOs; nanorods, but
only produced BaCO; and/or K;;Mn,O4 nanorods and BaCO; and/or CeO,
nanorods, respectively.!' A closer inspection of the X-ray diffractogram of the
BaCeO; product in Liu ef al.*'® also revealed that their synthesis product was CeO,,
not BaCeO; as reported. In general, in any low-temperature synthesis of Ba-
containing perovskites, the high stability of BaCO; is a challenge for the
production of single-phase perovskite.

These attempts to reproduce other syntheses (including Paper I), show that the
synthesis procedures are delicate, and small variations in the procedure may yield a
different product. Often, the necessary synthesis parameters to precisely reproduce
the experimental procedure are not described in detail. In general, most of the non-

28



template methods have been used by only one research group. It must also be
mentioned that some of the literature are of questionable quality, especially
regarding the determination of the phase composition of the 1D nanostructures by
selected area electron diffraction and X-ray diffraction. During the initial phase of
our molten salt synthesis study, we were fooled by the results of the X-ray
diffraction. The psychological fact that one wants to succeed with the project and
to obtain the desired phase, can result in being less critical than one should be. So
to conclude, although many reports of synthesis of 1D nanostructures of
ferroelectric perovskites have been published the recent years, the research field is
still in its childhood.

For the future work on the synthesis of 1D nanostructures of ferroelectric
perovskites, the experience gained by the author over these years justify some
thoughts about the future direction and possibilities of the field. The simplest
method to obtain 1D nanostructures of ternary oxides is the template-assisted
method using a template with channels, such as porous alumina. For the fabrication
of polycrystalline nanotubes this method should be the preferred one for most
materials. An advantage is also that arrays of nanotubes can be obtained. For the
production of nanowires or nanofibers instead of nanotubes, electrospinning is
probably the most versatile method. However, polycrystalline 1D nanostructures
are produced also with electrospinning. To produce single-crystalline 1D
nanostructures, synthesis by thermolysis, molten salt method or hydrothermal
method should be used. A 1D-shaped precursor can be used to direct the
morphology; however, the obtained 1D nanostructures are typically polycrystalline
if a polycrystalline precursor is used, such as nanotube arrays. But if a single-
crystalline 1D-shaped precursor is used, single-crystalline perovskite nanorods and
nanowires can be (and have been) obtained. Taken all the synthesis methods into
account, the most interesting synthesis method appears to be the hydrothermal
method. This method typically yields single-crystalline materials and can be used
to obtain hierarchical structures and arrays of nanorods on substrates. However, in
order to obtain advanced single-crystalline nanostructures on substrates, 1D-shaped
precursors cannot be used, if not already patterned into the desired nanostructures.
The chemistry involved to obtain anisometric growth can therefore be quite
complex, but in order to develop and control the synthesis routes it is therefore
important to understand the growth mechanism(s). We hope that in the coming
years it will be an increased focus on the structured growth of 1D nanostructures
into more complex structures, and that the growth mechanism of such structures
will be thoroughly addressed.

In addition to investigating synthesis methods, the ferroelectric and piezoelectric
properties of single PbTiO; nanorods were studied by piezoresponse force
microscopy (PFM) (Paper V). Piezoelectric activity was observed perpendicular to
the length direction of the nanorods that had been annealed at 600 °C, and it was
shown that the polarization could be switched. The ferroelectric nature of the
nanorods was thus demonstrated. The nanorods decomposed after repeated cycling
of the dc bias at one spot on the nanorod, which resulted in disintegration of parts
of the nanorod and/or accumulation of particles at the top of the nanorod.
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We were interested in using an axial dc bias setup to uniformly polarize the
nanorods, obtaining a much better control of the polarization in the nanorod. The
disintegration of the nanorod that was observed when using the conventional PFM
setup could be a result of the localized electric field, so an axial dc bias setup
would then reduce or eliminate any disintegration. However, because of
experimental challenges and insufficient time, a sample device was not completed
within the time limit for this thesis, so the PFM studies using an axial bias setup
will be a topic for future work. In Appendix IV, the efforts to fabricate a sample
device and the ideas for the setup that were developed are described. For the axial
dc bias setup, it was necessary to contact the ends of single nanorods onto gold
electrodes. As no suitable method to make such contacts, such as focused ion beam
microscopy, existed at NTNU at the time, we built an apparatus ourselves. It was
chosen to use electron beam induced deposition (EBID) of a platinum-carbon
composite from an organometallic platinum precursor. A home-made EBID
apparatus was constructed for the deposition and is described in detail in Paper VI.
The height and the position of the deposits could be controlled and the ends of
single nanorods were successfully contacted. Geometry-based calculations that
were helpful to design the EBID apparatus and to estimate the deposition time and
the deposit height are described.

In order to understand the ferroelectric and piezoelectric properties of the
PbTiO; nanorods, it will be important to study the domain structure of the nanorods
and how or if the domain structure change with annealing temperature. Although
challenging, various TEM techniques in combination with PFM could reveal much
that is hitherto unknown and unstudied.

Several steps are still to be climbed before the 1D nanostructures reported in this
thesis can be applied in future electronic and electromechanical devices. First, one
must be able to control the morphology of the structures over large areas with
reproducible synthesis conditions. Second, a detailed characterization of the
properties and the long-term stability of these nanostructures must be carried out.
Third, the use of the structures in applications must be tested.

Other challenges also remain for the PbTiO; nanostructures reported here.
Concerns regarding the toxicity of Pb have made governments planning a reduction
in the use of Pb in electronic equipment and other applications. While the problem
in electronics mainly is the Pb solder, in the recent years it has also been a move to
replace the Pb-based piezoceramics with Pb-free piezoceramics, such as KNbO;
and related materials (KxNal_beyTa]_yO3).212 However, the useful properties of the
Pb-based piezoceramics that have made these materials widely used in various
technological applications for decades will probably make the materials also
important in the future, but in lower quantities than they are used today, and for use
in special applications. Another aspect is the possible toxicological properties of
nanoparticles, Pb-based or not, which has not been studied much yet, but which
will be necessary to address before any large-scale implementation of nanoparticles
into everyday applications.
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Template-assisted synthesis of PbTiO; nanotubes
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Abstract

Nanotubes of ferroelectric lead titanate (PbTiO;) have been made by a template-
assisted method. An equimolar Pb-Ti sol was dropped onto porous alumina
membranes and penetrated into the channels of the template. Single-phase PbTiO;
perovskite nanotubes were obtained by annealing at 700 °C for 6 h. The nanotubes
had diameters of 200 - 400 nm with a wall thickness of approximately 20 nm.
Excess PbO or annealing in a Pb-containing atmosphere was not necessary in order
to achieve single phase PbTiO; nanotubes. The influence of the heating procedure
and the sol concentration is discussed.
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Introduction

Template-assisted synthesis is a widely used method to produce one-dimensional
(1D) nanostructures such as nanotubes and nanowires of a variety of materials.'
For oxide materials, the most commonly used negative templates are porous anodic
aluminium oxide (AAO) and track-etched polycarbonate membranes.” These
templates have 1D pores or channels in which a sol or an aqueous solution
containing the desired components can be incorporated. In following drying and
annealing steps, the solvent evaporates and the material starts to crystallize and
densify, forming nanostructures with dimensions constricted by the pore diameter
and pore length of the template.

In this work we used commercial Whatman Anodisc AAO membranes to
synthesize PbTiO; nanotubes. PbTiO; is a prototype ferroelectric material with a
perovskite structure and with a Curie temperature of 490 °C. PbTiO; has
previously been synthesized in AAO templates, producing nanotubes by sol-gel
method™™® and nanowires by an aqueous solution method.” In addition, the closely
related compound PbZr, . Ti,O; (PZT) has also been synthesized as nanotubes and
nanowires in AAO templates.*'> In this work we studied how the heating
procedure, the sol concentration, and different nominal pore diameters of the
Anodisc membranes influenced the morphology and phase composition of the
nanotubes.

Experimental

Whatman Anodisc AAO membranes with a thickness of 60 um were used as
templates. Three types of membranes with different nominal pore diameters were
used: 20 nm, 100 nm, and 200 nm. The diameter of the membrane was either
25 mm (200 nm membranes) or 47 mm (20 nm and 100 nm membranes). The pore
diameters on the two sides of the membrane were different. For instance, the small
pore side of the 200 nm Anodisc membranes had pore diameters <100 nm, while
the large pore side had pore diameters of 200-250 nm (figure 1). The pore diameter
across the membrane was therefore not homogeneous.

