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Chemical solution growth of ferroelectric oxide
thin films and nanostructures
Nazanin Bassiri-Gharb,*a Yaser Bastanib and Ashley Bernalc
Chemical solution deposition (CSD) provides a low-cost, versatile approach for processing of thin
and ultrathin ferroelectric films, as well as short and high aspect ratio ferroelectric nanostructures.
This review discusses the state of the art in the processing of ferroelectric oxide thin films and
nanostructures by CSD, with special emphasis on nucleation and growth phenomena. The eﬀects of
choice of precursor solution, substrate and bottom electrode stack, and thermal treatment conditions
on the nucleation and growth are examined. Furthermore, methods to control ferroelectric thin film’s
microstructure, including phase content, texture, grain size and chemical homogeneity, are reviewed.
Lastly, current CSD-based methods for processing of ferroelectric oxide nanostructures are presented
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with special consideration of the structural development, as well as advantages and shortcomings
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associated with each method. Lead zirconate-titanate, Pb(ZrxTi1!x)O3 (PZT), and barium titanate,
BaTiO3 (BT), are used throughout the discussion, as specific examples for CSD processing of perovskite
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ferroelectrics.

Key learning points
" Summarize the current state-of-the-art in the synthesis of ferroelectric oxide thin films and nanostructures via chemical solution deposition (CSD).
" Describe the factors influencing the nucleation and growth mechanisms of CSD-processed ferroelectric oxide thin films, including precursor solution,
choice of substrate and (eventual) bottom electrode stack, and heat treatment conditions.
" Explain and discuss how diﬀerent parameters contribute to create the final microstructure of the CSD-processed ferroelectric thin films, including
crystallographic phase content and orientation, grain size, and density.
" Discuss current trends in chemical solution-based processing of ferroelectric nanostructures, with respect to patterning complexity and substrate
compatibility.

1. Introduction
Ferroelectric oxide thin films represent one of the best
approaches to achieve sensing and actuation on a small scale
due to their large piezoelectric response. This results in high
sensitivity sensors and high performance actuators with large
displacement capabilities.1 The largest electromechanical
response is often observed in perovskite solid solutions with highly
polarizable ions, for compositions close to phase boundaries.2
Furthermore, due to their high dielectric permittivity and large
remanent polarization, ferroelectric thin films are also extremely
a
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attractive for multi-layer capacitor and non-volatile memory applications.3 The final dielectric and electromechanical properties of
the films – and hence devices – directly hinge on the nano- and
micro-structural features such as local stoichiometry, grain
size, crystallographic orientation, and eventual presence of
paraelectric secondary phases and porosity. The often complex
chemistries of these materials, in addition to high volatility of
cations (such as Pb and Bi) at the required crystallization
temperatures, result in challenging processing parameters in
order to control nucleation and growth processes that regulate
the micro/nanoscale characteristics of these thin films. Such
challenges are further intensified in processing ferroelectric
nanostructures, where the geometric dimensions of the material
become comparable with the structural features.
Among the many methods available for processing of ferroelectric thin films and nanostructures, chemical solution
deposition (CSD) is possibly the one with the lowest capital
cost, while oﬀering high versatility for creation of a wide range
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of compositions, microstructures and ultimately properties.3
This paper reviews CSD-based processing of ferroelectric
oxide thin films and nanostructures with a detailed look at
their nucleation and crystallization characteristics. We start
with an overview of chemical solution deposition and the
three major factors influencing the nucleation and growth of
the ferroelectric thin films: precursor solution, substrate and
bottom electrode stack, and thermal treatment conditions.
This is followed by an examination of the diﬀerent elements
defining a thin film’s microstructure including phase
content, texture, grain size and chemical homogeneity. Finally,
we discuss some of the recent CSD-based approaches for
processing a range of ferroelectric nanostructures, with special
emphasis on the advantages and challenges associated with
each method.
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2. Chemical solution deposition of
ferroelectric oxide thin films
Ferroelectric oxide thin films are synthesized through both
physical and chemical deposition methods. Sputtering, pulsed
laser deposition, ion beam deposition and laser ablation are
among the physical deposition methods utilized.4,5 Chemical
deposition methods include chemical vapor deposition (CVD)
and chemical solution deposition (CSD) methods such as sol–gel
and metal–organic decomposition (MOD).3,6 Molecular beam
epitaxy is a combined chemical and physical deposition method
that has proved successful in processing ferroelectric oxide thin
films. CSD offers a number of advantages over other methods of
thin film fabrication, including comparatively low capital investment costs, good homogeneity and thickness uniformity over a
large area with minimal variations (r3%),7 as well as enhanced
compositional control.8
The fabrication of ferroelectric oxide thin films through CSD
is achieved through four basic steps (Fig. 1): (i) synthesis of the
precursor solution; (ii) deposition by spin or dip coating; (iii) a
low-temperature heat treatment (typically 300 to 400 1C) for
removal of the solvent and most of the organic components,
resulting in the formation of an amorphous film; (iv) densification and crystallization of the amorphous film into the desired
phase via a high temperature heat treatment (typically 600 to
850 1C, although the actual range is much wider and material
dependent). Step (iii) is usually referred to as ‘‘pyrolysis’’, due to
the fact that it results in the thermal (pyro) decomposition
(lysis) and in large part removal of the organic components
of the film. Similar fundamental steps are also used for CSD
processing of ferroelectric nanostructures as will be discussed
in more detail in its corresponding section. Nucleation events
often start during pyrolysis, while complete crystallization is
achieved only with the higher thermal treatment temperatures.
Hence, three major factors can be considered to contribute to
the creation of the film’s final microstructure: the precursor
solution, the substrate used, including the eventual bottom
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Fig. 1 Schematic representation of the fundamental steps in CSD preparation of ferroelectric oxide thin films: (i) synthesis of the precursor solution;
(ii) deposition by spin or dip coating; (iii) pyrolysis at intermediate-low temperatures; (iv) high temperature annealing and crystallization. Often, multiple
pyrolized layers are crystallized together. The deposition/pyrolysis/crystallization steps are repeated till the desired film thickness is obtained.

electrode stack, and the thermal treatment conditions, including thermal profile and processing atmosphere. The following
sections will discuss each of these elements and their correlation with the development of the film’s microstructure in
detail.
2.1

