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Nanostructured Ferroelectrics: Fabrication and Structure—

Property Relations

Hee Han,* Yunseok Kim, Marin Alexe, Dietrich Hesse, and Woo Lee*

With the continued demand for ultrahigh density ferroelectric data storage
applications, it is becoming increasingly important to scale the dimension

of ferroelectrics down to the nanometer-scale region and to thoroughly
understand the effects of miniaturization on the materials properties. Upon
reduction of the physical dimension of the material, the change in physical
properties associated with size reduction becomes extremely difficult to
characterize and to understand because of a complicated interplay between
structures, surface properties, strain effects from substrates, domain nuclea-
tion, and wall motions. In this Review, the recent progress in fabrication and
structure-property relations of nanostructured ferroelectric oxides is sum-
marized. Various fabrication approaches are reviewed, with special emphasis
on a newly developed stencil-based method for fabricating ferroelectric
nanocapacitors, and advantages and limitations of the processes are dis-
cussed. Stress-induced evolutions of domain structures upon reduction of the
dimension of the material and their implications on the electrical properties
are discussed in detail. Distinct domain nucleation, growth, and propaga-
tion behaviors in nanometer-scale ferroelectric capacitors are discussed and
compared to those of micrometer-scale counterparts. The structural effect of
ferroelectric nanocapacitors on the domain switching behavior and cross-talk
between neighboring capacitors under external electric field is reviewed.

Valasek in 19200 and in BaTiO;,? ferroe-
lectric complex oxides have been extensively
investigated due to their attractive physical
properties that can be exploited for many
real-life applications.>~"l Most applications
of ferroelectric oxides are based on the
simple capacitor structure, in which a fer-
roelectric material is sandwiched between
a pair of electrodes. The high dielectric
permittivity of ferroelectrics has been
utilized to make capacitors with tunable
capacitance, the physical sizes of which are
much smaller than those of conventional
dielectric (non-tunable) capacitors of com-
parable capacitance. Pyroelectricity origi-
nating from a temperature dependence
of the spontaneous polarization has been
utilized for ultrasensitive infrared detec-
tors. On the other hand, piezoelectricity
has made materials applicable to high-
performance actuators, vibration sensors,
and other devices. Among the many attrac-
tive physical properties of ferroelectric
oxides, the reversible spontaneous electric

1. Introduction

Ferroelectricity is a property of materials that means they exhibit
spontaneous electric polarization that can be reversed by an
external electric field. Ferroelectric materials are required by
symmetry considerations to be also piezoelectric and pyroelec-
tric. Since the discovery of ferroelectricity in Rochelle salt by
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polarization has recently attracted much
attention, especially in the research field
aimed at non-volatile data storage devices.

With ever-increasing demand on portable consumer elec-
tronic devices with ultrahigh-density data storage and low
power consumption, the miniaturization of ferroelectric capaci-
tors has become an important issue. It has been equally impor-
tant to understand the effects of size reduction on the ferroelec-
tric properties. Upon reduction of the physical dimension of
the material, however, understanding the fundamental physics
becomes extremely difficult because of a complicated interplay
between surface properties, strain effects from substrates, and
size reduction. To thoroughly understand the basic physics of
nanostructured ferroelectrics, size effects originating not only
from the thickness of the material, but also from the lateral
dimension need to be investigated, i.e., both thickness and the
lateral size effects.

Most previous studies on the thickness-related size effect
have been dedicated to 2D ultrathin films. This research trend
originated from the recent large advances in electrical charac-
terization, relevant theories, and deposition techniques. The
latter involve, e.g., in situ controlled molecular beam epitaxy
(MBE) and pulsed laser deposition (PLD) combined with reflec-
tion high energy electron diffraction (RHEED).['>'7] Tt has been
experimentally and theoretically explored that periodic domains
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with opposite polarization direction and conducting electrodes
can stabilize ferroelectricity, even in ferroelectric films with
a thickness of three and six perovskite unit cells, which indi-
cates that a fundamental limit on the thickness of ferroelectric
thin films has been overcome or may not exist.'>17] However,
only a few studies focusing on the lateral size effect have been
reported because of the difficulties not only in fabricating struc-
turally well-defined ferroelectric nanostructures, but also in
characterizing the physical properties on the nanometer length
scale.l'8-22]

This article gives an overview on recent advances in nano-
structured ferroelectric complex oxides, focusing on the fabrica-
tion and the structure—property relationships of nanocapacitors
and nanoislands. Various approaches that have been employed
so far for the fabrication of ferroelectric nanostructures are
reviewed and the advantages and limitations of the respective
processes are discussed. A promising approach for the realiza-
tion of extended arrays of ferroelectric nanocapacitors is pre-
sented. The strain-induced evolution of domain structures in 2D
continuous ferroelectric thin films and 0D discrete ferroelectric
nanodots and its implications for the electrical properties, such
as piezoresponse, are discussed. Individual data addressability,
retention, and switching uniformity of extended arrays of fer-
roelectric nanocapacitors are presented. Domain switching in
nanometer-scale ferroelectric capacitors was observed to be dif-
ferent from that of micrometer-scale counterparts. A recently
proposed phenomenological model that may explain domain
nucleation, growth, and propagation in ferroelectric nanocapac-
itors is presented. The discussion also covers cross-talk between
neighboring nanocapacitors under external bias, which should
be systematically investigated for a successful development of
reliable non-volatile data storage devices.

2. Fabrication of Ferroelectric Nanostructures

The electrical properties of nanostructured ferroelectric oxides
are very sensitive to the compositional homogeneity, the crystal-
line quality, and the physical dimension of materials.'®-?! For
thorough understanding of the intrinsic properties of nanostruc-
tured ferroelectrics, one should be able to control the shape
and size of the materials at will, engineer the lattice strain at
the interface of a ferroelectric oxide and the underlying sub-
strate, and arrange materials on a substrate of considerably
large size for practical applications of ferroelectrics to ultrahigh
density non-volatile memories. Correspondingly, the fabrication
approach should meet the following basic requirements: i) the
method itself needs to be cheap and easily accessible, allowing
for an easy control of the size and shape in the sub-one-hundred
nanometer region as well as mass production of desired struc-
tures with a narrow size distribution and ii) the approach is
required to be high-temperature compatible. To date, various
approaches have been employed for the fabrication of structur-
ally well-defined ferroelectric nanostructures.?-%%l The fabrica-
tion strategies so far can be classified into two broad groups:
top-down and bottom-up approaches. In the following sections,
we give an overview on some of the recent advances in the fab-
rication of nanostructured ferroelectric oxides. We discuss the
advantages and limitations of the conventional top-down and
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bottom-up approaches. Some attempts to resolve the issues in
conventional nanofabrication processes will also be discussed,
focusing on our recent approach to realize extended 2D arrays
of ferroelectric nanocapacitors by properly combining the var-
ious merits of conventional processes. Various approaches for
fabrication of nanostructured ferroelectrics of nanocapacitor
and nanoisland types are summarized in Table 1.