A Pb-Ti sol was made by dissolving lead(Il) acetate trihydrate (Wako,
>99.9 %) in acetic acid (Wako, >99.0 %), and titanium(IV) tetrabutoxide (Wako,

" e gk

Figure 1. SEM images of Whatman Anodisc membranes (200 nm nominal pore
diameter, 60 um thick). (a) Small pore side. (b) Large pore side.

86



Table 1. Amount of reactants and sol concentration for the three
different sols used.

Sol number 1 2 3
Cation concentration 0.43 mol/L  0.75mol/L  1.35 mol/L
Lead(Il) acetate trihydrate 10.0 mmol  10.0 mmol  10.0 mmol
Titanium(I'V) tetrabutoxide 10.0 mmol  10.0 mmol  10.0 mmol
Acetic acid 2.0 mL 5.0 mL 10.0 mL
2-methoxyethanol 2.0 mL 5.0 mL 10.0 mL

>95.0 %) in 2-methoxyethanol (Wako, >98.0 %), and mixing these two solutions
by stirring. Three sol concentrations were used: 0.43, 0.75 and 1.35 mol/L
(np/Viotal), see table 1. The Pb/Ti ratio was 1.00 for all the sols. The sol was
dropped onto the large pore side of a membrane which had been taped at the small
pore side. After 10 min, excess sol was removed by wiping with a paper or with a
scalpel. The membranes infiltrated with the sol were dried in air for 30 min and
thereafter heat-treated at 700 °C for 0.5 - 6 h. The membranes were either directly
heated to 700 °C in a preheated furnace, or slowly heated at a rate of 1 °C/min
from room temperature. The cooling rate was 3 °C/min for all the experiments.
After the heat treatment, excess PbTiO; material was carefully scraped off using a
scalpel. The membrane was dissolved by immersing in 4 mol/L. NaOH for at least
1 h, followed by washing and centrifugation in water. Large-area arrays of
nanotubes were obtained by coating the small pore side of the membrane with
epoxy before the NaOH treatment, while free-standing nanotubes were obtained by
sonication during the NaOH treatment. For comparison, the sols were also heat-
treated, at 700 °C for 0.5 h with a 1 °C/min heating rate.

The phase composition of the products was studied by X-ray powder
diffraction (XRD, Shimadzu LabX XRD-6000). The morphology of the products
and the Anodisc membranes was studied by scanning electron microscopy (SEM,
JEOL JSM-5300), and field emission scanning electron microscopy (FESEM,
Hitachi S-4500). The samples were coated with gold or osmium before imaging.

Results

The diameters of nanotubes synthesized in 200 nm membranes were 200 - 400 nm,
while the lengths varied from 2 um to above 10 um (figure 2). A side view of the
nanotube array shows that the growth of nanotubes was inhomogeneous in the
membrane (figure 2b), suggesting that the internal structure of the membrane was
inhomogeneous. During the drying after dissolving the membrane the nanotubes
typically bundled together (figure 2¢). However, the nanotubes could detach from
each other easily by sonication (figure 2d).

The X-ray diffractograms of the heat-treated products show that while the
perovskite phase (PbTiO;) was formed from the sol after annealing at 700 °C for
30 min with slow heating rate (figure 3a), the same heat treatment for the sol in the
membrane resulted in the metastable fluorite phase (figure 3b),'*'” which is non-
ferroelectric and therefore unwanted. Prolonged heating increased the perovskite
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Figure 2. SEM and FESEM images of nanotubes synthesized in 200 nm mem-
branes. (a) Nanotube ends. (b) Side view revealing growth inhomogeneties. (c¢) The
nanotubes bundled during drying after dissolving the membrane. (d) Free-standing
nanotubes after sonication.

content (figure 3c); however, it was more effective to insert the sol-infiltrated
membrane directly into a furnace preheated to 700 °C (figure 3d-f). Initially, a
small amount of the fluorite phase was formed also with the direct heating, but
after 6 h at 700 °C the fluorite phase could not be detected by XRD (figure 3f).

Comparing figure 3f with figure 3a, the diffraction lines in figure 3f are much
broader than the corresponding lines in figure 3a, and in addition the splitting of
the (101) and (110) diffraction lines at 32 - 33° evident in figure 3a is far less
pronounced in figure 3f. The difference between these two diffractograms is caused
by line-broadening because of small crystallite size. Similar diffractograms to
figure 3f have been shown for PbTiO; nanotubes that exhibited ferroelectric
properties, implying a tetragonal structure.® The line broadening indicates that the
perovskite crystallites formed in the membrane are much smaller than the
crystallites formed during heat treatment of the sol. The template therefore has a
confinement effect on the coalescence of the nanoparticles.

To study if the wall thickness of the nanotubes could be controlled by
changing the sol concentration, three different sols (table 1) were used with
otherwise identical synthesis conditions. However, the wall thickness estimated
from FESEM images was 15 - 20 nm for all the three sol concentrations and no
significant difference was observed (figure 4). Figure 4 also shows that the
nanotubes were polycrystalline, consisting of grains with diameters <20 nm.

Anodisc membranes with 20 nm and 100 nm nominal pore diameters
(according to the supplier) were tried used to make PbTiO; nanotubes with smaller
diameter. However, the nanotube diameters were the same as when 200 nm
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Figure 3. X-ray diffractograms of products synthesized with 0.75 mol/L sol after
various heat treatments. (a) Sol annealed at 700 °C for 30 min with slow heating
rate (1 °C/min). (b)-(f) Products synthesized in 200 nm membranes (the mem-
branes were dissolved before XRD characterization). The products were annealed
at 700 °C for the stated length of time, and were either slowly heated (1 °C/min) to
700 °C, or directly inserted into a preheated furnace at 700 °C. Line identities are
based on the PDF standard patterns of tetragonal perovskite PbTiO; (6-452) and

pyrochlore Pb,Ti,0¢ (24-142).
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Figure 4. FESEM images of nanotubes synthesized in 200 nm membranes using
sol concentrations of (a) 0.43 mol/L and (b) 1.35 mol/L.

Figure 5. FESEM images of nanotubes synthesized in (a) 20 nm membrane and (b)
100 nm membrane.

Anodisc membranes were used; 200 - 400 nm (figure 5). SEM images of the small
pore and large pore side of a 20 nm membrane (figure 6a and b) show that the
small pore side has pore diameters of approximately 20 nm, while the large pore
side has pore diameters of 200 - 300 nm, just as the 200 nm membrane (figure 1b).
Cross-section SEM images of a 100 nm membrane show that it was only a thin
layer (~1.5 um) at the small pore side of the membrane that had the nominal pore
diameter, while the rest of the membrane had larger pores (200 - 400 nm). The
layer with small pore diameter in the 20 nm membranes was even thinner (<1 pm).

Discussion

The results show that template-assisted synthesis is an easy method to fabricate
ceramic nanotubes. However, control of the micro/nanostructure and phase
composition can be a challenge. For the PbTiO; system studied here, the effect of
various heat treatment procedures on the resulting phase is clearly demonstrated in
figure 3. The non-ferroelectric fluorite phase that was formed during slow heating
of the membranes is often encountered as an unwanted intermediate phase during
annealing of Pb-based ferroelectrics.'”?® In the fluorite structure, neither the
oxygen vacancies nor the cations are ordered, so during annealing, formation of the
metastable fluorite phase may be kinetically favoured over the thermodynamically
stable, but highly ordered perovskite phase, because of limited ion diffusion at
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Figure 6. SEM images of the internal structure of Whatman Anodisc membranes.
(a)-(b) Membrane with nominal pore diameter 20 nm imaged from the small pore
side (a) and from the large pore side (b). (c)-(d) Cross-sections of a membrane with
nominal pore diameter 100 nm imaged from the small pore side (c) and the large
pore side (d).

lower temperatures.'”"® The formation of the fluorite phase will also reduce the
driving force associated with the nucleation of the perovskite phase.' Thus, when
the fluorite phase is nucleated from the amorphous precursor, the further
transformation into the perovskite phase is slow, although the perovskite phase is
the thermodynamically stable phase. The difference in phase composition between
the powders that were obtained by the slow heat treatment of the sol (figure 3a) and
the sol in the membrane (figure 3b), indicates that the pore walls of the membrane
influence the nucleation and growth process. As the fluorite phase was only
observed in the diffractogram of the membrane-synthesized sample (figure 3b), it
can be assumed that heterogeneous nucleation of the fluorite phase occurred at the
pore walls, in a temperature range in which the fluorite phase is kinetically stable.
In contrast, for the sol alone, homogeneous nucleation is more likely, and the
homogeneous nucleation is likely to be initiated at a higher temperature than the
heterogeneous nucleation. At this higher temperature, the perovskite phase may be
the preferred phase, so that in absence of the membrane, the perovskite phase is
formed because heterogeneous nucleation is less likely.

