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Abstract 

Nanostructured materials are central to the evolution of future electronics and 

information technologies.  Ferroelectrics have already been established as a 

dominant branch in the electronics sector because of their diverse application range 

such as ferroelectric memories, ferroelectric tunnel junctions, etc.  The on-going 

dimensional downscaling of materials to allow packing of increased numbers of 

components onto integrated circuits provides the momentum for the evolution of 

nanostructured ferroelectric materials and devices.  Nanoscaling of ferroelectric 

materials can result in a modification of their functionality, such as phase transition 

temperature or Curie temperature (TC), domain dynamics, dielectric constant, 

coercive field, spontaneous polarisation and piezoelectric response.  Furthermore, 

nanoscaling can be used to form high density arrays of monodomain ferroelectric 

nanostructures, which is desirable for the miniaturisation of memory devices. 

This thesis details the use of various types of nanostructuring approaches to fabricate 

arrays of ferroelectric nanostructures, particularly non-oxide based systems.  The 

introductory chapter reviews some exemplary research breakthroughs in the 

synthesis, characterisation and applications of nanoscale ferroelectric materials over 

the last decade, with priority given to novel synthetic strategies.  Chapter 2 provides 

an overview of the experimental methods and characterisation tools used to produce 

and probe the properties of nanostructured antimony sulphide (Sb2S3), antimony 

sulpho iodide (SbSI) and lead titanate zirconate (PZT).  In particular, Chapter 2 

details the general principles of piezoresponse microscopy (PFM).  Chapter 3 

highlights the fabrication of arrays of Sb2S3 nanowires with variable diameters using 

newly developed solventless template-based approach.  A detailed account of 

domain imaging and polarisation switching of these nanowire arrays is also 

provided.  Chapter 4 details the preparation of vertically aligned arrays of SbSI 

nanorods and nanowires using a surface-roughness assisted vapour-phase deposition 

method.  The qualitative and quantitative nanoscale ferroelectric properties of these 

nanostructures are also discussed.  Chapter 5 highlights the fabrication of highly 

ordered arrays of PZT nanodots using block copolymer self-assembled templates and 

their ferroelectric characterisation using PFM.  Chapter 6 summarises the 

conclusions drawn from the results reported in chapters 3, 4 and 5 and the future 

work. 
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जो होगा, वह भी अच्छा  होगा I 

पररवर्तन ही संसार का ननयम है I 

                               

                            श्रीमद् भगवद गीर्ा सार  
  

 

“Whatever has happened has happened for good. 

Whatever is happening is happening for good. 

Whatever is going to happen, it will be for good. 

Change is the law of the universe.” 

                  The Bhagavad Gita (Hindu Scripture). 
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1.1 A Short History of Ferroelectricity and Piezoelectricity 

In 1880 brothers Pierre and Paul-Jacques Curie discovered the existence of 

piezoelectricity in various crystals like quartz, tourmaline and Rochelle salt.
1,2

  This 

discovery provided the drive for further study in the field of piezoelectrics, notably 

works done by Walter Cady and Erwin Schrödinger.
3,4

  In 1912, Erwin Schrödinger 

first coined the term “ferroelektrisch” or ‘ferroelectricity’.
4
  Credit for discovering 

ferroelectricity goes to Joseph Valasek for his systematic study of the magnetic 

properties of ferromagnetics and the dielectric properties of Rochelle salt, which he 

presented at the annual meeting of the American Physical Society in Washington on 

23
rd

 April 1920.
5,6

   Another major breakthrough in ferroelectric research happened 

in the early 1940s, during World War II, with the discovery of ferroelectricity in 

barium titanate (BaTiO3) and other perovskite based materials.
7-9

  The discovery of 

ferroelectricity in BaTiO3 opened up new vistas of application for ferroelectric 

materials, leading to significant interest in other types of ferroelectrics.
10,11

  Since the 

discovery of ferroelectricity in Rochelle salt 92 years ago, there have been many 

theoretical and experimental advances in the research area.
11-21

  In particular, the last 

two decades witnessed significant progress in the miniaturisation of electronics 

components, which resulted in the rapid development of nanoferroelectric 

research.
12-21

  