2.1. Top-Down Approaches

Top-down approaches are based on the reduction of feature
size through etching or removal of material from a large struc-
ture. The approach mainly relies on lithography processes by
utilizing energetic particles such as photons, ions, or electron
beams. It includes focused ion beam (FIB) milling and electron
beam (EB) direct writing (EBDW) of a metalorganic precursor
film followed by high-temperature annealing for crystallization
as shown in Figure 1.26-33]

The FIB technique is one of the most popular methods for
fabricating ferroelectric nanocapacitors with controlled feature
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Table 1. Various approaches for fabrication of nanostructured ferroelectrics of nanocapacitor and nanoisland types.

Approach Advantages Disadvantages Minimum Size Type Reference
(nm)
Top-down FIB High resolution Surface damage 70 Island Capacitor [24,26-29]
Use of high quality film Low throughput
Uniform size and array
EBDW High resolution Volume shrinkage 70 Island [24,30-32]
Uniform size and array Shape change
No etching process Low throughput
EB-litho High resolution Surface damage 100 Island Capacitor [33,34]
Uniform size and array Low throughput
Etching process
Bottom-up CSD Easy process Difficulty in uniform <10 Island [23,24,36-42,46,48,60]
Easy to generate various size, array, and shape
size and to access to
extremely small size
MOCVD Easy process Difficulty in uniform <10 Island [24,37,43,44,59]
Easy to generate various size, array, and shape
size and to access to
extremely small size
PLD Easy process Difficulty in uniform <10 Island [24,37]
Access to extremely size, array and shape
small feature
Modified Bottom-up Registered depo Uniform size and array Lithoprocess 50 Island [49,56]
Low throughput
Mask-assisted depo  Uniform size and array Mask fabrication 40 Island Capacitor [50-55,64,84]
on large area process
Easy process
High crystallinity
Block copolymer Uniform size on large  Difficulty in uniform 20 Island [57,58]

area
Easy process

Access to extremely
small feature

array and shape

size and shape (Figure 1a). The process starts with a pre-grown
ferroelectric capacitor with a film stacking configuration of top
electrode/ferroelectric/bottom electrode layers, which can be
grown with an excellent quality by employing well-established
methods, e.g., PLD or metal-organic chemical vapor deposition
(MOCVD). A thin protecting layer of platinum is deposited on
the entire surface of the top electrode. Subsequently, capacitors
of a desired shape and feature size are generated by ion-beam
milling of the chosen area down to the bottom electrode. The
diameter of the ion beam can be as small as 6 nm and thus the
process allows easy access to the ferroelectric nanocapacitors
with feature sizes smaller than 100 nm. The advantage of FIB-
based nanofabrication for practical applications of ferroelectric
ultrahigh density non-volatile memories is that the process does
not substantially alter the chemical composition of the starting
ferroelectric material. A first successful implementation of such
a FIB process was made in 1999 by Ganpule et al., who realized
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the fabrication of ferroelectric Pb(Nbg 421, ,8Tip6s)O; and
SrBi,;Ta,04 (SBT) capacitors with sizes ranging from 1 um? to
0.01 um?2.12% Since then, FIB has become a useful technique for
investigating structure—property relations of micro- and nano-
scale ferroelectrics. From comparative studies on the electrical
properties, Nagarajan et al. found that FIB-processed discrete
ferroelectric nanostructures exhibited an enhanced piezore-
sponse compared to the 2D thin film counterpart due to the
reduced substrate clamping effect.?® Schilling et al. observed
quadrant-type fine 90° stripe domains in FIB-processed BaTiO;
nanostructures and suggested that the observed domain evolu-
tion is a consequence of the minimization of energy associated
with uncompensated surface charges.?! In spite of such suc-
cessful application examples, FIB-based nanofabrication has
inherent drawbacks originating from the physical removal of
complex oxide ferroelectrics and also from the serial nature of
the process. High-energy massive ions employed for milling give
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Figure 1. Two typical examples of top-down approach for nanostructured
ferroelectrics: a) focused ion-beam (FIB) milling and b) EB direct writing
(EBDW). Schematics of the respective nanofabrication processes (upper
panel) and representative scanning electron microscopy (SEM) images
of the resulting nanostructures (lower panel). Reproduced with permis-
sion.[263% Copyright 1999, American Institute of Physics.

rise to damage of the oxide lattice at the etched surfaces, which
is the major cause of serious deterioration of electrical proper-
ties. The side surfaces of FIB-generated ferroelectric nanostruc-
tures are often contaminated with undesired materials due to
redeposition of the etch products and due to an implantation of
the beam material, e.g., gallium, which becomes serious as the
feature size of the ferroelectrics decreases.