Further, the direct heating procedure, in which the membrane was inserted
into a pre-heated furnace, promotes nucleation of the perovskite phase because the
rapid thermal processing bypasses the temperature range where the fluorite phase is
kinetically stable. A small fraction of the fluorite phase was formed also during the
direct heating procedure; however, by prolonged annealing time at 700 °C (up to
6 h) the fluorite phase transformed into the perovskite phase (figure 3d-f). The
fluorite phase has a much higher tolerance for Pb deficiency than the perovskite
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phase,' so the complete transformation of the fluorite phase into the perovskite
phase also shows that significant volatilization of Pb did not occur, although the
precursor solution had a 1.00 Pb/Ti ratio and the nanotubes have a high
surface/volume ratio. A standard approach to compensate for Pb loss during
annealing of Pb-based ferroelectrics is addition of 5 - 25 mol% excess Pb to the
precursor solution, or annealing in a Pb- or PbO-rich atmosphere.'® In the previous
reports of PbTiO; nanotubes made by sol-gel processing in AAO membranes,
either a Pb/Ti ratio of 1.05 was used*® or not specified,” or the annealing was
performed in a Pb vapour-saturated atmosphere.’ In contrast, this study shows that
single-phase perovskite nanotubes can be obtained with an equimolar precursor
solution, provided that a direct heating procedure is used during the annealing.
Excessive lead is generally unwanted as it can diffuse into Pt electrodes and
decrease the dielectric constant and the resistivity.”

The concentration of the sol did not significantly influence the morphology of
the nanotubes (figure 4). This has also been reported by Hernandez-Sanchez et al.*
Although the 1.35 mol/L sol was three times as concentrated as the 0.43 mol/L sol,
the wall thicknesses estimated from the FESEM images were the same, 15 - 20 nm.
It may be that the difference is too small to be observable by FESEM. More
accurate estimation of the wall thickness can be obtained by using for example
transmission electron microscopy. A possible explanation for the equal wall
thickness is that the higher viscosity of the high concentration sol lowers the ability
of the sol to penetrate the pores, especially for the long pores used here (60 um),
thus reducing the amount of material that is deposited in the pores. The wall
thickness is most importantly affected by the pore diameter, as Zhao et al.” have
shown that the wall thickness increased with the diameter of the nanotubes. From
the results of Zhao et al., a wall thickness of 10 — 15 % of the pore diameter is
expected, which is consistent with the 20 nm wall thickness obtained in the 200 nm
pore diameter membranes in the present study. To increase the wall thickness,
successive coatings of the template can be used, but the fragile nature of the AAO
membranes makes this difficult. Increasing the immersion time can also be an
alternative, as Zhang et al.'® reported the synthesis of PZT nanowires in a 45 nm
AAO membrane using a long sol immersion time of 5 h. However, to synthesize
PbTiO; or PZT nanowires instead of nanotubes in AAO membranes, growth by a
particle-directing method such as electrophoresis® or growth from aqueous salt
solutions’ is probably more suitable.

The commercial Whatman Anodisc membranes that were used in this work
have most likely been produced by a one-step procedure, in which the aluminium
film has only been anodized once. By a two-step procedure, a much better control
of the pore diameter and pore distribution can be obtained, with a constant pore
diameter throughout the membrane.** Therefore, to make nanotubes with diameters
below 200 nm, it is necessary with a more careful preparation of the membrane
templates.

Conclusions

PbTiO; nanotubes with diameters of 200 - 400 nm were successfully prepared by a
template-assisted method. Direct heating at 700 °C for 6 h was shown to be
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sufficient to obtain single-phase perovskite nanotubes from an equimolar precursor
solution, avoiding the addition of excess lead or annealing in a Pb-rich atmosphere.
Variation of the sol concentration did not significantly affect the wall thickness of
the nanotubes. Large internal pores in the Anodisc membranes with nominal pore
diameters of 20 nm and 100 nm prevented the formation of nanotubes with smaller
diameters.
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Abstract

The piezoelectric properties of single PbTiO; nanorods made by a hydrothermal
method have been studied by piezoresponse force microscopy in both vertical and
lateral mode. Piezoelectric activity and polarization switching was observed in the
vertical mode, demonstrating the ferroelectric nature of the nanorods. The nanorods
decomposed after repeated cycling of the dc bias at one spot on the nanorod, which
resulted in parts of the nanorod disappearing and/or accumulation of particles on
the surface of the nanorod.
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Introduction

Lead titanate (PbTiOs) is a prototype displacive ferroelectric material with the
perovskite structure and with a Curie temperature (7¢) of 490 °C. PbTiO; has a
high spontaneous polarization of 75 uC/cm”." The study of nanoscale properties of
PbTiOs, such as the critical size for ferroelectricity, has mainly been concentrated
on zero-dimensional nanoparticles’ and two-dimensional thin films,® while
investigations of ferroelectricity in one-dimensional (1D) PbTiO; nanostructures,
such as nanorods, nanowires and nanotubes, are scarce. A reason for this is the
difficulty of preparing high quality 1D nanostructures of PbTiO;, especially single-
crystalline nanostructures, which are the most interesting for fundamental
ferroelectric studies. Single-crystalline PbTiO; nanowires and nanorods with the
perovskite structure have been successfully made by hydrothermal synthesis
methods,”” in which the synthesis takes place far below T, typically at
180 - 200 °C. These nanowires and nanorods have the polar [001] direction of the
tetragonal perovskite structure oriented along the length direction, and are thus
ideal for the study of ferroelectricity in 1D PbTiO;.

For nanoscale characterization of ferroelectric and piezoelectric properties of
materials, the most used and applicable technique is scanning probe microscopy
(SPM), especially piezoresponse force microscopy (PFM).'™'" The high spatial
resolution, easy implementation, effective manipulation and control of nanoscale
domains and local spectroscopy capabilities make PFM a well-suited tool for
nanoscale ferroelectric studies. PFM is used both for imaging and for non-imaging
spectroscopy studies.'”" In PFM, a conductive atomic force microscopy (AFM)
probe tip is brought into contact with the sample top surface in contact mode. An
ac bias is applied between the probe and the conductive sample back surface,
which induces local oscillatory structural deformation because of the converse
piezoelectric effect. This deformation is measured through a lock-in amplifier.
PFM can be operated in two modes, vertical and lateral (figure 1). In the vertical
PFM mode, the induced local vertical deformation is measured through the vertical

Substrate
<+— Cantilever
\ / < > <« Tip
| ﬁ | 04— Nanorod
Vertical PFM mode Lateral PFM mode

Figure 1. Schematic illustration of the vertical and lateral modes of PFM in the
study of a single nanorod, with the three major components of the AFM probe.
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deflection of the AFM cantilever and the out-of-plane polarization is studied, while
in the lateral PFM mode, the local shear deformation of the sample is measured
through the torsional twisting of the AFM cantilever and the in-plane polarization
is studied.'”'* Correct quantitative results from PFM studies are difficult to obtain
and requires complex calibration, because the electrical field is not uniform, as a
consequence of the geometry of the tip as an electrode.'"""*'*

The study of ferroelectricity and piezoelectricity in single-crystalline 1D
nanostructures of ferroelectric perovskites using SPM techniques have been
reported by a few research groups. Yun ef al.'>'® and Bao et al.'” have studied the
radial ferroelectric response in BaTiO; nanowires using electrostatic force
microscopy (EFM). Wang et al. have studied BaTiO; nanowires both with
conventional PFM' and with an axial dc bias PFM setup.'"™’ Other 1D
nanostructures that have been studied using conventional PFM are PbZr,,Ti,O;
(PZT) nanowires,”> KNbO; and KNb;_ Ta,O; nanorods,'* and NaNbO; nanorods.*
The present study is thus the first PFM study of single-crystalline PbTiO; nanorods.