Precursor solution

The solvent and the chemical precursors used for the various
cations as well as the steps employed in the preparation of the
precursor solution dictate the specific procedures for handling
and storage of the solution. Even more importantly, they aﬀect
the final microstructure and properties of the produced films.
Specifically, deposition and thermal processing conditions
need to be fine-tuned for obtaining the microstructures that
would result in the desired material properties. Tuning of these
processing conditions is directly dependent on the specific
chemistries and routes employed.
The specific solvent used in the precursor solution and the
synthesis route aﬀect the extent of intermixing of the species,
the carbon content, the temperature at which the pyrolysis of
the organic content will occur, the densification and crystallization behavior, and in part stress development within the
film.8 2-Methoxyethanol (2MOE), methanol, and modifying
ligands such as acetic acid have been used in reported CSD
routes for processing of ferroelectric oxide thin films, although
solutions based on 2MOE are the most widely used. When
appropriately synthesized, 2MOE-bsed solutions oﬀer excellent
stability (with no precipitation after 2 years), control and
reproducibility of process chemistry, and exhibit minimal
aging eﬀects.8 On the other hand, these solutions have a rather
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long synthesis time and the toxicity of the solvent is a major
health concern.
The other prominently used chemical solution processing
route is chelate-based and was developed by Assink and
Schwartz.9 Better known as inverted mixing order ‘‘IMO’’, this
method is based on the use of methanol as solvent and acetic
acid or acetylacetone as the chelating agent. The main advantages of this route are its safety and simplicity, using relatively
benign solvents (methanol) and short processing times. However, IMO solutions are very sensitive to humidity, which leads
to quick aging of the solution, even when rigorous storage
processes are implemented. Ferroelectric thin and ultrathin
(r200 nm-thick) films with excellent dielectric properties have
been processed for a number of chemistries (e.g. lead zirconatetitanate, Pb(Zr,Ti)O3 (PZT), barium titanate, BaTiO3 (BT), and
barium strontium-titanate, (Ba,Sr)TiO3 BST) with both the
above-mentioned routes.3 The reader is referred to Brennecka
et al.3 for a detailed description of the solution preparation
processes.
Although these processing routes are well established, the
toxicity associated with the use of hazardous organic solvents
(such as the carcinogenic 2-methoxyethanol) in the CSD
methodology is definitively a long-term challenge.10 The toxic
hazard can be significantly lowered or even suppressed through
an entirely aqueous sol–gel route11 and/or a diol-based sol–gel
method.12 The polymer-assisted aqueous deposition of ferroelectric oxides has proved very successful for BaTiO3-based
films, while the preparation of Pb-based materials has been
limited. Current research efforts are focused on the optimization of the processing parameters for films with enhanced
functional properties.
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Almost independently from the precursor solvent, CSDfabricated film thickness varies quasi-linearly with the precursor solution’s concentration and the number of deposited
layers. Film thickness can also be tuned by the duration and
speed of the spinner in the spin coating method. Diluting
the precursor solution enables fabrication of ultrathin layers.
However, ultrathin layers deposited in a single step often result
in self-assembled nanostructures (see Section 4), or continuous
films that present a large density of pinhole defects, resulting
in large leakage currents or electrical shorts. Often, increasing
the number of deposited layers can result in a higher quality
film (by reduction of pinhole defects) and therefore enhanced
functional device yield.13 For example, through multiple depositions of dilute precursor solution, functional PZT films as thin as
9 nm have been processed on a platinized Si substrate.13
2.2

Chem Soc Rev

Fig. 2 Cracking and delamination of a ferroelectric oxide thin film grown
on a platinized Si substrate. (a) Localized detachment of the film from the
substrate, and (b) a delamination pattern with almost complete removal of
the oxide film, Pt and Ti adhesion layers. Underlying Si wafer in black contrast
(A); Pt and Ti residues in metallic contrast, sunburst pattern (B); ferroelectric
oxide film residues in light grey contrast (C). In order to accentuate the
delamination, both films have been briefly exposed to diluted HF (buﬀered
oxide etchant).

Eﬀects of the substrate and the bottom electrode stack

Ferroelectric oxide thin films have been fabricated on a variety
of substrates including Si, base metals (e.g. Cu, Ni), stainless
steel, and single crystal oxides such as MgO, LaAlO3, Al2O3 and
SrTiO3.14–16 The choice is in part dictated by compatibility with
the desired application of the thin film. The specific substrate
used determines also in part the choice of the eventual bottom
electrode material stack to be used. Furthermore, the substrate
also has a substantial effect on the state of the residual stress
and the domain structure of the ferroelectric film, and therefore its final dielectric and piezoelectric response.16
A large majority of the current literature on ferroelectric oxide
thin films is based on platinum-coated silicon as a substrate.
The selection of Si wafers as a substrate is in part due to the low
cost and availability of the Si, as well as the ubiquity of this
substrate in the CMOS applications. The relatively high processing temperatures required for processing ferroelectric oxides
(see Section 2.3) require inert materials for the eventual bottom
electrodes, in order to minimize substrate oxidation and interface reactions during crystallization of the ferroelectric film.
Therefore, common choices include Pt among metals, or conductive oxides such as IrO2, SrRuO3 and indium-tin oxide.17,18
To date, many of the technologically relevant ferroelectric
oxides, especially for electromechanical applications, are
Pb-based perovskite compositions. However, the high reactivity
of Pb with silicon can result in the formation of lead silicate in
the substrate and fluorite or pyrochlore type secondary phases
in the film, delamination from the substrate, and cracking of
films thicker than a couple hundred nanometers.19 Hence Pb
diﬀusion barriers are introduced in the bottom electrode stack,
the most common of which is micron-thick SiO2 layers.
However, challenging adhesion between Pt and SiO2 requires
the use of intermediate layer(s) in order to improve adhesion
and avoid Pt delamination from the substrate as a result of the
thermal treatment processes. The most common such adhesion layer is a thin layer (20 to 40 nm thick) of partially or fully
oxidized Ti. The resulting Pt/Ti/SiO2//Si structure is commonly
referred to as ‘‘platinized silicon’’. Unfortunately, while TiO2 is
a good adhesion layer, Ti is prone to diﬀusion at the high
processing temperatures. Ti diﬀusion through the Pt not only
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aﬀects the chemical composition of the ferroelectric, but can
also result in the destabilization of the adhesion, resulting in
cracking of the ferroelectric film and delamination from the
substrate (Fig. 2).3 Wurtzite ZnO has also been suggested as an
alternative adhesion layer, resulting in films with improved
cation homogeneity (Fig. 3).20 Platinized Si wafers are also
prone to show Pt abnormal grain growth (Pt hillocks) when
used for relatively long or high crystallization temperature
treatments, which results in larger local stresses. Pt hillocks
create local electric field concentration spots (local reduction in
ferroelectric film thickness), and therefore result in a reduction
of the overall functional device yield, especially in thinner
ferroelectric films.
As an alternative to Si, base metal bottom electrodes/substrates
have attracted much attention: base metals oﬀer low cost and
simple patternability, as well as low resistivity and added
functionalities, such as ferromagnetism and shape-memory
response.14 A major challenge for the use of such substrates
is prevention of interfacial oxidation and subsequent reactions.
Both conductive and nonconductive oxide buﬀer layers have
been reported to alleviate this problem. However, while nonconductive barrier layers (such as Al2O3 and ZrO2) are successful

Fig. 3 Composition maps of titanium ions through the thickness of Pb(Zr,Ti)O3
(top row) and BaTiO3 (bottom row) films deposited on Ti-buﬀered (a), TiOxbuﬀered (b and e), and ZnO-buﬀered (c and f) platinized silicon substrates.20
Copyright r 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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obtained films will largely depend on the lattice mismatch
between the ferroelectric film and the bottom electrode.
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Fig. 4 Schematic representation of the process space available for direct
CSD growth of PZT thin films on Cu substrates.14 Semi-transparent areas
represent conditions necessary to form phase-pure, uncracked PZT films
from each solution chemistry. The orange area in the bottom left corner
represents conditions necessary for maintaining an unoxidized copper
substrate. Reprinted with permission from ref. 14. Copyright 2008 American
Chemical Society.