The EBDW technique is another useful mask-less top-down
method and has widely been employed for generating metallic
or oxide nanostructures (Figure 1b). The process starts with
a metal-organic precursor thin film. Chemical reactions are
locally induced in the metal-organic thin film by irradiation
with an EB that has sufficient energy and dose, and the desired
patterns are impressed by scanning the EB over the sample sur-
face. The patterns are developed by dissolving the unexposed
area in a specific solvent. Subsequently, the resulting metal-
organic mesas are transformed into ferroelectric oxide by high-
temperature annealing, during which a change in the original
shape of the mesas takes place due to densification or volume
shrinkage.’”l Alexe et al. demonstrated the fabrication of peri-
odic patterns of ferroelectric SBT and Pb(Zr,;Tiy3)O3; (PZT)
with a pattern density of ca. 1 Gbit cm™2.3% The generated fer-
roelectric nanostructures were polycrystalline with grains of
20 nm diameter or less. From piezoresponse force microscopy
(PEFM) investigations, they found that the fabricated ferroelectric
nanoislands exhibit negative vertical shifts of the piezoelectric
hysteresis loops, which was attributed to the pinned domains
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both at the free surface and at the ferroelectric/electrode inter-
face.BY The thicknesses of the pinned layers were estimated to
be ca. 35 nm for the free surface and 10 nm for the ferroelec-
tric/electrode interface. These results imply that for practical
applications polycrystalline ferroelectric nanoislands need to be
larger than 70 nm. Using conventional EB lithography,
Bithlmann et al. fabricated PZT nanoislands with different
feature sizes and found that ferroelectric nanoislands with fea-
ture sizes below 300 nm exhibit very high piezoresponse.?’!
The observed enhancement in the electrical properties was
attributed to the vanishing of a-domains in nanometer-scale
ferroelectrics. The origin of such enhancement needs to be
further explored by systematic investigations on the evolution
of the domain structure as a function of dimensions of ferro-
electric oxides in the nanometer length region.

As discussed above, top-down approaches provide a good
opportunity for resolving the issues of precise positioning and
tight control of the shape and size of nanostructured ferro-
electrics, enabling to some extent investigations of structure—
property relationships. However, enormous challenges remain
to be overcome due to drawbacks originating from the serial
nature of conventional top-down processes, in particular
the time-consuming and low-throughput character of these
processes.

2.2. Bottom-Up Approaches

Bottom-up approaches are based on naturally occurring self-
assembly of atoms, molecules, or nanoparticles for the reali-
zation of ferroelectric nanostructures. The approach provides
several distinct advantages over top-down based nanofabrica-
tions. It allows one to easily access the critical size of fer-
roelectric materials, below which ferroelectricity vanishes
completely, i.e., the superparaelectric limit. In addition, the
processed ferroelectric nanostructures are single crystal-
line and free from lattice defects near the surface. However,
bottom-up based nanofabrications have limitations in terms
of control of size and shape as well as precise positioning
of nanoscale ferroelectrics because they rely on either ther-
modynamically driven reorganization or self-assembly
processes.

Typical bottom-up approaches for ferroelectric nanostruc-
tures include chemical solution deposition (CSD) (Figure 2a)
and MOCVD (Figure 2b). They utilize the microstructural
instability of thin precursor films at high temperatures driven
by the tendency to minimize their interface energy between
the film and the underlying substrate when the film thickness
is below a certain threshold.[36-42446.60] The initial film thick-
ness, the annealing temperature, and the crystallographic
orientations of the substrate are known to determine both
the size and shape of the resulting ferroelectric nanostruc-
tures.?¥44 In general, ferroelectric nanograins with relatively
uniform size and shape can be obtained from ultrathin pre-
cursor films by high-temperature annealing for an extended
period of time.

Roelofs et al. reported that CSD-grown PbLTiO; (PTO)
nanograins undergo a phase transition from ferroelectric to
superparaelectric, losing their ferroelectricity, when their lateral

Adv. Mater. 2011, 23, 4599-4613
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Figure 2. Two typical examples of bottom-down approach: a) chemical
solution deposition (CSD) and b) metal-organic chemical vapor deposi-
tion (MOCVD). Schematics of the respective nanofabrication processes
(upper panel) and representative SEM images of the resulting ferroelec-
tric nanostructures (lower panel). SEM image in panel (a) reproduced
with permission.*!l Copyright 1999, American Institute of Physics. SEM
image in panel (b) reproduced with permission.*®l Copyright 2003, Japan
Society of Applied Physics.

sizes are below 20 nm.* On the other hand, Fujisawa et al.
reported that even much smaller nanostructures can exhibit
ferroelectricity by showing that an MOCVD-grown PTO nano-
island (thickness = 1.7 nm, diameter = 38 nm) exhibits ferro-
electric polarization reversal. They further suggested that the
critical volume of nanostructured PTO is in the range between
6 x 10> nm? and 1.9 x 10* nm3.* More recently, Han et al.
performed comprehensive investigations on the size effect and
also on the structure—property relationships of CSD-grown
PTO nanoislands by using synchrotron X-ray diffraction (XRD)
and PFM. They observed a sharp increase in piezoresponse as
the size of PTO decreased, which was attributed to the reduced
substrate clamping effect and also to the reduced a-domain
contribution.! The effect of misfit dislocations at the inter-
face between the CSD-grown ferroelectric nanoislands and the
underlying oxide substrate on the polarization instability was
systematically investigated by high-resolution transmission
electron microscopy (HRTEM).*®l The interfacial dislocations
turned out to interact with ferroelastic twin walls, resulting in
immobile twin walls under an external electric field.*! This
complex interplay of substrate clamping and interfacial dis-
locations should account for the low mobility of twin walls in
continuous epitaxial films. Correspondingly, misfit engineering
is essential for guaranteeing stable ferroelectric polarization in
nanoscale ferroelectrics.
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Figure 3. Selective growths of ferroelectric nanoislands via a) registered
deposition and b) pulsed laser deposition (PLD) of ferroelectric mate-
rials through a gold nanotube membrane. Schematics of the respective
processes (upper panel) and representative microscopy images of the
resulting ferroelectric nanoislands (lower panel). AFM image in panel
(a) reproduced with permission.’¥l SEM image in panel (b) reproduced
with permission.’? Copyright 2005, American Institute of Physics.

2.3. Modified Bottom-Up Approaches

There has been much effort to develop a novel method
which combines advantages of both top-down and bottom-up
approaches where nanosized ferroelectrics are grown selec-
tively in predefined locations.**->8 The selective growth can be
realized by preferential registration of ferroelectric materials
onto a prepatterned seed as shown in Figure 3a.[*>>% For the
registered deposition, arrays of TiO, dots have been widely
employed as seed patterns because TiO, dots trap the PbO mol-
ecules, resulting in enhanced nucleation rate for PTO. TiO, pat-
terns can be easily generated by conventional EB lithography.
Deposition of ferroelectric materials onto TiO, seed patterns
was carried out by either sputtering or CSD.