Experimental

The PbTiO; nanorods were synthesized by a hydrothermal method as previously
reported.”® Briefly, an amorphous PbTiO; precursor was hydrothermally treated at
180 °C for 48 h in the presence of a surfactant (sodium dodecylbenzenesulfonate).
The dispersion volume was 50 mL and the surfactant/Pb molar ratio was 1.5:1. The
product was washed in distilled water and ethanol, dried at 100 °C, and then
annealed at 350 °C or 600 °C for 6 h. The annealing procedure was performed to
remove protons (water) incorporated in the structure,”’ to remove adsorbed
surfactant molecules, and to remove defects originating from the growth process. A
dispersion of the product was made by adding 0.1 g of the product into 30 mL
ethanol (96 %). The dispersion was sonicated by an ultrasonic probe for 5 min at
10 % amplitude (Branson Digital Sonifier). The larger particles in the dispersion
(microspheres”®) were removed by decanting after sedimentation for 1h. The
nanorod dispersion was dropped onto a gold film on a silicon substrate. To make
the gold film, a layer of 10 nm Ti and thereafter a layer of 50 nm Au was electron
beam evaporated (Pfeiffer Vacuum Classic 500) onto a 4 inch silicon wafer (V.S.1.).
The wafer was cut into ~8 x 8 mm” substrates.

The ferroelectric and piezoelectric properties of individual PbTiO; nanorods
dispersed on gold films were studied by PFM using a Veeco Multimode V AFM
equipped with a NanoScope V controller and a signal access module. The probes
used were platinum/iridium-coated Veeco SCM-PIT probes with nominal force
constant of 2.8 N/m. Previous to the PFM study, the samples were studied with
field emission scanning electron microscopy (FESEM, Zeiss Ultra 55) to locate
single nanorods that were suitable for PFM study. Since the polar direction of the
nanorods was along the length direction,”*** the torsional force afflicted onto the
tip in lateral PFM mode was maximized by aligning the samples such that the
nanorod length direction was perpendicular to the AFM cantilever length direction
(figure 1). The surface of the sample was examined in tapping mode to locate the
nanorods. For the spectroscopic PFM measurements, the tip was placed at the
desired spot on the nanorod with zero scan size, and the mode was switched to
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contact mode (tapping mode deflection). The piezoresponse amplitude and phase
signals were measured while sweeping the dc bias between -10 V and +10 V, using
an ac bias with amplitude of 1-5V and frequency of typically 3 kHz. The PFM
amplitude and phase signals were detected through an external lock-in amplifier
(Stanford Research Systems SR830 DSP). The dc bias sweep time was 100 s for
one cycle. 128 points were measured both on the approach line and the retract line.
After the PFM study, the nanorods were re-examined by FESEM.

Results

Figure 2 shows the spectroscopic PFM studies from a spot on a nanorod that had
been annealed at 600 °C. Cycle number 6 (lateral) and 7 (vertical) are shown. In
the lateral direction, no hysteresis was observed. In the vertical direction, clear
hysteresis loops were observed, both a “butterfly”-shaped amplitude loop, and a
phase loop with hysteresis. The same response was achieved also after repeated
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Figure 2. Spectroscopic PFM study of a single PbTiO; nanorod annealed at
600 °C. (a) Lateral PFM amplitude response. (b) Lateral PFM phase response. (c)
Vertical PFM amplitude loop. (d) Vertical PFM phase loop. All measurements
were performed on the same spot on the nanorod. The blue lines indicate the
approach lines (from -10 V to +10 V) and the red lines the retract lines.
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cycling at the same spot on the nanorod. In total 30 cycles were performed at this
spot. The amplitude loop in figure 2¢ does not have a perfect butterfly shape, as the
amplitude at the positive dc bias side is lower than that of the negative side. The
exact cause of this is uncertain. The piezoelectric response in the vertical direction
is contrary to what was expected, as the as-synthesized nanorods have been
demonstrated to have the polar direction (the [001] direction in the tetragonal
perovskite structure) along the length direction,””** which should give
piezoelectric response in the lateral direction. Nevertheless, the important facts are
that the polarization of nanorods could be switched and that the nanorods showed
piezoelectric activity.

In figure 3, FESEM images taken before and after the PFM study of the
nanorod in figure 2, and topographic AFM images taken after the spectroscopic
PFM measurements, are shown. Figure 3¢ shows an AFM image, taken directly
after the spectroscopic measurements of figure 2 were recorded. In that image, the

Figure 3. (a)-(b) FESEM images of a PbTiO; nanorod annealed at 600 °C, taken
before (a) and after (b) the PFM study. (c)-(d) Topography AFM images from the
same spot of the PbTiO; nanorod after 7 cycles (¢) and after 30 cycles (d). The
accumulation of particles in (d) is the same as indicated by the arrow in (b). The
colour of the scale bar in between (c) and (d) indicates 0 - 150 nm height.
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surface of the nanorod appears smooth, which demonstrates that the spectroscopic
PFM measurements shown in figure 2 were measured on a smooth area of the
nanorod. In comparison, figure 3d shows the same area of the nanorod, after 23
more cycles had been recorded from the same spot on the nanorod. In figure 3d it is
evident that an accumulation of particles had taken place at the surface of the
nanorod. The spectroscopic measurements that was taken just before the AFM
image in figure 3d was recorded, which can then be assumed to have been
measured at the accumulation of particles, actually also showed hysteresis in the
vertical direction, but not in the lateral direction, just as shown in figure 2. This
indicates that the nanorod was not completely decomposed beneath the
accumulation of particles, as ferroelectric response was still observed, and/or that
the accumulation of particles showed the same ferroelectric response as the
nanorod.

A spot towards the top of the nanorod was also studied by PFM. The FESEM
image taken after the PFM study (figure 3b) shows that at that spot the nanorod
disintegrated completely. During the PFM study on both these spots, several cycles
with the dc bias cycling between -10 V and +10 V were performed. However, as
shown in figure 3c, the nanorod did not decompose at once. An additional
observation from the FESEM and AFM images in figure 3, is that the diameter of
the nanorods appears broader in the AFM images than in the FESEM images. This
is caused by the geometry of the tip, and has also been observed by others."

Nanorods that had been annealed at 350 °C were examined similarly to the
nanorods that had been annealed at 600 °C. However, no clear hysteresis loops
were observed in the spectroscopic PFM study, neither lateral nor vertical. Figure 4
shows FESEM and AFM images taken before and after the PFM study of a PbTiO5
nanorod. In total 27 cycles were performed during the PFM study of the nanorod in
figure 4. The response was either dielectric, or the hysteresis loops were very
narrow or not saturated, or the response contained only low signal values (similar

Figure 4. (a)-(b) FESEM images of a PbTiO; nanorod annealed at 350 °C, taken
before (a) and after (b) the PFM study. (¢) Topography AFM image of the PbTiO;
nanorod, taken after the PFM study. The colour of the scale bar indicates
0 - 150 nm height.
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to figure 2a and b). Decomposition or disintegration of the nanorods was also
observed for the nanorods annealed at 350 °C. The absence of the middle part of
the nanorod is evident in figure 4b and c; however, the positions of the remaining
parts of the nanorod were the same as before the PFM study. During the PFM study,
accumulation of particles was observed after several cycles, but the accumulated
particles have evidently disappeared before the image in figure 4¢ was taken.

Discussion

The polarization switching and the hysteresis loops shown in figure 2, demonstrate
the ferroelectric nature of the nanorods. The hysteresis in the vertical direction was
contrary to what was expected, because the polar direction has been shown to be
aligned along the length direction.”*** Hysteresis in the vertical direction of similar
single-crystalline nanowires has also been observed by others. Yun et al. have
shown vertical hysteresis in BaTiO; nanowires using the EFM technique."
However, the observation of ferroelectric behaviour in these BaTiO; nanowires is
not without controversy. One of the possibilities is that the applied field resulted in
the depletion of or accumulation of charge underneath the tip without actual
ferroelectric switching.'® Wang et al. observed hysteresis loop in the vertical
direction of tapered PZT nanowires with the [001] direction along the length
direction.” The response was explained by the geometry of the nanowires, with a
tilt angle between the nanowire axis (polarization direction) and the horizontal
substrate plane which lead to the manifestation of the out of plane polarization
activity. Here, the nanorods were only very slightly tapered, so a tilt angle cannot
explain the response, especially since the lateral PFM study did not give any
piezoelectric response at all.