in minimizing interfacial reactions between the high-permittivity
dielectric and the substrate, they dilute the overall dielectric
response of the films.3 Alternatively, appropriate synthesis of
the chemical precursor solution and careful control of the
oxygen partial pressure during crystallization allow direct
deposition of ferroelectric films on base metals with interfaces
devoid of reaction layers.14 Such ferroelectric films on base
metals exhibit properties comparable or superior to analogous
films deposited on noble metal or conductive oxide electrodes.14
Abrupt interfaces with the substrate for the BaTiO3 family of
ferroelectrics have been achieved by crystallization within a
specific window of temperature and oxygen partial pressure
aﬀording thermodynamic equilibrium between molecular
oxygen, (Cu or Ni) metal, and the cation elements present in
the ferroelectric oxide. However, a similar process has proved to
date elusive for important ferroelectric materials, such as PZT
or bismuth ferrite (BiFeO3), mostly due to the volatile cations,
lower crystallization temperatures, multiple crystalline phases,
and narrow equilibrium processing windows.3 For this class of
materials, oxygen contributions of both the processing atmosphere and the solution’s organic fraction should be accounted
for and controlled so that the interfacial reactions are mitigated
(Fig. 4).14
In addition to Si and base metals, single crystal oxides are
also used as substrates, which coupled with oxide electrodes
(e.g. SrTiO3/SrRuO3) can facilitate processing of (quasi-)single
crystalline ferroelectric oxide films even through chemical
solution processing.15 Reduced residual stresses, better control
of the crystalline texture of the films, as well as absence
(or reduced concentration) of grain boundaries in such epitaxially grown, (quasi-)single crystalline films are some of the major
advantages of using single crystal oxide substrates. However,
these advantages need to be evaluated against the higher costs
and reduced compatibility of these substrates with respect to Si
for integration with semiconductor and MEMS devices. Note
also that the actual grain size and texturing degree in the
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Processing conditions: temperature and environment

CSD processing typically involves two heat treatment steps:
pyrolysis and crystallization. Depending on the material system
and the concentration and type of the solvent used in the
precursor solution, pyrolysis requires exposure to temperatures
from 200 1C to 450 1C and for 30 seconds up to a few minutes.
Organic removal accompanied by major volume shrinkage
(up to 50% to 70% in the thickness direction) in the deposited
gel occurs during this step.8 Therefore, pyrolysis time, temperature and ramp rate control are important so as to avoid
cracking of the film, especially for the thicker samples. Additionally, pyrolysis temperature and environment can strongly
aﬀect the final texture of the film (see Section 3.2), as partial
nucleation of desired and secondary (intermediate) phases can
start during pyrolysis. Full crystallization takes place during
annealing at higher temperatures following the pyrolysis
step. In most cases, one to four film layers are deposited and
each pyrolyzed, before a single crystallization step is performed
to obtain an approximate thickness of up to 20 to 50 nm.3,21
The multiple layers’ concomitant crystallization is implemented both for the sake of reducing processing times
and in order to avoid large removal of cationic species (such
as Pb and Bi) that might be highly volatile at crystallization
temperatures.
The heat treatment profile directly aﬀects the grain size and
film densification (Section 3.3), as well as residual stress
development in the films. This profound impact can be understood in the framework of thermodynamic driving force for
crystallization. The thermodynamic driving force for transformation of the amorphous (as pyrolyzed) film into crystalline
ceramic is provided by the diﬀerence in free energy between the
two phases as shown in Fig. 5a.8 This driving force plays a
significant role in the type of the nucleation event that will be
active, and possibly preponderant, which in turn aﬀects the
final microstructure of the film. While this information does
not necessarily provide the transformation pathway the amorphous film undergoes, it is useful in understanding the eﬀect
that the driving force can have on the transformation process.
For example, crystallization at higher temperatures (closer to
the melting point) results in a lower driving force for the
transformation, as the free energies of amorphous and crystallized phases are closer to each other.8
The nucleation energy barrier is inversely proportional to
the square of the thermodynamic driving force, i.e. there is a
greater nucleation barrier when the driving force is small.8 The
energy barrier for heterogeneous nucleation (i.e. nucleation at
the interface or on the surface) is lower than that for homogeneous nucleation (nucleation in the bulk of the film) by a
factor dependent on the contact angle between the film and the
other interface.8 Considering all the above factors, the thermal
energy made available during heat treatment, at each temperature, defines which nucleation events will take place, and thus
directly influences the film’s microstructure (Fig. 5b).
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Fig. 5 (a) Schematic diagram of the free energies of a CSD derived
amorphous film, the ideal supercooled liquid, and a crystalline perovskite
phase.8 DGv is the thermodynamic driving force for crystallization.
(b) Schematic diagram of the activation energies for homogeneous (DGhomo)
and heterogeneous (DGhetero) nucleation events with respect to the available
energy (DGbudget), resulting in three distinct nucleation regions: in Region I,
no nucleation occurs as the available energy for amorphous to crystalline
conversion is below the minimum requirement for any nucleation event; in
Region II, activation of heterogeneous nucleation is seen; and in Region III,
both homogeneous and heterogeneous nucleation are active. Copyright
r 2004 Académie des Sciences. Published by Elsevier Masson SAS. All
rights reserved.

In thin films where crystallization temperature is only a
fraction of the ceramic melting point, the crystallization driving
force is large (see Fig. 5a), and therefore homogeneous nucleation is as probable as heterogeneous or interface nucleation,
usually leading to polycrystalline, equiaxial grains. Such is for
example the case of many BT films processed on platinized Si
substrates.22
For films that transform with small driving forces, the
energy barrier heights for diﬀerent nucleation events are large
and separated to a greater extent. This is also the case for
systems with an intermediate phase formation, before final
crystallization into the desired crystallographic phase: the
intermediate transformation reduces the thermodynamic
driving force by introduction of an intermediate step in the
free energy gap. This leads to interface nucleation for PZT films
on platinized Si substrates where interfacial nucleation is
preferred to bulk nucleation, resulting in a columnar assembly
of grains.23,24 Heterogeneous nucleation can however occur also
at the film’s surface under appropriate heat treatment conditions.
In films heat treated in conventional furnaces or using rapid
thermal processing tools, competing interface and surface nucleation will often result in a reduction of crystallographic texturing at
higher films thicknesses and, therefore, often lower dielectric and
piezoelectric response. However, surface nucleation has also been
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successfully leveraged for creation of columnar grain structures
through laser induced crystallization and subsequent rapid grain
growth towards the electrode interface.25 Laser heat treatment of
the amorphous film’s surface results in very localized temperature
increase, and hence changes the thermal budget and energy
barrier available for the nucleation and crystallization at the
surface with respect to the bulk or at the film-substrate interface.
This alternative method oﬀers excellent control over the nucleation process and has been used to synthesize highly textured PZT
with dielectric and piezoelectric properties comparable to those of
conventionally processed films.25
It is important to underline the fact that the annealing ramp
rate is also particularly important for materials with a wide
range of nucleation energies, especially at lower temperatures.
In rapid thermal annealing, the physical processes leading to
densification and crystallization of the film are delayed to
higher temperatures compared to conventional low ramp rate
methods such as annealing in conventional furnaces. Conversely, in low ramp rate annealing methods, nucleation and
growth start at lower temperatures and continue as the temperature rises. This wide processing window often results in
more than one type of nucleation and diﬀerent grain growth
rates that govern the final microstructure of the film and
possibly lead to randomly textured films.8
In addition to the temperature profile, the crystallization
atmosphere also strongly aﬀects ferroelectric oxide thin films’
crystallographic texture and phase purity. The latter is especially
aﬀected for materials where crystallization is mediated by an
intermediate phase formation. For example, an oxidizing atmosphere during crystallization of PZT thin films can mitigate the
formation of intermetallic Pt3Pb and stabilize the formation of
the pyrochlore phase. Conversely, reducing atmospheres can
stabilize Pt3Pb and stabilize the formation of the perovskite
phase.26 Additionally, control of the oxygen partial pressure
during heat treatment is of particular importance in the processing of oxide films on base metal electrodes and substrates, in
order to prevent interfacial reactions as discussed in Section 2.2.
For material systems containing volatile cations such as Pb,
intense (oxygen or inert) gas flow will result in a reduction of the
vapor pressure of the volatile compound below the dissociation
of the mixed oxide.27 Therefore, intense gas flows often promote
increased evaporation of such chemical species, resulting in
secondary phase formation in the proximity of the film surface.