Another attractive method for selective growth of ferro-
electrics is a mask-assisted physical vapor deposition (PVD)
as schematically shown in Figure 3b. In this approach, metal
membranes with hierarchically organized arrays of nanotubes,
hexagonally close-packed arrays of microspheres, and oxide
membranes perforated by nanoholes can be used as stencil
masks for the deposition of ferroelectric materials.®®-**l One-
step deposition of ferroelectric materials through the masks
simply generates 2D ordered arrays of ferroelectric nanostruc-
tures with uniform size and shape on the entire surface of the
substrate, thus allowing one to utilize conventional bulk char-
acterization tools (e.g., XRD) for structural characterization.
Most recently, block-copolymer micelles have been employed

wileyonlinelibrary.com

4603



4604 wileyonlinelibrary.com

ADVANCED
MATERIALS

Makies

www.advmat.de

for ultrahigh density arrays of PTO nanograins with uniform
diameter (=2 nm) and thickness (=7 nm) on a single crystal
substrate. PTO precursors can be incorporated into the cores of
self-ordered arrays of micelles, and transformed into crystalline
ferroelectric PTO upon annealing at high temperature. PTO
nanograins with extremely small volume (=2.6 x 10° nm?) are
characterized by highly c-domain structures and exhibit distinct
piezoresponse. 8!

The approaches mentioned above have inherent disadvan-
tages in that they require a post-annealing process at high tem-
perature for the crystallization of ferroelectrics. However, such
a post-annealing process is often accompanied by undesired
changes of shape or volume of the resulting ferroelectric nano-
structures, which becomes serious as the feature size of ferro-
electrics decreases.

2.4. Hard-Mask-Based Approach for Ferroelectric
Nanocapacitors

Metal-insulator-metal (MIM) stacking configurations of capac-
itors have been mainly realized by top-down approaches, i.e.,
sequential depositions of metal top electrode material and
oxide insulator material onto a bottom metal electrode and the
milling of multilayers. Recently, Evan et al. developed a non-
lithographic process to demonstrate the fabrication of ferroelec-
tric nanocapacitors that consist of Au top-electrode/ferroelectric
film/Pt hard-nanowires embedded in nanopores of anodic alu-
minum oxide (AAO).°!! Each Pt hard-nanowire separated by an
insulating oxide matrix serves as a bottom electrode for local
polarization switching in the upper ferroelectric film under
an external electric field. Although the approach and demon-
strated capacitor structure may be a new conceptual ferroelec-
tric nanoscale memory, there are inherent limitations in terms
of individual addressing of information on each bit and lateral-
field overlapping through the ferroelectric film under external
bias.[6263]

Recently Lee et al. reported a novel process for the fabrica-
tion of physically separated ferroelectric nanocapacitors on
large area with high degree of 2D spatial ordering by utilizing
ultrathin AAO hard masks.°¥ The excellent thermal stability of
ceramic AAO masks offers an advantage in that ferroelectric
materials can be in situ deposited at crystallization temperature.
In addition, the facile controlling capability of pore diameter
and interpore distance of the AAO provides a large degree of
freedom for fabricating uniform ferroelectric nanostructures
with tailor-made size and density (up to 0.2 Tbit in.”?). In gen-
eral, porous AAO masks with pore size ranging from 20 nm
to 400 nm and pore density ranging from 5 x 108 cm™ to
3 X 10'° cm™2 can conveniently be prepared by simple electro-
chemical oxidation of aluminum.® By utilizing nanoporous
AAO as a mask for PLD of PZT materials, two different types
of ferroelectric nanocapacitors (i.e., film-type nanocapacitors
and island-type nanocapacitors) were prepared (Figure 4) and
the structure—electrical property relationships of the respective
capacitor types were systematically investigated.

A film-type nanocapacitor consists of Pt-island top elec-
trode/PZT thin film/Pt film bottom electrode (Figure 4a). On
the other hand, an island-type nanocapacitor is composed of
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Figure 4. Schematics of fabrication procedures for two different types of
PZT nanocapacitors: a) film-type nanocapacitors (Pt-top electrode island/
PZT film/Pt bottom electrode) and b) island-type nanocapacitors (Pt-top
electrode island/PZT dot/Pt-bottom electrode).

a Pt-island top electrode/PZT island/Pt film bottom electrode
(Figure 4b). The deposition temperature was found to affect the
migration of PZT particles during the PLD process. At a low
temperature (e.g., 300 °C), the PZT material piles up on the
surface of the nanoporous oxide mask and eventually blocks the
pore mouths. At a high temperature (e.g., 500 °C), on the other
hand, PLD of PZT material does not block the pore mouth due
to enhanced mobility of the adsorbed PZT particles on the sur-
face of the oxide mask. Extended arrays of PZT nanoislands on
a desired substrate could be obtained by simply lifting off the
stencil mask after PLD deposition.

Figure 5a,b show cross-sectional transmission electron
microscopy (TEM) images of a) arrays of PZT nanoislands and
b) a single PZT nanoisland that is marked with a white rec-
tangle in panel (a). HRTEM analysis of the sample indicated
that PZT nanoislands were grown epitaxially and single crystal-
line. Contrary to the nanostructures fabricated by conventional
top-down methods, PZT nanostructures are free from lattice
damage at the surface or chemical contamination because of
the in situ deposition of materials at crystallization temperature
followed by simple lift-off of the oxide mask.

Extended arrays of ferroelectric nanocapacitors can also be
obtained by sequential deposition of materials into the nano-
porous oxide mask. A representative cross-section TEM image of
ferroelectric nanocapacitors with a stacking configuration of Pt/
PZT/Pt on MgO(100) substrate is shown in Figure 5c, in which
the interface between the 10-nm-thick Pt top-electrode and the
PZT is denoted by a white solid line. The inset in Figure 5c is
a fast Fourier transform image of the PZT nanoisland. Selected
area electron diffraction (SAED) analysis manifested epitaxial
relations between layers (i.e., PZT/Pt and Pt/MgO(100)) as
shown in Figure 5d,e. The epitaxial growth and the ferroelectric
phase could also be confirmed by synchrotron XRD by taking
advantage of the large sample dimension.