A more likely explanation for the vertical PFM response is that the domain
structure of the nanorods changed after the annealing procedure, due to the
transition from the paraelectric cubic phase to the ferroelectric tetragonal phase
during cooling. Transmission electron microscopy investigations of annealed
nanorods have not been performed in order to verify this theory. However,
Schilling et al.® and Wang et al."> have shown that BaTiO; and PZT nanowires,
respectively, can have 90° domain walls oriented 45° to the length direction of
nanowires that have been annealed above T¢, resulting in possible polarization
directions radial to the length direction. The nanorods presented here were
synthesized far below T, directly into the tetragonal structure, and the domain
structure in the as-synthesized nanorods may therefore not be the most stable
domain structure.

Although hysteresis was observed for the nanorods that had been annealed at
600 °C, the PFM study of the nanorods that had been annealed at 350 °C did not
show any hysteresis. Because of the lower annealing temperature, the incorporated
protons may not have been removed to a sufficient degree, which can reduce the
piezoelectric response of the nanorods, as the protons adversely affect the dielectric
properties of the perovskites.”’ Other structural defects and adsorbed surfactant
molecules will also be removed to a larger degree at 600 °C, than at 350 °C.
However, one important conclusion that can be drawn from the lack of hysteresis
loops for the nanorods annealed at 350 °C, is that the observed hysteresis loops in
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figure 2c and d were not caused by depletion of or accumulation of charge
underneath the tip caused by the applied field,'® as such a charge depletion or
accumulation would give the same response regardless of the annealing
temperature of the nanorods.

In some of the PFM measurements that were done, especially of the 350 °C
nanorods, very narrow hysteresis loops with unsaturated poling were obtained in
the lateral direction. This indicates that the dc bias used was insufficient to saturate
the polarization of the nanorods. In the present setup, the maximum dc bias was
+10 V, limited by the internal voltage supply. To increase the dc bias an external
voltage supply would be necessary. These observations coincide with similar PFM
studies of other nanowires. For instance, Wang et al.'* used 15 V in their study of
BaTiO; nanowires, Wang et al."* used +40 V in their study of PZT nanowires, and
Suyal et al.'"* used +£50 V in their study of KNbO; nanorods.

The decomposition of the nanorods that took place after repeated cycling of
the dc bias at the same spot of the nanorods is probably caused by the electric field,
and not by the contact force of the tip. The decomposition happened after a number
of cycles (figure 3c and d), which indicate that it was the repeated cycling of the
polarization or at least the inflicted electric field, that caused the decomposition.
The non-uniformity of the field in the conventional PFM setup used here may
possibly enhance the decomposition, because of increased strain in the nanorod. An
axial dc bias setup, as reported by Wang et al.,''" gives a homogeneous
polarization of the nanorod and is expected to be a better setup. An axial dc bias
setup will anyway result in a better defined field, so that quantitative results will be
easier obtained.

The decomposition of the nanorods may also be enhanced by the remaining
defects in the structure, possibly originating from the growth by self-assembly of
nanocrystals.”” As both the nanorods that were annealed at 350 °C and at 600 °C
decomposed, the heating/cooling of the nanorods across 7¢, with rearrangement of
domains and resulting strains, cannot explain the decomposition. For the use of
these nanorods in applications, the decomposition after repeated cycling is of
course unwanted, so methods to avoid such decomposition should be investigated.

Conclusions

Single-crystalline PbTiO; nanorods were studied by piezoresponse force
microscopy. Piezoelectric activity was observed perpendicular to the length
direction of the nanorods that had been annealed at 600 °C, and it was shown that
the polarization could be switched. The ferroelectric nature of the nanorods was
thus demonstrated. The nanorods decomposed after repeated cycling of the dc bias
at one spot on the nanorod, which resulted in parts of the nanorod disappearing
and/or accumulation of particles on the top of the nanorod.
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Abstract

Electron beam induced deposition has been used to deposit platinum from a
(trimethyl)methylcyclopentadienylplatinum(IV) molecular precursor. A home-
made apparatus was constructed for the purpose and was mounted onto a JEOL
JSM-840 scanning electron microscope. Calculations based on apparatus geometry
and molecular flow were used to estimate the deposition time and the height of the
deposits. The location and height of the deposits were controlled so that single
nanorods could be successfully contacted at the ends of the nanorods.
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Introduction

Electron beam induced deposition (EBID) is a process by which a solid material
can be deposited onto a solid substrate by means of an electron-mediated
decomposition of a precursor molecule. Typically, the precursor is a vapour, but
EBID may also be performed using a liquid or viscous solid condensed on the
substrate. An ideal EBID process can be visualized as shown in figure 1, where an
electron beam dissociates a precursor species resulting in a solid deposit on the
substrate and a volatile by-product, which subsequently desorbs from the surface.'

Controlled EBID must be performed in a vacuum environment to reduce
electron scattering and deposit contamination. The most common EBID setup uses
a modified scanning electron microscope (SEM), and an organometallic molecule
as precursor. Perhaps the most well-studied EBID deposition material is tungsten,
but many other metals have also been deposited. The recent review by Randolph et
al.' gives a comprehensive introduction to EBID and the associated electron beam
induced etching process.

1
.

AN A
~

(a)

—9

(b)

Electron Beam

SRR

~a

{c)

(d)

Figure 1. Schematic illustration of an ideal EBID process. A precursor vapour is
introduced to a substrate (a) and absorbs to the surface (b). The substrate is
exposed to an electron beam in the region of the incident vapour plume, inducing a
dissociation reaction (c) and resulting in a solid deposit and a volatile by-product
(d). The figure is adopted from Randolph et al."

110



The purpose of this study was to develop a method to contact the ends of
single PbTiO; nanorods onto gold electrodes. This contacting was necessary for the
successful characterization of the piezoelectric properties of the nanorods by
piezoresponse force microscopy, using an axial dc bias setup.

Experimental

The EBID apparatus used in this work was constructed for depositing platinum
from a solid precursor material. The bottom part of an energy dispersive X-ray
spectrometer detector was rebuilt with a precursor container, specified tube
diameters and a nozzle. The EBID apparatus was mounted on a JEOL JSM-840
SEM (see figure 2).

The inner tube could be taken out of the EBID apparatus separately to refill
precursor material into the container. The refilling was done in a glove bag filled
with argon gas (5.0 quality). Some relevant parameters for the apparatus as used in
this work are given in table 1.

The tube opening of both the inner and outer tube was located off-centre, thus,
the gas flow could be opened and shut by rotating the outer tube. The nozzle was
placed so that there was a 1 mm distance between the substrate surface and the
bottom of the nozzle tip. The working distance of the microscope was 10 - 11 mm.
The nozzle angle was fixed at 31° to reduce the working distance as much as
possible without having the nozzle colliding with the polepiece. A photograph of
the inside of the microscope chamber is shown in figure 3.

An organometallic platinum compound, (trimethyl)methylcyclopentadienyl-
platinum(IV) (Aldrich, 98 %, 2 g glass container with plastic lid), was used as the

Wrench to control the
rotation of the outer tube X

Outer tube
(rotating)

Precursor
container

Wrench to control
the insertion and
extraction of the
nozzle and tubes

Nozzle
R 31°
Sample —— g

Electron beam —p

Microscope
chamber

Figure 2. Schematic cross-section illustration of the EBID apparatus mounted on
the SEM.
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Table 1. EBID apparatus data

Quantity Value
Inner diameter nozzle, d 0.060 cm
Outer diameter nozzle 0.115 cm
Length nozzle, / 5.0 cm
Inner diameter, inner tube 0.3 cm
Volume of void in the inner tube (gas opening, 3
precursor container and compartment), V ~1.2cm
Nozzle angle, 31°
Clearance between substrate and nozzle, a 1 mm
Working distance 10- 11 mm

Figure 3. Photograph of the inside of the microscope chamber with the EBID
apparatus in operating position.

precursor. Relevant data for this precursor is given in table 2. The precursor is
sensitive to oxidizing conditions, so the precursor container was only opened in
argon atmosphere inside a glove bag.
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Table 2. Data for (trimethyl)methylcyclopentadienylplatinum(IV)

Quantity Value Reference
CAS number 94442-22-5

Molar mass, M 319.32 g/mol

Vapour pressure 0.0706 mbar at 23 °C 3
Melting point 29.5-30.0 °C 3




For the depositions, an accelerating voltage of 25kV, a probe current of
1x10° A, and an emission current of approximately 125 pA were used.
Approximately 50 mg precursor was used for each deposition session. The scanned
sample area was reduced to typically 150 x 200 nm, and the outer tube was there-
after rotated to open for gas flow through the nozzle. The deposition time was
varied from 10 to 60 min. After the desired length of time, the outer tube was
rotated to stop the gas flow. During the deposition, the position of the scanned area
was monitored and adjusted manually for drift in the system.