1.1.1 A Primer on ferroelectric materials  

In order to have a better understanding of the data presented in this thesis, the 

fundamentals of ferroelectric and related materials are presented in this section.  All 

materials undergo a small change in their dimensions when subjected to an external 

force, such as a mechanical stress, an electric field, or even a change in 

temperature.
10,22

  Depending on the crystal structure of the material, a small 
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dimensional modification by an electric field, a change in temperature or a 

mechanical stress can create an electric polarisation change inside the crystal and 

hence give rise to the occurrence of ferroelectricity, pyroelectricity and 

piezoelectricity respectively.
10,22

  A material's crystal structure must lack a centre-of-

symmetry (be "acentric") for it to show piezoelectricity, and be both acentric and 

possess a unique axis of symmetry (making it a "polar" structure) for it to be 

pyroelectric.  There are 32 crystal classes, and 11 of them possess a centre of 

symmetry.  Of the remaining 21 acentric classes, all except one exhibit a polarisation 

change when subjected to mechanical stress and hence are piezoelectric.  Ten of 

these 20 classes possess a unique axis of symmetry (are polar) and an electric 

polarisation exists within the structure in the absence of an applied field.  The 

electric polarisation in these polar materials changes with temperature, making them 

pyroelectric.
10,22

  As they are acentric, they also show piezoelectric behaviour.  

Ferroelectrics are a subgroup of pyroelectrics, in which spontaneous polarisation 

within the structure can be switched between different stable directions by an 

application of an electric field of sufficient magnitude (the coercive field).
10,22

  

Figure 1.1 depicts the basis of piezoelectricity, pyroelectricity and ferroelectricity. 
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Figure 1.1.  Schematic representation of piezoelectricity, pyroelectricity and 

ferroelectricity on the basis of crystal symmetry (Column 1) and their origin based 

on the mode of polarisation change occurring inside the material (Column 2-4).  

Venn diagram in column 2 shows that all ferroelectric materials are pyroelectric and 

piezoelectric but not vice versa.  The graphs in columns 3 and 4 represent the 

polarisation (P) change with respect to temperature (T) and electric field (E) 

respectively. 

 

According to the Landolt–Börnstein data base,
23

 ferroelectric materials are classified 

into three major groups comprising of 72 families; according to their chemical 

composition and crystal structure.
9
  These three ferroelectrics groups are (1) 

inorganic oxides, (2) inorganic non-oxides, and (3) organic crystals, liquid crystals 

and polymers.
9,23

  Among these three groups, the oxide-based ferroelectrics 

especially the ABO3 perovskite-type family, are the most extensively studied.  

Commonly studied ferroelectrics such as barium titanate (BaTiO3), lead titanate 
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(PbTiO3), and lead zirconate titanate (PbZrxTi(1-x)O3) belong to perovskite 

family.
9,11,22

  Within the non-oxide ferroelectrics, some chalcogenide and 

chalcohalide-based materials show promising ferroelectric characteristics, e.g. zinc 

cadmium telluride (ZnCdTe)
24

, germanium telluride (GeTe)
25

 and antimony 

sulfoiodide (SbSI)
26

.  Within the polymer family, polyvinylidene fluoride (PVDF) 

and its copolymers with trifluoroethylene show excellent ferroelectric and 

piezoelectric characteristics.
27

  A more detailed description of different types of 

ferroelectric families can be found elsewhere.
9,23

 

 

1.2 Nanoscale Ferroelectrics and Piezoelectrics 

Materials in the nanostructured form are central to the evolution of future 

electronics and information technologies.  Ferroelectrics have already been 

established as a dominant branch in the electronics sector, because of their diverse 

application range.  The on-going dimensional downscaling of materials, to cram 

more components onto integrated circuits, in turn gives a great boost to the evolution 

of potential nanostructured ferroelectric materials and devices.
12-21

  For instance, 

memory storage based on ferroelectric polarisation reversal has been predicted as 

one of the emerging memory technologies
12

, owing to their high read-write speed, 

low power consumption and long rewriting endurance.
28,29

 

Size and dimensionality plays a critical role in determining the ferroelectric 

characteristics of a material at the nanoscale, due to the different ways in which 

dipoles align in ferroelectric crystals.  Since ferroelectricity is a collective 

phenomenon caused by the arrangement of charge dipoles inside a crystal, an 

increase in surface area by nano-structuring could trigger immense changes in the 

long- and short-range ordering of dipoles inside a material.  These changes could 
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alter some of the ferroelectric functionality, such as phase transition temperature or 

Curie temperature (TC), domain dynamics, dielectric constant, coercive field, or 

spontaneous polarisation, piezoelectric response, etc., at the nanoscale.
14,21,30-36