Adv. Mater. 2011, 23, 4599-4613
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20 nm

Figure 5. Cross-section TEM images of a) arrays of PZT nanoislands grown on Pt/MgO(100), b) a PZT nanoisland, and c) a Pt/PZT/Pt nanocapacitor.
Selected area electron diffraction (SAED) patterns obtained from the interfaces of d) Pt/MgO and e) PZT/Pt. Reproduced with permission.l

3. Electrical Properties of Ferroelectric
Nanocapacitors

3.1. Structure—Property Relationship in Island-Type
Nanocapacitors

Ferroelectrics consist of domains where the spontaneous polar-
ization is uniformly oriented; between the domains, domain
walls exist.%-% In the case of tetragonal ferroelectric films
grown on cubic substrates, there are two kinds of domains:
c-domains and a-domains where the spontaneous polarization
is out-of-plane and in-plane, respectively. Domain structures
and wall movements are closely related to the electrical prop-
erties of ferroelectrics. Hence, understanding of domain struc-
ture (relative volume fraction of ¢- and a-domains, their spatial
distributions and scaling of domain size) and domain dynamics
(nucleation of domains and domain wall movement) is essential
for practical applications of ferroelectrics.’®7? In particular, as
interest in nanostructured ferroelectrics increases, much atten-
tion has recently been paid to the evolution of domain struc-
tures at the nanoscale and their implications for the electrical
properties. In this context, great effort has been made in the
last few years to investigate the domain structures of nanostruc-
tured ferroelectrics and to characterize the electrical properties,
and thus numerous papers have been published.[?+2>73-82]

The studies on nanoscale domains have been widely car-
ried out using the PFM technique.”>’¥ This technique is
based on probing the strong coupling between polarization and
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electromechanical behavior. Because PFM is performed in AFM
contact mode, where a conductive tip is electrically biased for
probing electromechanical coupling, it can provide intrinsically
high spatial resolution and high localization of electric field at
the junction between the tip and ferroelectric surface. In addi-
tion, its easy implementation, effective manipulation, and con-
trol of nanoscale domains and local spectroscopy capabilities
make it a well-suited tool for nanoscale ferroelectric studies and
thus it has been giving opportunities for non-destructive visu-
alization of domain structures in ferroelectrics and testing the
electrical properties of nanoscale ferroelectric structures. One
of the special characteristics of PFM is its capability to detect
the polarization state through the top electrode of a ferroelectric
capacitor, which makes it possible to study, on the nanoscale,
the statics and dynamics of domain structure under a uniform
electric field and, thus, allows the direct imaging of domain
nucleation and growth and a thorough understanding of the
mechanisms that govern these processes.”’]

In an attempt to study the evolution of domain structures in
nanostructured ferroelectrics, recently various forms of single
crystal free-standing ferroelectric nanostructures have been
fabricated by direct FIB milling.®-#2 It was clearly shown by
scanning TEM that the orientation of polarization is so sensi-
tive to the local morphology of the nanostructured ferroelectrics
that the local non-axial polarization direction can be controlled
to a certain extent in terms of the minimization of depolarizing
field. In addition, the domain size was smaller in 3D structures
than in 2D thin films of comparable thickness, which suggests
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Figure 6. Contour plots obtained by reciprocal space mapping (RSM) of
a) a PZT thin film grown on Pt/MgO(100), b) PZT nanoislands grown on
Pt/MgO(100), obtained near the PZT (001) reflection, and c¢) HK plane
mesh of PZT (100). Panel (a) reproduced with permission.3 Copyright
2010, American Institute of Physics. Panels (b) and (c) reproduced with
permission. 4

that the role of domains and domain walls can be enhanced in
the new 3D architectures, the more the scaling of domain size
is correlated to the scaling in other domain-related properties
such as coercive fields and switching kinetics.

The evolution of domain structures in ferroelectric
0D-islands epitaxially grown on a single crystalline underlying
layer was systematically investigated by synchrotron XRD.[6483]
Figure 6a,b show the HL-plane scans of a) a 40 nm-thick PZT
thin film and b) 40 nm-thick PZT nanoislands with lateral
size of 60 nm grown on Pt/MgO(100). In the contour plots,
PZT (001) and (100) reflections correspond to c-domains and
a-domains, respectively. Both structures consist of a major frac-
tion of c-domains and a minor fraction of a-domains. In the
case of the PZT thin film, the shape of the a-domain reflections
appears to be branching off diagonally to both sides, while the
shape of the a-domain reflections in PZT nanoislands appears
to be rather flat. This tendency has been observed in epitaxial
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ferroelectric films where the strain state of the film changes
from compressive to tensile. Through further investigations of
a-domain structures, it was revealed that the domain evolution
in OD discrete ferroelectric nanostructures is different from
that in 2D continuous ferroelectric films as shown in Figure 6c.
Unlike for the case of a continuous film where the a-domains
are tilted by a certain angle with respect to the substrate plane
to maintain the a/c twin boundary coherence,®! discrete PZT
nanoislands exhibit non-tilted a-domains whose [001] axes are
aligned parallel to the plane of the underlying substrate.®
This observation agrees with a recent experimental finding
from 100-nm-sized PbTiO; patterns epitaxially grown on Pt/
MgO(100) and can be attributed to a rather high degree of misfit
strain relaxation in nanometer-sized ferroelectric islands.®
The role of a-domains is of importance because the move-
ment of a-domains in ferroelectric films under external electric
field is known to be able to contribute extrinsically to the fer-
roelectric properties. However, the switchability of a-domains
remains still controversial. It was reported that various defects
(e.g., grain boundaries or dislocations located at the film/sub-
strate interface) or strong clamping imposed by underlying sub-
strates can limit the switching of a-domains in ferroelectric thin
films. 4660858601 On the other hand, there are reports that evi-
dence the switching behavior of a-domains in ferroelectric films
under external electric field by removing the factors limiting the
domain switching.®”~%%l Chu et al. showed that since the inter-
facial dislocation core could act as a potential barrier on field-
induced domain switching, stable polarization reversal could be
achieved by removing the interfacial dislocations.*?! Xu et al.
reported that a-domains could be strongly pinned in a ferroelec-
tric film with thickness and grain size below 2 pm and 100 nm,
respectively. However, as the film thickness became thicker
(>5 um) with grain size above 2 pum, then a-domains were
found to be switched by an external electric field, leading to an
extrinsic contribution to the piezoelectric properties.®! Recently
Kim et al. demonstrated that as the thickness of MOCVD-grown
PZT films increased, the population of a-domains in the films
also increased and the a-domains were able to be switched to
c-domains, enabling a large contribution to the enhancement
of the piezoelectric coefficient.®® They also found that domain
structures of MOCVD-grown PZT films could be divided into
three different regions (i.e., a c-domain-dominant region with
periodic arrays of twin domains, an a-domain-dominant region,
and a mixed region with both an a—c domain structure in the
upper layer and an a -domain structure in the lower layer).
Among the three different domain regions, mixed domain
structures were found to have the largest piezoelectric coef-
ficient due to a-to c-domain switching under external electric
field.®% The elimination of substrate clamping by reducing the
lateral dimension, creating discrete features, also gives rise to
the displacement of a-domains and thus to an enhancement of
the piezoelectric coefficient. As previously mentioned, Bithlman
et al. showed that the enhancement of piezoresponse in sub-
micrometer-sized PZT islands could occur due to the removal
of a-domains during the thermal annealing.** Similar to this
result, Nagarajan et al. showed that considerable enhancement
of electrical properties in patterned PZT capacitors could occur
due to the reduced substrate clamping effect in a way that
a-domains became highly mobile and thus contributed to the
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Figure 7. Piezoresponse hysteresis loops obtained by PFM measurements for a) T um x 1 um PZT island under different applied electric field and
b) 65-nm-sized PZT nanocapacitor (blue and red squares for first and second hysteresis operations) and 20 um x 20 um PZT capacitor (cross
marks). Panel (a) reproduced with permission.?®l Copyright 2003, Nature Publishing Group. Panel (b) reproduced with permission.[®3 Copyright 2010,