The morphology of the deposits was studied using a Hitachi S-3400N SEM.
The element composition of the deposits was studied using energy-dispersive X-
ray spectroscopy (EDS) in the Hitachi SEM.

For the contacting of nanorods, a silicon substrate with patterned gold
structures was used. A droplet of a dispersion of PbTiO; nanorods in ethanol was
placed on the substrate. After the ethanol had evaporated, nanorods that were
placed between two gold electrodes were located by SEM. The deposition was
carried out as described above, with the scanned area at the end of the nanorod.
The deposition time was 10 min for the nanorod end deposits.

Calculations of EBID system design

The following calculations were helpful for the design and use of the EBID system.
A schematic drawing of the EBID system that is relevant for the molecular flow
calculations is given in figure 4.

The mean free path (1) of molecules in a gas is given by:’

kT
A=t 1
N (1)

Precursor
powder

P,

Figure 4. Schematic illustration of the EBID system with the nozzle and the void,
with the relevant parameters for the molecular flow calculations.

113



where k is Boltzmann’s constant, T temperature, o collision cross-section and p
pressure. In a tube or nozzle, if the mean free path is significantly shorter than the
diameter viscous flow will dominate (molecule-molecule interactions). If the mean
free path is significantly longer than the dimensions of the tube or nozzle, then
molecular flow will dominate (molecule-wall interactions). Here, the inner
diameter of the inner tube (3 mm) was significantly larger than the inner diameter
of the nozzle (0.6 mm), therefore, the nozzle was the diffusion limiting part of the
system. The inner tube and the precursor container were therefore considered as a
void containing the precursor gas molecules, and the flow calculations were based
on the nozzle geometry.

The Knudsen equation can be used to calculate the conductance (C) for both
the viscous and molecular flow regimes and the transition between them:*

4 3 —

co1359 504 1H192dp 2)
/ I 1+237d-p

ﬁ:p1+p2 (3)

2

Here d is the inner nozzle diameter in cm, / the nozzle length in cm (/= 10 d), p;
the pressure at the beginning of the nozzle (in mbar) and p, the pressure at the end
of the nozzle (in mbar) (valid for air at 20 °C). The conductance in a nozzle
connected to a closed container, as here, will decrease over time, as p; decreases.
The exact determination of the conductance as a function of time in this situation
will thus lead to solving a differential equation. However, after a certain time
enough gas molecules will have diffused through the nozzle to reduce the pressure
in the container to a level such that the molecular flow regime is reached. The

conductance below the limit for molecular flow (d- ; <10 mbar cm) can be
derived from equation 2 and is described by:*

C= 12.1-”17 [L/s] (4)

The conductance in the molecular flow regime is thus independent of the pressure
difference. From the nozzle dimensions in table 1, this conductance was calculated
as 0.523 cm’/s.

As the volume of the void in the inner tube and precursor container is
~1.2 cm’ (table 1), the molecular flow regime will be reached within seconds of
opening the valve. The argon gas initially present will quickly diffuse through the
nozzle. The pressure at the beginning of the tube, p;, will therefore become equal
to the vapour pressure of the precursor, 0.0706 mbar (table 2). The ideal deposition
time available for a given mass of precursor material, 7,,.x, can thus be calculated:

g R 5)
M-C-p

114



Here m is the mass of solid precursor material, R the gas constant, and M the molar
mass of the precursor. For instance, 50 mg of precursor will result in a deposition
time of 29.2 h.

The area at which the precursor is deposited on the substrate surface (4) can
be determined by a conic section calculation. It is a function of the inner and outer
radius of the nozzle (7; and r,), the clearance to the substrate a, the nozzle angle o

and the spread angle 3 (figure 5) as follows:'>*
T 7. :
a : .
A(r.r,,a,0,0)=m|—= - L_| .(sin’3)-C-D 6
( s 6) [tana Sin tanﬂ] ( 6) (6)

sin - cos
sz—ﬂz
cos” B —cos” «

D:\/[ sina - cos 3 ]2_[ cos n sin 3 - cos ]2 (®)

cos’ 3 —cos’ a cos3+sina  cos’ f—cos’ a

(7)

Kohlmann et al.” state that spread angles less than about 30° cannot be realized,
assuming a homogeneous gas distribution. Using the relevant parameters from
table 1 and a spread angle of 30°, the gas covered area A4 becomes 1475 mm®.
However, this high value is a result of the small difference between the nozzle
angle (31°) and the spread angle (30°), which gives a very large spreading of the
gas. In comparison, spread angles of 20° or 10° will result in gas-covered areas of
33.5 and 7.7 mm’, respectively.

outer radius

inner radius

clearance to the substrate
clearance to the e-beam
nozzle angle

spread angle

R IV

A

gas covered region (A)

Figure 5. Schematic illustration of the nozzle parameters affecting the gas covered
area, A. The figure is adapted from Kohlmann et al.’
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Assuming evenly distributed precursor molecules in the area 4, the time to
deposit a platinum structure of height 4, t4¢p, 1 given by:

tdepzéhART ©)
pM,-C

where J and Mp, are the density and molar mass of platinum, respectively. As an

example, a 200 nm high platinum structure can be deposited in 8.2 min using a

spread angle of 20°.

There are several uncertainties included here; the spread angle is probably too
small, but in comparison the gas will be inhomogeneously distributed in the gas-
covered area, resulting in more precursor molecules closer to the nozzle opening.
In addition, diffusion of molecules along the substrate is not accounted for, and it is
assumed that pure platinum is formed, while in reality a platinum-carbon
composite will be formed. It is also assumed that the electron beam provides
sufficient amounts of electrons to reduce the platinum in the deposited precursor
molecules. However, the indicated f#4,, shows that a reasonable time scale is
achieved, with sufficient time to control the deposition, while still ensuring a
conveniently rapid process.

Results

Examples of the deposits on silicon substrates are shown in figure 6. The height of
the 10 min deposit was 200 - 300 nm, which is consistent with the calculations
above, while the area was approximately 300 x 350 nm. The height of the deposits
increased with increasing deposition time (figure 6b), as long as the drift in the
system was corrected for during the deposition. The 60 min deposit thus reached a
height of above 1 um, with a cross-section area of approximately 500 x 500 nm,
slightly larger than that of the 10 min deposit.

In addition to platinum, the deposits contained carbon (figure 6¢ and d). The
deposit was thus composed of a platinum-carbon composite. In figure 6d some lead
and titanium reflections were observed, which originate from PbTiO; nanorods that
were dispersed on the sample surface.

In figure 7 an example of contacts on a single nanorod is shown. The ends of
the nanorod were successfully contacted to the gold electrodes, with good control
of the location of the deposits. The varying height of the deposits was a result of
the drift correction, the height of the nanorod, and also a slightly inhomogeneous
deposition within the scanned area.

If the precursor was exposed to air before deposition, deposits did form, but
only carbon peaks were observed in the EDS spectrum of the deposits, without any
visible platinum peaks. This indicates that the precursor easily decomposed into
non-volatile platinum-containing species, in addition to carbonaceous species.
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Figure 6. (a)-(b) SEM images of platinum deposits on a silicon substrate made
using 10 min and 60 min depositon time. (a) Top-view. (b) 43° tilted view. (c)-(e)
EDS spectra of (¢) the 10 min deposit, (d) the 60 min deposit, and (¢) the silicon

Figure 7. SEM images of platinum deposits at the ends of a PbTiO; nanorod
located between to gold electrodes on top of a silicon substrate. The deposition
time was 10 min for each nanorod end deposit. (a) Top-view. (b) 43° tilted view.

117



Discussion

The results show that the EBID apparatus worked according to plan, depositing a
platinum-carbon composite at the desired positions on the sample. The ends of
single nanorods could be contacted to the gold electrodes with a satisfactory
precision of the deposit position. In addition, the height of the deposits could be
controlled, enabling deposit heights from 100 nm to above 1 pm.

The consistency between the calculations and results regarding deposit height
show that the calculations are reasonable. The gas flow, deposition time and
deposition height were successfully estimated, which helped the design and the use
of the system. The uncertainties in the calculations limit the calculation results to
estimates, thus, to increase the control of the morphology and position of the
deposits, calibrations based on actual results would be necessary.

The sensitivity of the precursor to oxidizing conditions necessitates careful
handling of the precursor container. The container was only opened in argon
atmosphere inside a glove bag to avoid exposure to air. However, for even better
control of the precursor purity it would be better to use smaller containers with just
enough precursor material for one deposition session (50 - 100 mg).