3. Microstructural development of
ferroelectric oxide thin films
With a strong tie between microstructural characteristics and
functional properties, it is vital to control phase purity, film
density, crystallographic texture, and chemical homogeneity of
the ferroelectric oxide thin films. As discussed in the previous
sections, the microstructure development stems from nucleation and growth processes that often start in pyrolysis and
are completed during crystallization. Crystallization of ferroelectric oxide films, specifically those with perovskite structure,
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Fig. 6 (a) Formation of surface pyrochlore due to Pb evaporation at crystallization (a.i) and the use of PbO surface-coating to obtain a pure perovskite
film (a.ii). (b) Islands of pyrochlore phase (indicated by red arrows) formed on the surface of a PZT thin film grown on a platinized Si substrate. (c) Proposed
sequence of formation and disappearance of Pt3Pb and pyrochlore phase during crystallization of solution deposited PZT thin films.29 Py indicates the
pyrochlore phase. Reprinted with permission from ref. 29. Copyright 2013, American Institute of Physics.

is usually nucleation limited, as growth processes are typically
extremely fast (one to a few seconds).23,28 Hence the final
microstructure of the films is often determined by the processing conditions at lower temperatures and ramp-up part of the
thermal treatment (see Section 2.3). The following sections
discuss in detail the development and control of some of the
most common microstructural characteristics of ferroelectric
oxide thin films processed by CSD.
3.1

Phase purity

Phase content and distribution play a critical role in determining the final properties of ferroelectric oxides. For example,
the presence of eventual paraelectric phases is detrimental to
both dielectric and piezoelectric response of ferroelectric
thin films. The crystallization pathway and formation of intermediate phases, stoichiometric control of the volatile species
and chemical interactions between the film and the substrate
during the heat treatment are the major factors determining
the final phase content of the ferroelectric oxide films.8,29
In perovskite-structured, PbTiO3-based, solid solution ferroelectric films, crystallization often proceeds through an intermediate disordered fluorite phase, which in case of suﬃcient
cation ordering sometimes exhibits pyrochlore structure.3 This
intermediate phase subsequently transforms into the thermodynamically stable perovskite phase at higher temperatures.3
However, the fluorite phase can become stabilized in the
proximity of surfaces and interfaces where the loss of highvolatility cations (Pb, and eventually Bi) is more accentuated.
Ferroelectric compositions with such highly volatile cations are
often over-batched for these elements with respect to stoichiometric requirements. In PbTiO3-solid solutions, precursor
solutions often have excess Pb content between 5 and 20 mol%,

This journal is © The Royal Society of Chemistry 2014

and in extreme cases up to 40%. The specific amount of overstoichiometric Pb is dependent on the thickness of the single
layer being pyrolized, the number of layers crystallized
together, as well as the thermal treatment conditions. These
variables determine not only the diﬀusion length-scale for
the cations but also the amount of surface cation volatility,
and therefore the surface Pb loss during thermal treatment
processes.3 Pb deficiency generally leads to unwanted
secondary fluorite phases (e.g. A2B2O7!x) remaining in the
final microstructure of the film, severely degrading the
final dielectric and piezoelectric response.3 This is due to
the relative ease with which intermediate fluorite phases can
accommodate greater deviation from stoichiometry with
respect to the perovskite structure. Conversely, excess Pb can
result in the presence of PbOx accumulation at the grain
boundaries or on the surface, adversely aﬀecting films’ breakdown field and resistivity. Surface PbOx is often removable with
a quick acetic acid etch.
In the case of PZT (pure or doped), intermediate fluorite
phase formation during crystallization can be used to eﬀectively control the Pb content of ultrathin films by using
stoichiometric or under-stoichiometric Pb-content precursor
solutions.3 While Pb content is self-adjusted to the more stable
perovskite phase within the bulk of the thin film, the surface
volatilization of Pb results in a pyrochlore-phase surface layer.
The surface pyrochlore can be transformed into perovskite
phase by reaction with a PbO layer subsequently deposited
and appropriately heat treated over the crystallized film
(Fig. 6a). This method allows for the use of limited amounts
of Pb (even sub-stoichiometric) in the original precursor
solution, resulting in very limited Pb reaction with the substrate
and the bottom electrode stack.
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Identification of secondary phases is often performed via a
combination of X-ray diﬀraction, electron microscopy and
characterization of the dielectric and/or piezoelectric responses
of the films. Specifically, X-ray diﬀraction is inadequate for
identification of fluorite phase,30 if of low crystallinity, or present in small volumes (approximately o5%), and PbO inclusions. Existence of clustered small grains, mostly decorating
the grain boundaries and/or on the film surface, typically of
diﬀerent contrast with respect to the larger perovskite grains, is
often an indication of secondary phases in scanning electron
microscope (SEM) images (Fig. 6b). Degradation in the dielectric
and piezoelectric properties is expected to occur at the same time.
Secondary phases such as lead oxide can also result in increased
conductivity and dielectric loss, especially when present at grain
boundaries throughout the film thickness.
Chemical interactions between the film and the bottom
electrode stack also play an important role in the phase content
and texture development of ferroelectric films. Pb diﬀusion
through the Pt bottom electrode into the adhesion layer in
platinized silicon substrates results in additional Pb depletion,
and in severe cases can lead to cracking and/or delamination
from the substrate.3 PtxPb (generally 3 r x r 7) are metastable
intermetallic phases that can form under reducing conditions
such as those often experienced at the film–electrode interface
during heat treatment. Although this intermetallic phase disappears at higher temperatures during annealing, it can affect
the films’ texture development (Fig. 6c).29,31 Similarly, Ti from
the adhesion layer can diffuse through the Pt electrode to form
a Pt3Ti intermetallic phase at the electrode–film interface,
affecting the chemical composition as well as the texture
development of the film.
3.2