  In 

short, low dimensional ferroelectrics show marked deviations in their properties 

compared to their bulk ferroelectric counterparts, mostly due to the great 

enhancement of surface area.  Since the surface characteristics of nanostructures are 

morphology and size dependent, the type of nano-structuring used in ferroelectrics 

must be based on the dependence of some parameter related to the ferroelectric 

functionality under consideration.  This parameter could be crystallinity, alignment, 

ordering or even surface modification of the ferroelectric nanostructures under 

consideration.
37

  

This introductory chapter reviews some exemplary breakthroughs that outline the 

progress in research in nanoscale ferroelectric material syntheses, characterisations 

and applications covering mostly the last decade, with priority given to novel 

synthetic strategies.  The ‘bottom-up’ and ‘top-down’ approaches used so far for 

synthesising nanoscale ferroelectrics of various morphology and structuring will be 

discussed in detail, whilst highlighting the pros and cons of each synthetic strategies.  

This section will also address the current efforts in making precisely ordered 

ferroelectric nanostructures.  All of the developments in the synthesis of nanoscale 

ferroelectrics will not be complete without proper choice of characterisation tools to 

study the ferroelectric features at the nanoscale, and these techniques will be 

discussed in the succeeding part of this chapter; focusing on scanning probe based 

techniques, especially piezoresponse microscopy (PFM), as these are the vital 

characterisation tools to investigate the ferroelectric and piezoelectric functionality at 

the nanoscale.
38-47

  The concluding section will give a summary on emerging 
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nanoferroelectric applications and the future outlook of the entire field of 

nanoferroelectric research. 

 

1.3 Classification of Ferroelectric Nanostructures 

Generally nanostructured materials fall into 4 different classes, viz. zero-

dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-

dimensional (3D) nanostructures.
48

  Over the last decade considerable progress in the 

fabrication of various nanoscale ferroelectric materials, in a number of novel 

geometries under the above mentioned four categories, has been achieved (Figure 

1.2 and Table 1.1).
15-17,19,20,49-51

   

 

 

Figure 1.2.  Common types of ferroelectric nanostructures; (0D) ‘zero-dimensional’- 

spheres and cubes, (1D) ‘one-dimensional’-  wires, tubes, rods, core-shell, and belts 

or ribbons, (2D) ‘two-dimensional’- plates and horizontally aligned arrays of dots or 

wires, and (3D) ‘three-dimensional’- vertically aligned nanowire/rod/tube array. 
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Table 1.1.  Survey of some recent developments in the synthesis of ferroelectric 

nanostructures. 

 

Family 

 

Compounds 

 

Experimental methods 

 

Nano-morphology 

 

Pervoskite 

 

BaTiO3 

 

Sol-gel,
52,53

 metal-organic 

decomposition,
54, 55,56

 PLD,
57

 

hydrothermal,
58-64

 supercritical,
65

 

templated,
52,66-71

 electrophoretic 

deposition,
72

 surfactant-assisted,
73

  

molten-salt,
74-77

 FIB,
78-80

 electro-

spinning.
53

  

 

rod,
55,72,75,77,79

 

wire,
56,59,66,67,74,80

 belt,
74

  

tube,
52,60,71

 cube,
62,64

 

particle,
54,58,61,65,73

 

lamella,
78

 fibre,
53

 

torus,
63

 dot array.
57,68-70

 

(Ba,Sr)TiO3 Solvothermal,
81,82

 templated,
83

 sol-gel.
83

 particle,
81,82

 tube.
83

 

NaTaO3 Chemical reduction
84

 rod
84

 

PbTiO3, PZT Hydrothermal,
85,86

 PLD,
87

 EBL-

assisted,
88-91

 nanoimprint lithography,
92,93

 

self-assembly,
94-99

 templated,
66,71,87,89,100-

105
 electro-spinning,

106-108
 sol-gel,

89,100,101
  

molten-salt,
74,76,77

 FIB.
109,110

  

islands,
94-99

  particle,
86

 

dot,
109

  rod,
76,77

  

wire,
66,74,92,106-108 

 

tube,
71,89,102,103,105

 

ordered-array.
85,87-

91,93,100,101,104,110
 

PLZT Hydrothermal
111

 hollow sphere
111

 

SrTiO3 Hydrothermal,
59,64

 metal-organic 

decomposition,
55

 templated,
52

 molten-

salt.
74

 

cube,
64

  rod,
55,75,77

 

tube,
52

 wire.
59,74

 