American Institute of Physics.

increase of piezoresponse.?¥! Figure 7a shows hysteresis loops
of the piezoresponse measured for a 1-um-sized PZT nano-
capacitor. The theoretically calculated piezoelectric coefficient
for a single-domain bulk PZT crystal is also shown in the figure
(red squares). A remnant piezoelectric coefficient of 87 pm V-1
was obtained by applying 8 V to the capacitor (blue squares). As
the applied voltage was increased to 20 V the piezoelectric coef-
ficient was 250 pm V! (black squares), which is three times
larger than the theoretically obtained value and five times larger
than the clamped value. Finally, the piezoelectric coefficient
decreased to 90 pm V™! under an applied voltage of 40 V due to
the removal of all a-domains from the capacitor (green squares).
By means of a simple analytical model it was also shown that
the effective clamping stress level of a 100-nm-sized pattern is
100 times lower than that of a 100-um-sized pattern.P! Similar
to the micrometer-sized ferroelectrics, the increase of piezore-
sponse was also observed experimentally in nanometer-sized
ferroelectrics due to the strain relaxation. Lee et al. reported
that 65 nm-sized PZT nanoislands (i.e., without a top electrode)
had a remnant piezoelectric constant of 100 pm V!, which is
comparable to theoretical values inspite of the small volume of
the nanoisland due to the rather low level of strain.l®! Figure 7b
shows piezoelectric hysteresis curves obtained from PZT nano-
capacitors with lateral dimensions of 20 um and 65 nm. In
the case of the nanocapacitor, uniform piezoelectric excitation
in the ferroelectric material can occur since the top electrode
can provide a homogeneous electric field underneath the fer-
roelectric and the electrical contact between the PFM tip and
the top electrode is improved. As shown in Figure 7b, the
squareness of the piezoelectric hysteresis loop of the PZT nano-
capacitor was improved compared to a PZT nanoisland without
top electrode. At the first hysteresis run, the piezoelectric con-
stant is about 130 pm V™! (solid squares), which is a higher
value than that of the PZT nanoisland without top electrode.
During the second hysteresis run, the piezoelectric constant
decreases down to 100 pm V! (open squares). This decrease of
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piezoelectric coefficient during the successive hysteresis opera-
tion can be attributed to the a-domain switching caused by the
strain relaxation in the PZT nanocapacitor, similar to the exper-
imental observation reported by Nagarajan et al. Switchable
a-domains under external electric field are assumed to be tilted
a-domains because the movement of non-tilted a-domains may
be hindered by stress. The piezoelectric constant of the 65-nm-
sized nanocapacitor is still 30% larger than that of the 20-um-
sized PZT capacitor (cross marks) due to the reduced substrate
clamping.

3.2. Data Addressability, Uniformity, and Retention Properties
of Island-Type Ferroelectric Nanocapacitors

For probe-based ferroelectric data storage media, the memory
density is determined by the size of the ferroelectric units
and their interdistance. Each element should be individually
addressable by a conductive probe for writing and reading the
data. In the probe-based data storage media the thickness of
the ferroelectric film and its coercive voltage should be small
enough for avoiding an overlapping of the electric field between
individual neighboring bits through the continuous ferroelec-
tric medium.l®] Woo et al. reported that the minimum stable
bit size would be equal to the film thickness, which means that
the density of data storage could be determined by the thick-
ness of the ferroelectric.’? However, ultrathin ferroelectric
films turned out to lead to significant size effects, such as sup-
pression of Curie temperature or domain pinning due to the
depolarizing field.'*1%] It was also reported that in the case of
film-type capacitor configurations, reducing the lateral dimen-
sion causes the coercive field to increase so significantly that
it becomes impossible to reverse the polarization.[3] Contrary
to the continuous ferroelectric medium, Lee et al. showed that
ferroelectric nanocapacitors, which were physically separated,
were individually addressable by a scanning probe microscopy
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Figure 8. Topography (a) and PFM images (b—d) of PZT nanocapacitors: b) initial state, c) after applying +3 V to two neighboring nanocapacitors,
and d) after back-poling by applying =3 V onto the left-side nanocapacitor. e) Topography and f) PFM image of large area arrays of PZT nanocapaci-
tors. The scan size is 3 um x 3 um. g) Topography (left column) and PFM image (right column) obtained after applying +5 V onto one nanocapacitor
and recorded at different periods of time. Panels (a—d) reproduced with permission.¥ Panels (e,f) reproduced with permission.®3 Copyright 2010,

American Institute of Physics.