Texture and crystallographic orientation

Dielectric and piezoelectric responses of ferroelectric materials
are often strongly anisotropic. As a result, in order to optimize
dielectric or piezoelectric response it is vital to control ferroelectric thin films’ crystallographic texture. In bulk single
crystal PbTiO3-solid solutions (e.g. lead magnesium niobatelead titanate, (1 ! x)Pb(Mg1/3Nb2/3)O3-xPbTiO3, PMN-PT), the
largest piezoelectric response (d33) is observed on the rhombohedral side of the morphotropic phase boundary (MPB) when
the crystal is cut and poled along the [001] direction (pseudo
cubic indices). Similarly, in textured thin films of comparable
composition, larger piezoelectric responses are observed for
films with [001] texturing with respect to [111] or randomly
textured films.2
Crystallographic texturing in thin films is a direct consequence of nucleation and growth during the heat treatment
process, and therefore depends on many factors influencing
the competing heterogeneous and homogeneous nucleation
energies, as well as preferential growth directions. Such factors
include but are not limited to substrate and bottom electrode
materials, presence of eventual seed layers, formation of possible intermediate phase(s), heat treatment profile, local and
global chemical composition, oxygen and organic content in
the amorphous film, and crystallization environment.26,28,29,31

2132 | Chem. Soc. Rev., 2014, 43, 2125--2140

Chem Soc Rev

Fig. 7 Schematic representation of texture development as a function of
pyrolysis temperature in PZT films grown on platinized Si substrates. After
ref. 3. r 2010 The American Ceramic Society.

CSD processing of many ferroelectric oxides is strongly
nucleation controlled, due to fast growth kinetics.2 Therefore
a careful control of the nucleation processes can result in
textured, columnar grains. An appropriate choice of the single
crystalline oxide substrate and/or the textured electrode with
good lattice match with the ferroelectric perovskite can result in
wide processing windows for textured ferroelectrics.
Ferroelectric oxides such as PZT on platinized silicon substrates often acquire the texture of the underlying electrode
(i.e. (111)PZT on (111)Pt), through heterogeneous nucleation at
the interface.2 In general, the texture of PZT films on platinized
silicon substrates is strongly correlated with the pyrolysis
temperature as shown in Fig. 7.3 At lower pyrolysis temperatures, texture development is controlled by heterogeneous
nucleation (lower activation energy) at the interface with the
substrate, resulting in (111)-oriented films for films on (111)
platinized Si (Region 1). Formation of fluorite crystallites at
higher pyrolysis temperatures and heterogeneous nucleation at
the film surface result in a growth-controlled final texture,
leading to highly (100)-textured films when h100i is thermodynamically the fastest growth direction23 (Region II). At even
higher pyrolysis temperatures, wide-spread nucleation at the
surface, at the interface with the bottom electrode, as well as
within the bulk of the film results in randomly oriented grains
(Region III).3 Such pyrolysis temperature control can be used to
texture thin PZT films (up to 60 nm thick for each crystallized
layer). Such thin and highly oriented layers can be used as a
template to texture thicker films through subsequent layer
deposition and heat treatment.21,24 (100)-Textured films have
also been processed by CSD, leveraging thin sputter-deposited
PbTiO3 (PT) or PbO seed layers.2 Similarly, the use of TiOx seed
layers can enhance nucleation of (111) textured PZT films,2
by further reducing the heterogeneous nucleation activation
energy.
Thin, textured PZT and PT films can be also used as seed
layers to template the texture of other perovskite ferroelectric
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oxide films such as PMN-PT.23 Ideally, the use of homogeneous
seed layers, i.e. of the same composition or a subset of the
composition of the ferroelectric material of interest, is preferred: for example, PT and TiOx are easily incorporated into
PZT or PMN-PT films after crystallization of the ferroelectric
films. A careful composition selection for the precursor
solution(s) can result in very limited chemical composition
variation of the final film, even locally. For example, in order
to compensate for the presence of additional PT, a slightly
more Zr-rich (with respect to the target PZT composition) and
over-stoichiometric Pb-content PZT precursor solution can be
used for the first processed layer(s). The composition of
the precursor solution used for the subsequently deposited
layers is then stoichiometric with respect to the desired Zr/Ti
ratio. On a separate note, although grain size is in part
influenced by the choice of the seed layer, the reported diﬀerence in the dielectric and piezoelectric response of films
processed with diﬀerent seed layers is often minimal, especially
if the thickness of the seed layer is much smaller than the final
film thickness.23
3.3

Grain size and porosity

The average grain size of ferroelectric oxide thin films processed by chemical solution processing is typically between
50 and 200 nm, which is well below that observed in bulk
ceramics.2 In fact, the grain size of ceramic materials is strongly
aﬀected by nucleation rate and the mass transport characteristics during crystallization. As mentioned in Section 2.3,
typical crystallization temperatures employed in thin film
processing are significantly lower than ceramic sintering temperatures. At these lower temperatures, the slow solid-state
diﬀusion mechanisms cannot provide the transport needed
for similar crystalline quality and grain growth available in
bulk ceramic processing. The resulting disorder associated with
smaller average grain size, i.e. higher percentage of disordered,
grain boundary volume, often results in reduced electromechanical and dielectric response of the film. Similarly, the lower
processing temperatures in thin films can also aﬀect densification. In general, diﬀerent mechanisms can contribute to the
formation of pores in thin films. Residual organic material
after pyrolysis, followed by rapid crystallization or rapid grain
growth (i.e. without suﬃcient time for densification) may result
in intra- and inter-granular porosity (Fig. 8a).23 Porosity formation within crystal grains has also been previously observed
in sol–gel processed 0.9PMN–0.1PT thin films and attributed to
fast crystallization.32 Formation of rough surface topography in
PMN-PT films has also been correlated to void entrapment at
grain boundaries during crystallization of subsequent layers
and therefore formation of inter-granular porosity. Such pores
are concentrated at specific film thicknesses, at the interface
between subsequent crystallization layers as shown in Fig. 8b
and c.23 Accordingly, different approaches have been used to
increase the grain size and density of the CSD processed films.
Appropriate choice of the bottom electrode or seed layer, higher
annealing temperatures, incorporating dopants that promote
material flux (liquid phase-assisted growth), as well as better
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Fig. 8 Porosity in a (100)-textured PMN-PT thin film grown on a platinized
Si substrate. (a) Inter- and intra-granular porosity. (b) Porosity entrapment at
the interface between subsequently deposited layers. (c) Porosity entrapment at the center of large grains due to fast grain growth (indicated by blue
arrows). Large grain growth is supported by the use of PbOx cover-coating.
Excess PbO (indicated by red arrows) can still be observed on the film
surface after complete crystallization.

control of the film stoichiometry have been successfully used in
increasing the average grain size of PZT- and BT-based thin
films.22,23,33 In the following paragraphs we briefly discuss each
of these methods.
In many polycrystalline films, the lateral grain size is controlled by the grain size of the underlying electrode or seed
layer, especially when these represent heterogeneous nucleation sites. For example, the average grain size of ferroelectric
oxide films grown on platinized Si substrates is often in the
range of 50 to 200 nm, and has been shown to directly correlate
with the fine grain size (B50 nm) of the Pt bottom electrode.2
Textured PMN-PT films show a seed layer dependence of the
average grain size, with larger grains obtained on the PT compared to the PZT seed layer.23 Similarly, it is possible to grow
quasi-single crystalline quality films on single crystalline oxide
substrates via CSD, as discussed in Section 2.2.
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Fig. 9 Secondary-electron microscopy images of barium titanate thin films containing (a) 0%, (b) 1%, (c) 2.5%, (d) 3%, (e) 4%, and (f) 5% BaO–2B2O3
secondary phase.20 Increasing grain size is achieved with increasing secondary phase up to 2.5%. Anomalous grain growth is observed for films
containing greater than 2.5% secondary phase and clear evidence of grain-boundary wetting is identified in the 5% sample. r 2010 The American
Ceramic Society.