EBID is a technique that is applicable and useful within many areas of nano-
technology, especially for depositing metallic structures on a substrate. The
resolution of the deposits was sufficient for the present purpose, but for other
purposes increased control of the resolution can be necessary. This can be achieved
by mounting the EBID apparatus onto a field emission SEM instead of a regular
SEM. In addition, more advanced nanostructures can be obtained by using
automated control of the movement of either the electron beam or the sample stage.

Conclusions

Electron beam induced deposition of a platinum-carbon composite from a
molecular precursor has been demonstrated in this work. A home-made EBID
apparatus was constructed for the deposition and is described in detail. The height
and the position of the deposits were successfully controlled. Geometry-based
calculations were helpful to design the EBID apparatus and to estimate the
deposition time and the deposit height. The deposits were used to make electric
contacts between the ends of single nanorods and gold electrodes on a silicon
substrate.
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Abstract. 1D functional oxides at nm-scale are interesting for fundamental reasons and
promising for future applications. Here, ferroelectric PbTiO, nanorods, produced through a
hydrothermal process, have been studied in detail by transmission electron microscopy. The
length (up to one um) and the diameter (30-100 nm) as well as the growth direction ([001]) of
the nanorods could easily be determined using conventional imaging and electron diffraction
techniques. However, variations along the length of the rods were clearly visible in the bright
field images. Steps on the outer surfaces of the rods could be identified using energy filtered
transmission electron microscopy and spectrum imaging thickness maps. The thickness
variation parallel to the electron beam affected the bright field contrast and energy dispersive
spectroscopy of the nanorods. From cross-sectional specimens, it was determined that the outer
surfaces of the rods were dominantly {110} type, leading to a rectangular cross-section. The
cross section diameter of the rods was reduced by the introduction of {100} surfaces. In
addition, the cross-sectioned specimen revealed the presence of internal channels in the growth
direction, especially in the bottom part of the rods. Such a detailed structural description of the
nanorods was necessary to study the possible ferroelectric domain structure and to reveal the
growth mechanism of the rods.

1. Introduction

Ferroelectric materials such as the tetragonal perovskite lead titanate (PbTiO,, unit cell parameters a =
b =390 A and ¢ = 4.15 A) are highly interesting to the electronics industry in for example non-
volatile memory devices. The ferroelectricity of PbTiO, arises due to an overlap of the lead and
oxygen shells, resulting in a net polarization along the ¢ ([001]) direction. In order to implement
PbTiO, and similar materials into devices, an understanding of the properties of the materials at the
nanoscale is vital. It is for example well known, although not completely understood, that PbTiO,
becomes less ferroelectric and less tetragonal as the size of the material decreases. The introduction of
reduced dimensionality such as in thin films or nanorods may therefore affect the ferroelectric
properties of the material. At the nanometer scale, surface and internal defects may also alter the
ferroelectricity by introducing screening charges and pinning centers for domain walls. Hence, the
understanding of the connection between size, dimensionality, structure and ferroelectricity is
important for the use of the material in future applications.

(© 2008 IOP Publishing Ltd 1 141
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2. Experimental details

PbTiO, specimens were prepared through a relatively simple hydrothermal synthesis route using Pb-
Ti-citrate sol as precursor and the surfactant sodium dodecylbenzene sulfonate (SDBS). More details
on the synthesis can be found elsewhere [1,2]. The resulting powder products were prepared for
transmission electron microscopy (TEM) studies by two different sample preparation methods. Some
of the powder was dispersed in ethanol and ultrasonically dispersed in order to separate the rods. The
ethanol with the powder was then dripped on to a holey carbon grid before left to dry, resulting in a
side-view of the nanorods as they land flat on the carbon film. The second technique was to embed the
powder in epoxy before microtoming to slices of a thickness of approximately 50 nm, measured by the
ratio of inelastic to elastic scattering by the use of electron energy-loss spectrometry (EELS). This
second sample preparation technique resulted in a cross-section view of the rods.

The specimens were studied in a Philips CM30 and a JEOL2010F microscope, both operated at
200 kV. The CM30 was used for bright field (BF) and dark field (DF) imaging as well as selected area
electron diffraction (SAED). The 2010F was fitted with a GIF2000 spectrometer for energy filtered
imaging (EFTEM) and spectrum imaging (SI) thickness mapping, and was in addition used for high
resolution electron microscopy (HREM) and energy dispersive x-ray spectroscopy (EDS, Oxford
INCA).

3. Results
The powder sample consisted of microspheres with rods pointing out from the surface, as seen in
figure 1a. Both microspheres and rods were found by EDS and SAED to be pure tetragonal PbTiO,.
The growth direction of the nanorods was determined by HREM imaging and SAED of the side-
view specimen to be the ¢ direction, parallel to the polarization direction. HREM and SAED results of
a typical rod are shown in figure 1. The diameters of the rods varied between 30 and 100 nm, with a
decrease in diameter towards the end furthest away from the microsphere. The rods were up to one
micrometer long.

[0101

100 am
(@) (b) (d)

Figure 1: (a) BF image of microsphere. (b) BF image of rod with (c) HREM image of the tip and (d)
SAED pattern showing a growth direction of [001].

The outer surfaces of the rods were determined through HREM imaging of the cross-section
specimen, as shown in figure 2 after tilting to the [001] orientation. Figures 2a-c show typical cross-
sections, revealing that the surfaces are situated dominantly on {110} planes. {100} planes are the
second most common surface planes, often seen to cut the corners of the {110} surfaces, as pointed
out with black arrows in figure 2b. Examples were found where the surfaces were not situated along
any major crystallographic planes, one of which is given in figure 2d. The cross-sections of the rods
showed that a majority of the rods contain tunnels that extend through the thickness of the cross-
section specimen, in the ¢ direction of the rods. These internal defects seem to outline building blocks
of approximately 10 by 10 nm which the rods were composed of. This is clearly visible in the cross-
section depicted in figure 2c. These building blocks aligned and assembled perfectly in the ¢ direction
of the rods, while they were in several cases found to grow together with a small mismatch (less than
one degree) in the lattice directions perpendicular to the growth direction. Cross-sections with
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rectangular outer surfaces had in general less internal defects such as tunnels and rotational mismatch
between building blocks than irregular shaped cross-sections.

As the specimen was cut at arbitrary places along the rods during cross-section sample preparation,
EFTEM thickness mapping and SI line scans at different positions along the rods were used to
determine the shape evolution from the thinner end (tip) to the end connected to the microsphere
(bottom) end of the rods. It was found that the shape of the rods was more regular at the tip, while the
bottom usually has a more irregular cross-section shape. The shape development of one rod is shown
in figure 3. The thickness plots in figure 3b may indicate that the rod was square at the tip, while the
bottom had a more complex shape. The difference between the two lower graphs may be interpreted as
due to the introduction of {100} surfaces.

Figure 4 shows the BF image and EDS line scan measurements on a rod with a tunnel, illustrating
how the BF contrast and intensity of the EDS signal varied with the cross-section shape of the rod.

In order to examine the possible 180" domain structure of the rods by TEM, a series of dark field
experiments, as described in reference [4], were performed, in which no clear domain structure could
be revealed.

@ ) T © )

Figure 2: [001]-oriented HREM images of cross-sections of rods. (a) — (c): The surfaces are
predominantly along the {110} crystallographic planes, while in (d) a more irregular shape is found.
The black arrows in figure (b) point to {100} surfaces.
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Figure 3: (a) BF image and (b) thickness profiles of a rod, showing how the shape varies from the tip
of the rod (1) to the bottom (3).

4. Discussion

It is clear that the growth mechanism for these rods is not dominated by the classical atom-by-atom
picture. Rather, a mesocrystal growth explanation [3] is proposed. According to this theory,
nanocrystals agglomerated into microspheres as a first step of the process, while other nanocrystals
ripened to achieve well-defined surface planes and assembled to form the rods in a second step. It was
found that the surfactant was vital for this second step to occur [2], and it was believed that
polarization present in the building blocks was an important reason for the one-dimensional growth.
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The tunnels and holes in the ¢ direction arose as the building blocks grew together with a small
rotation mismatch or due to deviations from a perfectly rectangular shape. These deviations became
fewer toward the tip of the rods, which could be ascribed to a ripening of these building blocks before
they were attached to the rod.