(SPM) tip and showed good local switching behavior, enabling
one to obtain near Tbit in.”? of memory density.* Figure 8a—d
clearly demonstrate the individual addressability of each PZT
nanocapacitor by applying an external electric field via the
PFM tip (Figure 8a,b show topographic and piezoresponse
images of PZT nanocapacitors before switching, respectively,
and Figure 8c,d show after switching). Two neighboring nano-
capacitors were switched positively by applying +3 V. as shown
in Figure 8c. Then, one of the nanocapacitors was switched
back negatively by applying —3 Vg (Figure 8d). The switching
of domains under the external electric field did not affect any
other neighboring nanocapacitor. PZT nanocapacitors within
an extended 2D array were found to have a uniformity on large
area (3 pm X 3 um) as shown in Figure 8e,f in which z-ranges
of topography image and piezoresponse image are 71 nm and
18.2 V (a.u.), respectively. In addition, the stability of polari-
zation in PZT nanocapacitors was confirmed by a retention
test for a short period of time as shown in Figure 8g. Reten-
tion can be defined as the ability of the ferroelectric capacitor
to retain the stored charge. Topography (left column) and PFM
signal (right column) images are shown in Figure 8g. The ini-
tial state is shown in the top images. After switching a single
PZT nanocapacitor by applying +5 Vg, the 180° reversed state
was recorded at different periods of time. The PZT single nano-
capacitor, switched with dc bias, preserved the polarization for
74 h. Although the electrical tests above are not representative

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for all the properties required for practical data storage devices,
successful operation of each nanocapacitor under electric field
without any deterioration of properties would shed light on the
perspectives of applications of ferroelectric nanocapacitors.

3.3. Switching Dynamics in Film-Type Nanocapacitors

In the application of ferroelectrics to data storage devices, the
physical switching of the polarization by applying an external
electric field is the basic process. Accordingly it is essential
to study the fundamental physics of the domain switching
process, that is the kinetics of domain nucleation, domain
growth, and its relaxation. PFM is a most helpful technique
for such studies in the respect of high spatial resolution, non-
destructive measurement, easy access to nanoscale investiga-
tion, and application to high-density data storage.**% Many
researchers have put much effort into investigating the domain
switching behavior in micrometer-scale ferroelectric capaci-
tors by PFM.[®-1%7] Recently, Gruverman et al. suggested a new
approach for the study of domain switching dynamics, so called
step-by-step switching in which instant domain configurations
at different stages of the polarization reversal process are reg-
istered with subsequent imaging. This approach allowed the
direct study of nanoscale domain switching dynamics through
PFM measurement.[1%¢]
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The Kolmogorov—Avrami-Ishibashi (KAI) model is a classical
theory based on statistical analysis where nucleation occurs in
many different sites and considers the switching process as a
phase transformation and rate-limiting parameter. It provides
an adequate description of the domain switching dynamics of
single crystalline, epitaxially grown, and defect-free ferroelec-
tric films.1%-111 In real ferroelectrics, however, several types of
extended defects, including dislocations, domain boundaries,
grain boundaries, and oxygen vacancies, exist and therefore
the switching behavior does not follow the classical KAI model.
Li et al. found that in a ferroelectric epitaxial film with low or
zero density of 90° domain walls, the switching behavior well
obeys the KAI model. However, in a film with a high density
of 90° domain walls, the movement of 180° domain walls was
limited, thus the switching kinetics changed to a nucleation-
limited model, i.e., non-KAI model.™? Jo et al. also investi-
gated the polarization switching behavior in (111)-oriented PZT
polycrystalline films by pulse measurements. They showed that
the experimentally observed switching behavior of domains at
the late switching stage deviates from the best fit of the KAI
model prediction and is rather fitted well with a Lorentzian dis-
tribution. They attributed this result to a local field variation in
a disordered system due to dipole defects at domain pinning
sites.l'’3] In addition to macroscopic approaches, Gruverman
et al. reported that the switching mechanism of polycrystalline
PZT capacitors using the step-by-step PFM approach was found
to change from the initial nucleation-dominated process to the
lateral domain expansion at later stages, which means that the

(a)

(b)

www.advmat.de

classical KAI model does not provide sufficient description of
the slow switching stage.['!]

The switching dynamics in the nanoscale region of the
capacitor size can be also differently considered from the clas-
sical KAI model because a single defect may have a tremendous
influence on the nucleation and growth of domains even in epi-
taxial films. Most recently, Kim et al. successfully demonstrated
that switching dynamics in film-type ferroelectric nanocapaci-
tors did not comply with the KAT model.[14]

Figure 9a shows a PFM image of 2.5 x 2.5 um? epitaxial PZT
microcapacitor in which nucleation occurs randomly at many
different places and subsequent polarization switching pro-
ceeds via lateral domain wall motion inside the capacitor.''3 In
this case, the classical KAI model provides an excellent descrip-
tion of the switching dynamics. However, epitaxial PZT nano-
capacitors with a lateral dimension of 70 nm show different
switching behavior. As shown in Figure 9b, only one nucleus
was observed in the nanocapacitor. Figure 9c shows the respec-
tive schematic describing cross-sectional domain structures of
the PZT nanocapacitor at different pulse widths. The nucleus
was generated at the edge of the nanocapacitor, in the same
place in every measuring cycle. Subsequent domain growth
proceeds as a 1D lateral domain wall movement towards the
inside of the nanocapacitor. It is well-known that domain nucle-
ation most probably occurs in the same sites predetermined by
defects located at the film-electrode interface, rather than inside
the ferroelectric.''® The edges of capacitors which form an
interface of three different phases (metal, ferroelectric, and air)

Figure 9. PFM phase images of a) 2.5 um x 2.5 um PZT microcapacitor, b) 70 nm film-type PZT nanocapacitors, and c) schematics of domain con-
figurations in (b) under different pulse width and constant applied voltage of +2 V representing cross-sectional PFM images. Panel (a) reproduced
with permission.["] Copyright 2010, American Institute of Physics. Panels (b,c) reproduced with permission."' Copyright 2010, American Chemical

Society.
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Figure 10. Experimentally obtained data of the pulse width dependence
of normalized switched area for +1 V (blue triangles) and +2 V (black
squares) and their fitting by classical KAl model (green and red lines) and
non-KAI model (blue and black lines). Reproduced with permission.['4
Copyright 2010, American Chemical Society.

are expected to be more prone to defects than the bulk. In addi-
tion, the local electric field is higher at the edge of the electrode
than inside the capacitor. Therefore, the edge of the capacitor
should be the predetermined site for nucleation.