K0.5Bi0.5TiO3 Hydrothermal,
112

  sol-gel.
112

 wire
112

 

Na0.5Bi0.5TiO3 Hydrothermal,
113

  sol-gel.
113

 whisker
113

 

    

Layered 

structure 

Bi4Ti3O12 Templated,
114,115

  sol-gel,
114

 

hydrothermal,
116

 solid-state.
115

 

rod,
115

 tube,
114,115

 

plate.
116

 

 Bi4−xNdxTi3O12 Templated,
117

  sol-gel.
117

 tube-array
117

 

 Bi4-xLaxTi3O12 Electro-spinning,
118

 sol-gel,
118

 

templated
119

 

fibre,
118

 tube
119

 

 BiFeO3 Templated,
120,121

 sonochemical.
122

 

 

tubes
120

, wires,
121

 

rod.
122

 

Tungsten-

Bronze 

 ε-WO3  Flame spray pyrolysis
123

 particle
123

 

    

Pyrochlore Bi2T2O7 Templated,
124

  sol-gel.
124

 tube
124

 

    

Non-oxides SbSI Sonochemical
125

 wire
125

 

SbS1−xSexI Sonochemical
126

 wire
126

 

Sb2S3 Templated,
127

  solvent-less.
127

 wire-array
127

 

GeTe Solution-phase synthesis
25,128

 particle
25,128

 

    

Polymers PVDF, 

P(VDF-TrFE)  

Nano-intaglio technique,
129

  nano-imprint 

lithography,
130-132

  templated.
133-135

 

ordered array,
129-131,133

  

wire.
132,134,135
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1.4  Fabrication of Ferroelectric Nanostructures 

There are two approaches for fabricating ferroelectric nanostructures: ‘bottom-up’ 

and ‘top down’, as highlighted in the following sections.  ‘Bottom-up’ processing 

refers to the synthesis of nanomaterials starting at the atomic or molecular level.  

Solution-based routes, e.g. sol-gel based chemical solution 

deposition,
52,53,83,89,100,112,114,117,136

 templating,
19,52,66-71

 solution-phase 

decomposition
19,54, 55,56

 and hydro/solvothermal synthesis 
19,58-64

 are the most 

commonly employed ‘bottom-up’ approaches for synthesising ferroelectric 

nanostructures, i.e. nanoparticles, nanowires and nanotubes.  ‘Top-down’ processing 

e.g. focused ion beam (FIB) milling
78-80,109,110

 and some lithographical methods such 

as nano-imprint lithography
93,131,132,137,138

, consists of carving away at a bulk 

ferroelectric material to create coherently and continuously ordered nanosized 

structures. 

 

1.4.1 Zero-dimensional ferroelectric nanostructures 

Nanoparticles of different size and shape, such as quantum dots, spheres and cubes 

were the first experimentally studied ferroelectric nanostructures, due to their size 

dependence ferroelectric characteristics.
30,139,140

  Park et al.
30

 first reported the 

decrease in TC and the increase in the tetragonal crystal distortion of BaTiO3 

nanoparticles with decreasing diameter (33 to 140 nm).  The researchers also 

determined that the minimum critical diameter required for a ferroelectric phase 

transition in the nanoparticles was 37 nm.  Since these initial findings on BaTiO3 

nanoparticles many different types of ferroelectric nanoparticles have been 

synthesised by a variety of solution-based methods, as highlighted in the 

transmission electron microscopy (TEM) images shown in Figure 1.3. 
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Figure 1.3.  TEM images of (a) BaTiO3 nanoparticles (~6 to 8 nm) synthesized at 

room temperature using a bio-inspired solution-phase metal-organic 

decomposition,
54

 (b) BaTiO3 nanocubes prepared hydrothermally,
62

 (c) dodecahedral 

shaped BaTiO3 nanoparticles prepared by hydrothermal reaction,
61

 and (d) cube-

shaped LiNbO3 nanoparticles prepared via solvothermal route.
141

 (e) SEM image of 

BaTiO3 nanotorus prepared by hydrothermal reaction,
63

 and (f) TEM image of PLZT 

hollow nanospheres synthesised hydrothermally
111

. 