Increasing annealing temperature facilitates mass transport,
and therefore has been leveraged for grain growth in thin films.33
However, higher processing temperatures also result in higher
in-plane thermal residual stresses in thin films with thermal
expansion coeﬃcient (TEC) mismatch with respect to the substrate.
The maximum processing temperature for platinized Si substrates
is approximately 850 1C: higher processing temperatures often
result in cracking, delamination and/or excessive curvature of
released structures in the case of patterned films for MEMS
devices.23,34 Platinized Si substrates using ZnO adhesion layers
have also been reported for annealing processes up to 1000 1C;
however, problems pertaining to the Si substrate, such as those
caused by TEC mismatch with the film, can persist. This is in
part circumvented by the use of base metal substrates, which
allow processing temperatures in excess of 1100 1C. As discussed in Section 2.2, such substrates require a close control of
the processing atmosphere in order to avoid interfacial phase
formation.
Incorporating dopants that promote diﬀusion and/or material
flux is another approach to attain grain growth and avoid porosity.
The presence of a small amount of liquid phase during annealing
dramatically enhances grain growth, densification, and the overall
crystalline quality of the film.22 Limited concentration (o5%) of
barium-borate, for BaTiO3 thin films, and larger amounts of NiO
and PbO for PZT films have been shown to result in grain growth
and densification due to the liquid phase formation during
crystallization (Fig. 9). Additionally, larger grain size can be
obtained by better control of Pb content, and reduction in grain
boundary drag associated with excess PbO at the grain boundaries, for Pb-based compositions.33
3.4

Chemical homogeneity

Ferroelectric oxides have complex chemical composition, often
with 3 or more cation species. Homogeneous cation distribution is critical in achieving large dielectric and piezoelectric
response in ferroelectric thin films.20,35 However, due to
the sensitivity and sampling volume limitations of available
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characterization techniques, homogeneity in thin films is often
routinely assumed rather than confirmed.3
A variety of phenomena may lead to chemical heterogeneities
in CSD-derived films, and in fact, local chemical compositions
within ferroelectric films are far from stoichiometric. For example,
cation clustering is common in precursor solution and/or after
organic removal (pyrolysis) in the amorphous phase.36 Furthermore, the nucleation process in many solid solution ferroelectric
films induces compositional heterogeneity (see Section 2.3).37
This is in part due to the relatively low diﬀusion rates of many
cations under practical annealing conditions for thin films,
combined with diﬀerent driving forces associated with various
chemical reactions specially in ferroelectric solid solutions.3
In fact, chemical heterogeneities are especially important for
CSD-processed, PbTiO3-based solid solutions. A good case study
of such local heterogeneities is oﬀered by PZT thin films deposited on platinized Si substrates. In this system, as is the case for
other PT-based ferroelectric solid solutions, the pyrochlore–
perovskite transformation is initiated at a lower temperature
and is completed faster for titanium-rich PZT.37 Consequently, a
PbTiO3-rich perovskite phase is the first to nucleate in PZT films
at the substrate interface or on the previous crystallized layer. Zr is
then segregated toward the film surface during each crystallization step. The result is a sawtooth profile for the Zr/Ti ratio at
each crystallization step as evidenced by many methods, including TEM-EDX,35 XPS38 and Auger depth profiling.39
However, such gradients can be easily controlled or even
eliminated either by the diﬀerent choice of the substrate or
through appropriate CSD processing schemes (see Fig. 10a
and b). For example, chemical gradients are absent in PZT
films processed on platinized Si substrates with a ZnO rather
than TiOx adhesion layer (Fig. 3c).20 These results suggest a
major role of Ti diﬀusion at crystallization, from the adhesion
layer to the film interface, in reducing the nucleation barrier for
Ti-rich compositions. In PZT films processed on Pt/TiOx/SiO2/Si
substrates, Ti/Zr gradients can be reduced by 5# if counter
gradients are created in the amorphous phase, anticipating the
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Fig. 10 Chemical heterogeneities within the ferroelectric film thickness, due to CSD processing. Ti (a) and Zr (b) atomic percentage profiles, measured
via XPS profiling, in PZT films grown on Pt/TiOx/SiO2//Si.38 Films include various heat treatment profiles, shown in (c). Crystallization of single pyrolized
layers (SL), crystallization of multiple pyrolized layers together (ML), and use of 3 diﬀerent precursor solutions in order to counter-balance the Zr/Ti
gradients towards a more homogeneous, gradient-free composition (GF).

problem (Fig. 10c). This can be achieved by the use of multiple
precursor solutions within each crystallized layer: in each set of
layers annealed together, the first deposited precursor solution
is Zr-rich with respect to the desired final stoichiometry. The
subsequent layers deposited within the same set of co-annealed
layers use solutions with gradually lower Zr and higher Ti
concentrations (Fig. 10c).35,38
Specifically for films with MPB composition, such cation
gradients lead to local phase switching (e.g. between rhombohedral, R, and tetragonal, T, for PZT). This eﬀectively translates
into only a small portion of the film at the target MPB composition with maximized functional properties. However, when the
chemical composition variation is controlled around MPB by
decreasing the thickness of each crystallized layer, the artificially
created phase boundaries (R–T transitions) can be exploited to
enhance the dielectric and piezoelectric response especially at
lower thickness ranges, as demonstrated for PZT films of thickness r200 nm.38 The same technique can be potentially applied
to other ferroelectrics at MPB composition to enhance the dielectric and piezoelectric response of films at smaller thicknesses and
counter the declining functional response of such materials with
thickness reduction below the micrometer range.
We would like to point out that in part due to the very wide range
of control parameters, the optimized parameters for processing of
ferroelectric oxide thin films are not always unique. Often small
changes in one parameter, such as excess lead content and molarity
of the precursor solution, can reverberate across choices for multiple
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other parameters, such as deposited layer’s thickness, pyrolysis
conditions, heat treatment atmosphere, ramp time and crystallization temperature. Other parameters are more widely accepted
as optimized values, such as the case of crystallization at B700 1C
for PZT thin films on platinized Si wafers. However, even in the case
of such routinely accepted optimizations, other factors come into
play, which are more inherent to a specific tool or laboratory setup.
For example, small under-shooting or over-shooting of the crystallization temperature (even less than 50 1C) for fast ramp rates can
have a major impact on the presence of small amounts of intergranular porosity or reduction in crystallographic texturing in PZT
films deposited on platinized silicon substrates. This is specifically
due to the small energy barriers for crystallization, small diﬀerence
in activation energies for the heterogeneous and homogeneous
nucleation events, and the very fast grain growth under the higher
processing temperatures. The large number of processing parameters can indeed be considered advantageously as resulting in a
large design space, and hence an enhanced versatility of the CSD
processing method, oﬀering fine and coarse control over microstructure and final properties of ferroelectric oxide thin films.