According to the KAI model, the following equation holds;

P(t)y=1— eXp[—(t—tO)n]

where P(t), t,, and n are the volume fraction of the switched
polarization at time ¢, the characteristic switching time, and a
geometric dimension of the domain growth, respectively. The
domain growth within PZT nanocapacitors is 1D, thus the
value of n should be 1. However, according to the result of
the above fitting to the data, i.e., of the time
dependence of the switched area obtained
experimentally based on the PFM images,
shown as blue triangles and black squares for
+1 V and +2 V, respectively, n was 0.29 (green
line) and 0.19 (red line) for the two different
applied voltages of +1 V and +2 V, respec-
tively, as shown in Figure 10. An effective
dimensionality of the domain growth under
1 is physically impossible, signaling that the
classical KAI approach fails to describe the
switching process in nanocapacitors.
Regarding the size of the nucleus, it is
known that in microcapacitors it is negligible
and thus the nucleation process should not
significantly influence the switched polariza-
tion. However, the size of the nucleus in the
nanocapacitor was found to be about 30-50%
compared to the entire capacitor area, which
indicates that nucleation and growth need to
be considered separately. On the other hand,
from the relationship of domain wall propa-
gation after nucleation with time, it was also
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found that the domain wall movement in a nanocapacitor does
not have a linear relationship with switching time, but rather a
logarithmic one, and the domain wall velocity is not constant.

From these different experimental observations, a new model
was derived!™ that describes domain switching dynamics in
ferroelectric nanocapacitors via a non-KAI process. Figure 10
shows good approximation of the new model on the switching
dynamics of nanocapacitors (blue line and black line for +1 V
and +2 V, respectively).

3.4. Cross-Talk Issue in Ferroelectric Nanocapacitors

Unexpected domain wall propagation towards neighboring
capacitors under an external electric field, i.e., cross talk, can
be a problem in the practical application of film-type nano-
capacitors to data storage devices. As previously stated,
switching starts at the edge of the nanocapacitor and then
the switched domain region propagates towards the inside of
the nanocapacitor under the external electric field. When a
high electric field is applied to the nanocapacitor higher than
a certain critical value, the switching can propagate out of the
target nanocapacitor through the continuous ferroelectric
medium. The cross-talk effect can be considerable in cases of
long pulse width and/or high pulse amplitude. Figure 11 sum-
marizes the effect of pulse amplitude on the switching stability
in film-type nanocapacitors. After back-poling the nanocapac-
itor (Figure 11a), various pulse voltages with fixed pulse width
were applied to the nanocapacitor. Domain switching began to
occur at the edge region at +1.5 V of 30 ms (Figure 11b). The
switched region was extended by increasing the pulse voltage
to +4 V and the domain switching was confined in the nano-
capacitor boundary as shown in Figure 11b—e. However, when
a higher pulse voltage (+6 V) was applied to the nanocapacitor,
the switched region propagated into the outer region, resulting
in the domain switching of neighboring nanocapacitors

Figure 11. PFM phase images of film-type nanocapacitors with a size of 70 nm. Scale-bar in
(d) is 50 nm. After applying —4 V and 40 ms for back poling, various voltages from +1.5 to
+6 V were applied to the center capacitor under constant pulse width (30 ms).
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4. Conclusion

For the realization of ultrahigh-density fer-
roelectric data storage devices and the clear
understanding of the ferroelectric size effect,
much effort has been made to develop a
robust approach to fabricate structurally
well-defined arrays of nanostructured fer-
roelectrics. For the last decade, considerable

Electric potential [V] Max: 0.100
slectrodes ! /e'ec'f’des\ [ advances in the fabrication and characteri-
0.06 o.0s zation of ferroelectric nanostructures have
H ! m pios 004 been achieved to an extent that extensive
b [ investigations on the structure—property
:m :m relationships became possible. This Review
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o5 05 domain evolution, its implications on the
e by electric properties, a new phenomenological
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Figure 12. Schematics of a) island-type nanocapacitors and b) film-type nanocapacitors and
FEM calculations of respective nanocapacitors. c,d) Electrical potential distribution and e,f) in-

plane electric field distribution.

and even a second neighboring nanocapacitor. This domain
switching behavior is repeated during the operation under the
same switching conditions.

A finite element method (FEM) calculation was carried out in
order to investigate the electric field distribution in the two dif-
ferent types of ferroelectric nanocapacitor systems: one is phys-
ically separated into island-type nanocapacitors (Figure 12a)
and the other is a continuous film-type nanocapacitor array
(Figure 12b). Voltages of 0.1 V and +0.1 V were applied to the
top electrodes of the outer capacitors and of the inner capacitor,
respectively. The bottom of both island and film-type nanoca-
pacitors has an electrical potential of 0.0 V. Both nanocapacitors
have a relative permittivity of & = 150 (for PZT). The electrical
potential and the in-plane component of the electrical field
are shown in Figure 12¢,e for electrodes on island-type nano-
capacitors and in Figure 12d,f for electrodes on film-type nano-
capacitors, respectively. From the simulation, it is obvious that
a uniform electric field distribution can be generated in phy-
sically separated island-type PZT nanocapacitors, leading to an
effective focusing of the electric field on the nanocapacitor, a
homogeneous domain switching behavior, and good piezoelec-
tric properties. Moreover, in the island-type nanocapacitors the
interference of the electric field through that of the neighboring
nanocapacitors can be avoided, as observed in the PFM
experiment. It can be concluded that island-type ferroelectric
nanocapacitors would be of use for practical application to
ferroelectric data storage devices.

Adv. Mater. 2011, 23, 4599-4613
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range of functional oxides in addition to fer-
roelectrics, e.g., to study domain dynamics in
nanoscale multiferroics or potential applica-
tions of nanosized oxide capacitors for resis-
tive memory (ReRAM) devices.
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