 

Nanoparticles can be synthesised by homogeneous nucleation from a liquid phase.
37

  

Recently, Ould-Ely et al.
54

 engineered the large-scale synthesis of BaTiO3 

nanoparticles, utilising a kinetically-controlled, vapour diffusion-assisted hydrolysis 

protocol by which a bimetallic alkoxide precursor, BaTi(OCH2CH(CH3)OCH3)6, 

decomposed to produce uniform sized (~6 to 8 nm) paraelectric nanoparticles 

(Figure 1.3(a)), at room temperature; successfully yielding up to 250 ± 5 g BaTiO3 

nanoparticles in single batches.  Sub 10 nm sized colloidal nanocrystals of 

germanium telluride (GeTe), the simplest known ferroelectric, was synthesised 
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recently by the metal-organic decomposition of bis[bis(trimethylsilyl)amino]Ge(II) 

((TMS2N)2Ge) with trioctylphosphine-tellurium (TOP-Te) in the presence of 1-

dodecanethiol and excess trioctylphosphine at 230 °C.
25,128

  Many groups have 

successfully synthesised ferroelectric nanoparticles close to their predicted critical 

size-limit, where ferroelectricity disappears.  For instance, Niederberger et al.
82

 

solvothermally prepared ultra-fine BaTiO3, SrTiO3, and (Ba,Sr)TiO3 spherical 

nanoparticles with a mean diameter of 5 nm.  Recently, Xu et al.
86

 hydrothermally 

synthesised free-standing lead zirconate titanate (PZT) nanoparticles with diameters 

~ 4 nm.  Hollow ferroelectric nanostructures are also of interest; for instance, 

lanthanum doped lead zirconate titanate (PLZT) hollow nanospheres (Figure 1.3(f)) 

with size as low as 4 nm were prepared hydrothermally.  Nanocrystals can be formed 

in a variety of morphologies, due to differences in the surface energy of crystal 

facets which are dependent on the reaction environment.
142

  Thus the shape and 

morphology of a nanocrystal can be tuned by altering the surface-energy of a 

specific crystal facet by selectively adsorbing inorganic or organic ligands onto these 

facets.
142

  This crystal engineering strategy has been successfully applied to the 

hydrothermal synthesis of dodecahedral shaped BaTiO3 nanoparticles (Figure 

1.3(c)), through the selective adsorption of polyethylene glycol (PEG) moieties onto 

the {110} surface facets of BaTiO3.
61

  Adireddy et al.
62

 have also reported the 

controlled solvothermal synthesis of mono-disperse, free-standing, BaTiO3 

nanocubes with a mean diameter 20 nm (Figure 1.3(b)).  They attribute the cubical 

shape of the as-synthesised BaTiO3 nanoparticles to the preferential formation of 

{100} planes during the crystal nucleation process.  Similarly, cube-shaped LiNbO3 

nanoparticles (~50 nm in diameter, Figure 1.3(d)) were synthesised via solvothermal 

treatment of the single-source precursor, LiNb(OEt)6 by Mohanty et al.
141
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1.4.2 One-dimensional ferroelectric nanostructures 

Various types of one-dimensional (1D) semiconductor architectures
143,144

 have 

been already demonstrated, ranging from device configurations such as field effect 

transistors (FET),
145

 sensors,
146

 to flexible electronics components,
147

 etc.  The 

numerous potential applications of 1D semiconductor nanostructures arise from their 

geometries, which can be readily manipulated.
143,148,149

  Recently, Weber et al.
150

 

fabricated Si nanowires with dimensions only one atom tall and four atoms wide, 

with remarkable low resistivity values (~0.3 mΩ. cm), comparable to the current 

carrying capabilities of copper. 

One-dimensional ferroelectric nanostructures (nanowires, rods, tubes, belts) are the 

most extensively studied nanostructures due to their size-driven ferroelectric 

behaviour
17,19

  Among the 1D ferroelectrics, pervoskite-structured ternary oxides of 

ABO3 type, e.g. BaTiO3, PbZr1-xTixO3, SrTiO3, are the most extensively investigated 

material due to their excellent ferroelectric characteristics.
17,19

  Although PbZr1-

xTixO3 nanowires were the first 1D structures to be synthesised,
151,152

 BaTiO3 

nanowires were the 1D ferroelectric studied for its size-dependent ferroelectric 

behaviour
55,56,153

.  Urban
56

 and Yun
153

 et al. demonstrated that BaTiO3 nanowires 

with diameters as small as 10 nm displayed ferroelectric behaviour.   