4. Chemical solution deposition of
ferroelectric oxide nanostructures
While ferroelectric oxide thin film development has progressed
tremendously over the past decades, processing of ferroelectric
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nanostructures remains a field in development. This is despite the
fact that ferroelectric oxide nanostructures have a wide range of
potential applications from ferroelectric random access memories,
actively tunable photonic and phononic crystals, and terahertz
emitters, to ultrasound transducers, microfluidic pumps/syringes,
and energy harvesters.40 The major challenge towards commercial
realization is in developing manufacturing techniques that fulfill
device fabrication requirements and are compatible with CMOS
processing requirements. Specifically, there is still a need for large
scale processing techniques that allow user definition of the
geometry and shape of the nanostructures, as well as their location
with respect to previous or subsequent layers (alignment). The
following is a brief overview of some of the current CSD based
methods reported for processing of ferroelectric oxide nanostructures, with emphasis on specific advantages, manufacturing
limitations, and final properties.
The manufacturing methods for creation of nanostructures
can be overall divided into top-down and bottom-up processes.
Top-down processes utilize material removal from an overall
larger volume in order to fabricate nanometer scale features.
Bottom-up processes are based on additive manufacturing, i.e.
they use smaller units to create the nanometer-sized features,
‘‘building up’’ to the desired shape and/or dimensions.
The major advantage of top-down processing is the potential for
high volume production, and is often based on the use of thin films
as the starting material. Hence, in such cases, the original microstructure of the thin film determines the resulting one in the
nanostructures. Top-down techniques are usually based on patterning by some form of lithographic methods, followed by a material
removal process performed by wet chemical etching, focused ionbeam (FIB) milling, or reactive ion etching (RIE). Wet etching of
ferroelectric oxides primarily leverages etchant solutions containing
hydrogen peroxide, an acid, and deionized water with a polymeric,
SiO2 or SiN masking layer. The main advantage of wet etching is its
low cost; however, it oﬀers poor etch anisotropy, high chemical
disposal costs, and diﬃculty of permeation of small features in the
masking layer. Additionally, side-wall definition is limited by the
original average grain size of the sample, as grain boundaries are
high energy sites and therefore oﬀer higher etch rates.41
FIB milling and RIE are highly anisotropic techniques, thus
allowing creation of higher aspect ratio ferroelectric structures
compared to wet etching. Ion beam milling solely relies on ion
bombardment for material removal, whereas RIE utilizes sputtering
with a chemical catalyst eﬀect. Typical etchant gases for ferroelectric
oxides include CF4, HCl, CHCI2CF3 and CHClFCF3. The major
drawback of FIB milling and RIE is surface damage induced by
the high energy particles impinging on the material. Such damage
can be limited or avoided on the sample surface by the appropriate
choice of masking material; however side-walls cannot be protected.
In nanostructures with large surface-to-volume ratios such damage
can result in large degradation of the properties. Annealing at
higher temperatures has proved successful in recrystallization of
the surface amorphous layer, and at least partial recovery of the
properties, especially for non-Pb based ferroelectric compositions.41
One alternative method for creation of patterned ferroelectrics on a small – albeit not quite nanometer – scale is
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micro-contact printing.42,43 In this method, micropatterns of
ferroelectric precursor material are transferred from a polymeric
stamp to the substrate of choice by pressure application. The
stamps are often subject to a chemical surface treatment in order
to improve their hydrophilicity. Subsequently, the ferroelectric
precursor solution is spun coated on the stamp. The pattern is
then transferred to a substrate by direct contact and application of
an appropriate amount of pressure. After pattern transfer, the
samples are subject to a heat treatment in conditions similar to
those used for processing of continuous thin films. The processing
can be repeated multiple times to create patterns with thickness
close to 1 mm. The effective properties of the patterned ferroelectric
structures are comparable to those of continuous thin films and
superior to those patterned by reactive ion etching (RIE). The
major advantage of this patterning method is indeed in avoiding
any surface damage in the processing steps. However, the produced feature sizes are mostly in the range of hundreds of
microns, although lines of width down to 5 mm have also been
demonstrated. The produced microstructure is predictably similar
to that observed in thin films processed on comparable substrates,
although no specific reports are currently available on the heat
treatment parameters’ effects on the developed microstructure.
Due to the aforementioned limitations of top-down processing techniques, several bottom-up approaches for patterning
ferroelectric oxides have been developed and can be categorized
based on dimensionality. High quality, low aspect-ratio (ratio of
out-of-plane to in-plane dimensions of the final nanostructures)
patterning methods based on chemical solution deposition include
self-assembly, electron-beam irradiation, thermochemical nanolithography, and nanoimprint lithography.
In self-assembly techniques, ferroelectric solution precursors are
spin-coated on a substrate followed by a high temperature anneal:
for ultrathin layers of the precursor processed at high temperatures
(typically B600 to 900 1C), the crystallized ferroelectric ‘‘breaks
down’’ into smaller islands, forming small crystallites in order to
minimize the total surface and interface energies (Fig. 11a and b).44

Fig. 11 (a) Scanning electron micrographs of PZT nanocrystals through selfassembly, by crystallization at 1100 1C. High-resolution cross-section transmission electron micrograph of a small epitaxial PZT island grown on a SrTiO3
single-crystal substrate (b). Arrows point to misfit dislocations. (c) Scanning
electron micrograph of an array of PZT cells with 100 nm lateral size prepared
by e-beam direct writing and (d) higher magnification view of a single cell. All
after ref. 44. With kind permission from Springer Science+Business Media.
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The shape of the nanostructures and their distribution are
largely influenced by misfit strain between the substrate and the
ferroelectric itself. Large misfit strains result in smaller sized and
more regular-shaped nanostructures, while smaller misfit
strains usually translate into irregular shapes and a larger size
distribution. The shape of the nanoislands can be further
controlled by the appropriate choice of substrate’s crystallographic orientation. Shape, size and distribution of the nanoislands were also partially controlled through the thickness of the
deposited layer and the crystallization temperature, indicating
clear correlation with the critical size for nucleation in the
material. The main advantages of such self-assembly techniques
are low implementation cost, simple processing, and lack of
patterning requirements. However, to date high quality crystalline ferroelectrics have been demonstrated only for epitaxially
grown structures and the ferroelectric nanostructures’ size,
shape and specific location cannot be easily controlled.
Another mask-less technique is based on electron beam
irradiation of spin-coated metalorganic precursor solution.44
The solubility of the e-beam exposed region is altered such that
the unexposed regions dissolve when immersed in a solvent. The
structures are subsequently crystallized by a long heat treatment
at high temperatures. The major advantage of this processing
method is its direct ‘‘writing’’, which allows for user-specified
shape, size and placement of the nanostructure on the substrate
(Fig. 11c). However, the same means that the method is a serial
approach with often long processing times required. The processed structures can be created on platinized Si substrates, as
well as oxide single crystal substrates. The resulting material is
usually polycrystalline with grain size averaging between 10 and
30 nm. Additionally, the shrinkage associated with solvent
removal can be extremely large (up to B40%), and in the
nanostructures with lateral dimensions below B100 nm, can
result in the modified shape of the final crystallized pattern.
Another mask-less, serial approach for developing ferroelectric
nanostructures is based on local crystallization achieved by
thermochemical nanolithography (TCNL).45 In this technique,
a heated-tip atomic force microscope (AFM) is used to locally
pattern and crystallize the chemical precursor. The ferroelectric
precursor solution is typically deposited by spin coating and first
pyrolyzed by heat treatment at 250 1C to remove organic solvents.
Due to the localization of the crystallization heat treatment,
TCNL can be used on any substrate capable of withstanding the
pyrolysis conditions: high quality ferroelectric nanostructures
have been demonstrated on Si, soda-lime glass and polymeric,
flexible substrates. The obtained ferroelectric material is polycrystalline, as the local crystallization temperatures are usually
r700 1C (Fig. 12a and b). Specific processing conditions can be
tuned by modifying not only the AFM cantilever temperature, but
also tip-to-surface contact time and force: depending on the
specific parameters used and the overall size of the created
pattern, the grain size can be modified between ten and hundreds
of nanometers. However, optimization of the processing conditions is extremely challenging and is in part pattern dependent, as
the tip-film contact temperature depends on a variety of factors
including but not limited to AFM cantilever-film distance,
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Fig. 12 (a) Nanoline and (b) nanodots created with thermochemical
nanolithography. (c) Topographic image of the cells obtained by imprinting
a sol–gel film using a Si mold (the cells are B50 nm in height, B350 nm
wide, and are made with a 400 nm-wide pore stamp).44 With kind permission from Springer Science+Business Media.