The reason for the inconclusive DF experiments was the irregular shape of the rods, with the
varying thickness and surface steps as well as the tunnels and rotation of building blocks all gave
unwanted diffraction and thickness contrast which masked any contrast from 180" domains. A further
complication arose as domains were visible only when viewed edge-on, that is, when the wall is
parallel to the electron beam. In addition, the ferroelectricity and domain structure itself could be
expected to vary from needle to needle due to domain wall pinning to the tunnels and the internal
defects possibly creating screening charges. Further domain structure experiments are in progress and
will be performed on more homogeneous rods.

The two sample preparation methods used in this study combined gave a full 3D picture of the
nanorods. This was essential for the understanding of the structure of the rods and the interpretation of
DF and BF image contrast as well as variations in the EDS signal. Similar 3D information was also
available from more advanced techniques such as EFTEM (more noisy) thickness mapping or SI (less
noisy).
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Figure 4: (a) BF image of rod. (b) SI (grey) and EFTEM (black) thickness profiles and (c) EDS
linescan signal of two places along the rod (X-X (top) and Y-Y (bottom) in figure a), showing a clear
correlation between the EDS signal and the shape of the rod.

5. Conclusion

Detailed TEM characterization of PbTiO; nanorods has been performed to reveal the shape, the
growth direction and the internal structure of the rods. This was achieved by two different sample
preparation methods providing a side-view as well as a cross-section view of the rods which,
combined with thickness mapping techniques, provided a 3D view. The defects in the rods, such as
tunnels, rotation of building blocks creating internal defects and surface steps, affected both BF and
DF contrast and the EDS measurements and must be fully characterized before attempting to resolve
the ferroelectric domain structure of the rods.
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Appendix IV

Fabrication of sample device and proposed setup for
piezoresponse force microscopy study of single nanorods
using an axial dc bias setup

Background

As discussed in chapter 3.2.3. in the introduction, there exist some limitations in
the conventional piezoelectric force microscopy (PFM) setup (figure 1a) for in-
plane study. Because of the concern for electric breakdown and the localized nature
of the electric field, whenever a high bias is needed for in-plane polarization
switching or a sample segment needs to be uniformly polarized, the conventional
PFM setup is incapable. Wang et al.' have reported a setup where the dc bias is
applied along the length direction of a nanorod (figure 1b). The ac bias is still
applied through the atomic force microscopy (AFM) probe tip, but the dc bias used
to switch the in-plane polarization of the nanorod is applied directly between the
two ends of the nanorod. This provides in-plane polarization control while
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Figure 1. Schematic illustration of (a) the biasing condition in conventional PFM
of nanorods, and (b) the axial dc biasing setup in the study of Wang et al.' The
figure is adapted from Wang et al.'
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simultaneously allowing the study of ferroelectric hysteresis and shear
piezoresponse of a nanorod with PFM.

We were interested in using this technique to study the ferroelectric and
piezoelectric properties of single PbTiO; nanorods. However, because of
experimental challenges and insufficient time, a sample device was not completed
within the time limit for this thesis, so the PFM studies using an axial dc bias setup
will be a topic for future work. Here we describe the efforts that were done to
fabricate a sample device and the ideas for the setup that were developed.

Fabrication of sample device

An electrode pattern of gold on silicon was made as follows. A layer of 10 nm Ti
and thereafter a layer of 50 nm Au were electron beam evaporated (Pfeiffer
Vacuum Classic 500) onto a 4 inch silicon wafer (V.S.I.). The Ti layer was
important for the adherence of the Au layer. The wafer was cut into ~8 x § mm®
substrates. The substrates were washed in isopropanol in an ultrasonic bath for
1 min to remove small particles directly before a resist layer of polymethyl
methacrylate (PMMA, 4 % in anisole, MicroChem) was spin coated onto the
substrate at 4000 rpm for 50 s. The substrates were thereafter soft baked on a
hotplate at 180 °C for 90 s. An approximately ~500 um wide line was made in the
resist layer across the middle of the substrate by a diamond knife, exposing the
gold film. To make an electrode pattern, parts of the resist layer located close to the
line were then exposed to an electron beam at 20 kV with typical area dose
170 uC/cm’ in a scanning electron microscope (SEM, Zeiss DSM 940), using a
Raith ELPHY Plus nanolithography system and software. The exposed area was
400 x 400 um®. A typical electrode pattern is shown in figure 2. The pattern was

Figure 2. SEM images of a typical gold electrode pattern on a silicon substrate.
The area marked with A in (a) was used for the wire bonding. The image in (b)
shows an enlarged view of the upper left part of the finger structures in (a).
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composed of an array of electrode finger structures (upper half in figure 2a) and an
area without any structures (lower half in figure 2a) which was used for the wire
bonding. The finger structures were 5 um wide and 180 um long. The gap between
two finger structures was 0.5 - 1 pm. The exposed resist was developed for 30 s in
a 1:3 methylisobutylketone:isopropanol solution (MicroChem). The substrate was
then rinsed for 120 s in isopropanol, blown dry with nitrogen gas, and hard baked
on a hot plate at 100 °C for 90s. The exposed gold layer was removed by
immersing the substrate in aqua regia (1:3 HNO;:HCI by volume) for 3 x 15 s with
water rinsing after each immersion. The remaining resist layer was removed by
immersing the substrate in acetone in an ultrasonic bath for 5 min. The exposed Ti
layer was then removed by immersing the substrate in a 1:1:20 HF:H,0,:H,O
solution for 1 min.

A dispersion of PbTiO; nanorods was made by adding 0.1 g of the product
from the hydrothermal synthesis™ into 30 mL ethanol (96 %). The dispersion was
sonicated by an ultrasonic probe for 5 min at 10 % amplitude (Branson Digital
Sonifier). The larger particles in the dispersion (microspheres™’) were removed by
decanting after sedimentation for 1 h. The nanorod dispersion was dropped onto
the gold electrode pattern on a silicon substrate.

The samples were studied with scanning electron microscopy (SEM, Hitachi
S-3400N) to locate single nanorods that stretched over the gap between two finger
electrode structures. Suitable nanorods were electrically contacted to the gold
electrode finger structures by depositing platinum/carbon composite upper
electrodes at the ends of the nanorods by electron beam induced deposition of
(trimethyl)methylcyclopentadienylplatinum(IV)  (Aldrich, >98 %) using a
homebuilt EBID apparatus in a JEOL JSM-840 SEM.* Figure 3 shows SEM
images of a PbTiO; nanorod lying across a gap between two electrode finger
structures, with platinum deposits at the ends of the nanorod.

The part of the electrode pattern without finger structures (marked with an A
in figure 2a) was contacted to the other half of the gold film (across the 500 um
wide line dividing the gold film) by wire bonding with a 25 pm diameter gold wire.
However, the thin gold film (50 nm) made the wire bonding difficult. A gold film
of 100 nm or up to 200 nm would be better for the wire bonding process. However,

Figure 3. SEM images of platinum deposits at the ends of a PbTiO; nanorod
located between to gold electrode finger structures on top of a silicon substrate. (a)
Top-view. (b) 43° tilted view.
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the etching step may then become more problematic because of uneven etching at
long etching times.

As the wire bonding has relatively low accuracy and can easily destroy or
short-circuit the electrode finger structures, a method to fabricate a sample device
without using wire bonding would be beneficial. For instance, using electron beam
lithography also to make the line dividing the gold film into two electrode parts,
would make it possible to fabricate the finger structures directly between the two
main electrodes, avoiding wire bonding and securing good electric contact. This
concept is shown in figure 4.

Figure 4. Schematic illustration of a possible electrode structure if electron beam
lithography is used to make the dividing line between the two main electrodes.

Proposed setup for PFM using an axial dc bias setup in the AFM

To use the sample device for PFM study with an axial dc bias setup, each gold
electrode side of the finger structure has to be electrically contacted to an external
dc bias source. A proposed setup is shown in figure 5. One electrode is contacted to
the conducting AFM sample holder with silver paste. The AFM sample holder is
contacted to the dc bias source via an electric wire fastened to the AFM sample
holder by a metallic screw. The other electrode is connected to the dc bias source
via a metallic spring which is connected to an electric wire. To prevent electric
contact between the metallic spring and the AFM sample holder, a Teflon spacer
and a Teflon screw are used to fasten the spring and the wire. This setup secures
good electric contact between the electrodes and the dc bias source, and prevents
electric contact between the electrodes.
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Figure 5. Proposed setup for studying piezoelectricity and ferroelectricity in single
nanorods with PFM using an axial dc bias setup.
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