Significant progress has been made recently in the synthesis and characterisation of 

many 1D ferroelectric nanostructures with various morphologies.
17,19

  The most 

commonly adopted techniques towards the realisation of 1D ferroelectrics are, 

‘bottom-up’ routes such as template-based synthesis,
52,83,89,100,114,120,121

 

hydro/solvothermal synthesis,
60,112,154,155

 molten-salt synthesis,
74-77

 solution-based 

metal-organic decomposition,
55,56

 and electrospinning
53,118

.  Among the ‘top-down’ 

approaches, methods such as focus ion beam (FIB) milling,
80

 and nanoimprint 
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lithography
92,137,138,156,157

 have largely been employed.  Figure 1.4 shows SEM and 

TEM images of different forms of pervoskite-based ID ferroelectric nanostructures 

synthesised recently by various methods.  The synthesis routes to 1D ferroelectric 

nanostructures can be grouped into two different categories: (i) template-free 

synthesis, and (ii) template-assisted synthesis. 

 

 

Figure 1.4.  SEM images of (a) NaNbO3 nanowires synthesised by a hydrothermal 

method,
155

 and (b) BaTiO3 nanofibers made by sol-gel assisted electro-spinning.
53

 (c) 

TEM image of an isolated BaTiO3 nanotube made using an anodic aluminium oxide 

template
52

 and (d) SEM image of a BaTiO3 nanostrip synthesised by a molten-salt 

method
74

. 

 

1.4.2.1 Template-free synthesis of 1D nanoferroelectrics 

Hydro/solvothermal synthesis has been effectively utilised for synthesising 

complex pervoskite ferroelectric nanowires and tubes, owing to the homogeneous 

mixing of individual reactants under subcritical conditions.
60,112,154,155

  This approach 



Chapter 1: Introduction 

 

 

Nanostructured Ferroelectric Materials                                                                    14     

facilitates the easy diffusion and homogeneous nucleation of the reacting species and 

allows the formation of highly crystalline stoichiometric materials at low 

temperatures.
158

  For example, highly crystalline NaNbO3 nanowires (Figure 1.4(a)) 

were synthesised by the hydrothermal reaction of NaOH and Nb2O5 at crystallisation 

temperature as low as 150 °C.
155

  In hydrothermal reactions, the size, morphology 

and crystallinity of a material can be tuned by varying parameters such as reaction 

temperature, duration, solvent type, surfactant type and pH of the solution.
158

  For 

instance, Magrez et al.
154

 studied the evolution of 1D KNbO3 nanostructures through 

various morphologies by adjusting the reaction temperature and concentration of the 

precursors used.  Although hydrothermal routes for synthesising 1D nanostructures 

have many advantages, such as low temperature synthesis, homogeneous nucleation, 

narrow particle-size distribution, controlled morphology and high crystallinity, there 

are a number of synthetic disadvantages, which include the need for expensive 

autoclaves, safety issues and long reaction times.  All of these drawbacks put 

constraints on scalability of hydrothermal methods for synthesising bulk quantities 

of nanoscale materials.
158

 

The decomposition of metal-organic precursors in solution is another approach 

employed for synthesising ferroelectric nanorods and wires.  Urban and co-workers
55

 

synthesised well-isolated single crystalline nanorods of BaTiO3 and SrTiO3 

(diameters ranging from between 5 to 60 nm and length up to 10 µm), by the 

solution-phase thermolysis of barium titanium isopropoxide (BaTi[OCH(CH3)2]6) 

and strontium titanium isopropoxide (SrTi[OCH(CH3)2]6 in the presence of oleic acid 

respectively.  The oleic acid coordinates with the precursor molecule to form an 

elongated inverse micelle structure in the reaction medium, which subsequently 

decomposed at high temperatures to form anisotropic nanorods.
55

  Although 
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organometallic decomposition methods can produce high quality 1D ferroelectric 

nanostructures with narrow diameter distribution, the air-sensitive nature of the 

precursors and relatively low product yields can be a hindrance.  Another solution-

based approach for producing 1D ferroelectric material is molten-salt synthesis, 

which has used for the large scale production of nanoferroelectrics.
74-77

  This method 

involves the reaction of precursors in a molten salt medium, such as NaCl or KCl 

melt, which leads to the precipitation of the nanostructures.  Molten-salt synthesis 

can be carried out over short time duration (1 to 4 hours) using common salts of 

constituent materials, making this approach more facile and environmentally benign 

compared to hydro/solvothermal methods.
74-77

  The basic formation mechanism of 

nanostructures by molten-salt methods is dependent on the control of surface and 

interface energies of precursors and salt used; different morphologies can be formed 

by varying the salt or precursor concentrations.
74-77

  1D nanostructures of common 

ferroelectrics such as BaTiO3 (Figure 1.4(d))
74

, SrTiO3, and PbTiO3 have been 

synthesised by this method.
74-77

  Electrospinning has also been used to produce high 

aspect ratio 1D nanofibers and wires of ferroelectric materials,
53, 106-108,118

 e.g. 