thermal conductivity of the crystallized ferroelectric and the
precursor amorphous phase, films thickness, temperature of
the substrate during processing, and pattern size and density.
Nanoimprint lithography or nano-embossing is yet another
bottom-up approach for creation of ferroelectric nanostructures
(Fig. 12c).44,46 The process starts by spin-coating a thin film of
the chemical solution precursor on the substrate of choice,
followed by a low temperature treatment (at B50 to 120 1C)
to remove the solvent and adjust the viscosity of the film.
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The films are subsequently embossed/patterned by using a
hard stamp (Si) coated with an anti-stiction layer. The patterned
structures are then pyrolyzed and annealed to obtain the final
polycrystalline ferroelectric structures. Lines of width B200 nm
and dots with diameter close to 1 mm have been demonstrated
with this method. However, the depth of the embossed material
is typically B1/3 to 1/4 of the overall thickness of the ferroelectric
film. Hence, a blanket etch of the samples to remove the excess
ferroelectric film is not viable, as it would result in loss of the
nanostructures’ definition. Intriguingly, the embossed structures
and films are reported to have specific crystallographic texturing
(e.g. (111) in tetragonal PZT compositions). However, based on
the processing conditions and the use of platinized Si wafers as
substrates, it seems reasonable to expect that the texturing is
induced by heterogeneous nucleation at the film-substrate interface, rather than the mechanical pressure before pyrolysis.
In addition to individual challenges associated with each of
these techniques, the ability to create only ‘‘flat’’ low aspect ratio
structures limits the technological use for some of the aforementioned applications. CSD processing is however a very
versatile method, and can be combined with the use of molds
or templates (infiltrated with a chemical precursor of the ferroelectric material) to create low or high aspect ratio ferroelectric
materials. Specifically, porous Si and alumina templates, as well
as polymers patterned through e-beam or photo-lithography, and
block co-polymers’ in self-assembly have been reported as viable
templates (Fig. 13).40,47–49 Due to the small lateral size of the
template ‘‘holes’’, vacuum-assisted infiltration and infiltration
under sonication (immersion in ultrasound bath) are typically
used. At the completion of each infiltration step, the samples are
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removed from the precursor bath and heat-treated for removal of
the solvent and organic material, as well as crystallization of the
ferroelectric material. The major drawback of template growth is
the direct contact of the ferroelectric precursor with alumina or Si
layers, leading to leaching of cations, such as Pb, into the template
and creation of surface secondary phases. Such secondary phases
can be removed via post-processing, isotropic etch steps. In
general, the processed samples show fine polycrystalline structures with an average grain size of approximately 5 to 30 nm.
There are currently no reports on possible methods to achieve a
complete control of the grain size and/or orientation in templateprocessed ferroelectric nanostructures via CSD. This is in part
owing to the strong heterogeneous nucleation-dominated crystallization, which is in turn due to the very small thickness of each
deposited layer.
The processing conditions for creation of ferroelectric nanostructures often reproduce the same processing conditions
used for thin films. However, while pyrolysis conditions are
usually comparable to those used for ferroelectric thin films,
the crystallization conditions are more specifically comparable
to the processing of ultra-thin films. Specifically, the even larger
surface-to-volume ratio in ferroelectric nanostructures can lead
to the creation of (surface) chemical depletions that extend to a
very large fraction of the overall volume. Hence, the precursor
solutions for processing of ferroelectric nanostructures usually
require a larger amount of excess Pb or Bi content with respect
to equivalent materials for thin film processing.
Compared to thin films, CSD-processed ferroelectric nanostructures are still a relatively young and developing research
field. Hence, there are huge opportunities for large advancements in both processing techniques and fundamental characterization. Breakthroughs in processing resulting in cheaper
and simpler manufacturing of nanostructures with better control over geometry (shape, size, and position) and microstructure are needed before device creation can be truly pursued.
Additionally, further advancements in the knowledge of the
nucleation and growth processes at the nanoscale (time- and
dimension-wise) should be pursued in order to allow optimization of the processing conditions and, even more importantly,
of the final properties.

5. Summary and outlook

Fig. 13 PZT nanotube arrays created in (a) Si48 and (b) polymeric49
templates after template removal. r 2006 The American Ceramic Society.
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A series of diﬀerent approaches for the chemical solution
deposition of ferroelectric thin films and nanostructures with
an emphasis on the microstructural development aspects were
discussed. CSD is a versatile processing method, with relatively
low cost setup requirements, which oﬀers good control over local
and global chemical composition and overall microstructural
characteristics.
Although historically most of the CSD ferroelectric oxide thin
films and nanostructures have been processed relying heavily on
substrate-controlled nucleation, the future might rest in processing methods allowing better control of nucleation processes
and therefore better control of the final microstructure of
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ferroelectric oxide thin films. Great potentials are envisioned in
crystallization techniques such as laser annealing25 and thermochemical nanolithography45 (TCNL): heterogeneous nucleation
at the surface can be used to induce columnar, textured grain
growth with smaller thermal budgets with respect to traditional
processing techniques. The wide design space oﬀered by the
large number of processing parameters presents also unique
opportunities for both coarse and fine-tuning of microstructural
characteristics. However, it is in part intriguingly that after more
than two decades of dense literature reports there is no clear
consensus on many of the specific mechanisms influencing
microstructural development in chemical solution deposited
ferroelectric oxide thin films. Over the last few years, however,
novel characterization techniques, such as in situ X-ray diﬀraction, have shed light on the role of intermetallic phase formation
and the processing atmosphere in crystallographic texturing and
phase content of the film.26,29 There is certainly plenty of room
not only to better understand the specific nucleation and
crystallization phenomena but also to leverage them to obtain
higher dielectric and piezoelectric response from ferroelectric
oxides at the small scale.
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I. Bretos, J. Mullens, A. Hardy and M. K. Van Bael, J. Am.
Chem. Soc., 2011, 133, 12922–12925.
12 M. L. Calzada, I. Bretos, R. Jiménez, J. Ricote, J. Mendiola,
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