BaTiO3 nanofibers (Figure 1.4(b))
53

.  Other less common techniques, such as 

sonochemical synthesis
125,126,159, 122

 and electrophoretic deposition
72

, have also been 

employed for the synthesis of ferroelectric nanowires and nanorods. 

Ramesh et al.
160,161

 introduced the concept of focus ion beam (FIB) milling for the 

‘top-down’ fabrication of ferroelectric nanostructures.  Later on, Marshall et al.
162

 

fabricated PZT nanocapacitors with surface areas ranging from 6 × 10
−14

 m
2
 to 3 × 

10
−12

 m
2
 in the form of circular capacitors with lateral diameters between 90 nm and 

2 μm using FIB milling.  Schilling
80

 and McQuaid
79

 et al. adopted this technique to 

fabricate nanocolumns of BaTiO3 from single-crystal barium titanate by a ‘top-
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down’ method (SEM images of BaTiO3 nanocolumns and a detailed scheme of the 

FIB processing is shown in Figure 1.5)
80

.  Although this technique is time 

consuming, it has the advantage of user-defined morphological control of the 

nanostructures produced. 

 

 

Figure 1.5.  Schematic diagrams (a) to (c) illustrating a FIB processing method to 

cut nanoscale lamella into BaTiO3 single-crystalline nanowires.  First, a protective Pt 

bar is deposited by the local ion-beam induced breakdown of Pt-based organic 

precursor gases between two alignment crosses (a).  Automated software allows the 

milling of trenches on either side of a BaTiO3 lamella (b), and the sample is then 

reoriented to allow milling into the lamellar face to leave columns of material, as 

shown in the schematic illustration in (c).  (d) SEM image of the BaTiO3 columns 

and (e) STEM imaging using a high-angle annular dark field detector reveals distinct 

contrast from stripe domains.
80
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1.4.2.2 Template-assisted synthesis of 1D nanoferroelectrics  

In 1994 an article published in Science
163

 by Charles R Martin highlighted the 

potential of using ‘template-based synthetic approaches’ to realise various types of 

nanoscopic materials, including polymers, metals and semiconductors.  Template-

directed ‘bottom-up’ synthesis has been proven as the most successful and facile 

strategy in making 1D ferroelectrics so far.  Materials with nanosized vertical or 

horizontal channel structure, such as anodic aluminium oxide (AAO), track-etched 

polymer membranes, self-assembled block copolymer films and porous silicon, have 

been used as templates for synthesising 1D nanostructures.
163

  The channels in the 

templates act as nano-moulds, whereby the precursor is impregnated into the pores 

of the template by suitable methods such as electrodeposition, solution or vapour 

phase deposition, and subsequently the precursor is decomposed to form 1D 

nanostructures.
163

  The template can then be completely removed or partially etched 

to form isolated or arrays of 1D nanostructures.  The major benefit associated with 

template synthesis is that the physical dimensions of 1D nanostructure can be 

precisely controlled, simply by varying the pore-diameter and length of the channels 

of the template employed.  Moreover, mono-disperse nanostructures can be 

harvested in large quantities owing to the high pore density (between 10
9
 and 10

12
 

pores per cm
2
) present in the templates.

163
  However, templates must meet certain 

processing conditions if they are to be used in the synthesis of 1D ferroelectric 

nanostructures, e.g. chemical and thermal inertness, uniformity of the porous 

channels and the easy release of the nanostructures from the template channels.
37,164

  

In this regard, anodic aluminium oxide (AAO) template satisfies most of the above 

mentioned requirements and is the most widely used template for the generation of 

1D nanostructures.
165

  AAO membranes have a high density of hexagonally ordered 
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cylindrical channels (or pores) aligned perpendicular to the membrane plane (Figure 

1.6(a-c)) and these pores can act as templates for the fabrication of 1D ferroelectric 

nanostructures. 

 

 

Figure 1.6.  (a) Plan-view SEM image of an AAO template showing hexagonally 

ordered pores, (b) and (c) cross-sectional TEM images of same AAO memebrane 

showing vertically aligned pore channels.
166

  (d) Plan-view SEM image of an AAO 

template filled with PZT nanowires,
100

 (e) side-view SEM images of free standing 

arrays of BiFeO3 nanorods after dissolving the AAO template,
121

 (f) plan-view SEM 

image of an AAO template filled with PZT nanotubes,
103

 and (g) Nd-doped 

Bi4Ti3O12 nanotubes liberated after dissolving the AAO template
117

. 

 

In 2002, Hernandez et al.
136

 explored the potential use of AAO templates to 

synthesise pervoskite oxide-based 1D nanostructures such as BaTiO3 and PbTiO3 

nanotubes by a sol-gel assisted method.  The method was so simple that the 

permeation of the precursor sol into the pores of the AAO templates was achieved by 

just dipping the template in the sol for 1 minute, followed by drying and calcination.  

Following the success of this method, many ferroelectric materials have been 

synthesised in 1D form by AAO templating, ranging from classic Rochelle salt
167

 to 
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many oxide based ferroelectrics (Figure 1.6(d-g))
52,100,102,103,105,121,124

 and polymer 

ferroelectrics such as polyvinylidene difluoride (PVDF)
132,134,135

.  Solution-based 

synthesis in conjunction with AAO templating is the most widely approach for 

producing 1D nanostructures,
52,100,102,103,121,124

 although methods such as 

electrodeposition
66,72

 have also been used.  1D nanostructures such as nanotubes, 

wires or rods can also act as 1D templates; either as a reactive template (where the 

template itself is incorporated into the final product by a suitable reaction) or a 

passive template (where the template is non-reactive and can be etched away after 

the reaction).
165

  For example, TiO2 nanowires and Bi2O3 nanorods have been used as 

reactive templates for the synthesis of BaTiO3 nanowires
67

 and Bi4Ti3O12 

nanorods/tubes
115

, by treating the templates with BaCO3 and a Ti(IV) 

peroxocomplex respectively.  In a different method, PZT and BaTiO3 nanotubes 

were prepared using passive templates such as Si and ZnO nanowires, where these 

sacrificial nanowire templates were etched after the deposition of the material.
168

  

More extensive information on the synthesis and characterisation of 1D 

nanoferroelectrics can be found in recent reviews by Handoko
17

 and Rørvik
19

 et al. 

 

1.4.3 Two-dimensional ferroelectric nanostructures 

Planar structures such as plates
116

 or lamella
78

 and lateral arrays of nanodots
87

 or 

wires
92

 constitute the two-dimensional (2D) nanoferroelectric family.  The formation 

of periodic arrays of isolated ferroelectric nanoislands or dots has already been 

shown to enhance the performance of ferroelectric random access memories 

(FeRAM), by providing a high density of ferroelectric single-domains per unit 

area.
87,169

  Different forms of ‘top-down’ and ‘bottom-up’ routes, such as electron 

beam lithography (EBL), nanoimprint lithography (NIL), self-assembly and 
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template-assisted synthesis, have been used for the geometrical patterning of 2D 

nanoferroelectrics. 

Alexe et al.
90

 pioneered research on the 2D arrangement of ferroelectric 

nanostructures for their potential use in high density ferroelectric memories.  The 

researchers used EBL for the ‘top-down’ fabrication of regular arrays of SrBi2Ta2O9 

and PZT nanoisland capacitors with lateral dimensions ~100 nm.
90

  Huang et al.
91

 

also fabricated well-ordered PtOx/PZT/PtOx arrays of capacitors, down to a cell size 

of 90 × 90 nm, using EBL and plasma etching with a photoresist mask.  Clemens et 

al.
88

 have produced polycrystalline arrays of PbTiO3 nanoislands (lateral dimensions 

~50 to 100 nm) using EBL assisted synthesis.  Nguyen and co-workers demonstrated 

the wafer-scale production of laterally ordered 40 nm PZT nanowires, using a 

‘photolithography and etching for nanoscale lithography’ (PENCiL) technique.
170

  

This PENCiL method made use of a Ni nanowire array mask to generate horizontally 

aligned PZT nanowire array.  Dip-pen lithography
171

 is another way of producing 

nanopatterns and was used in the fabrication of array of PbTiO3 nanodots, with a 

minimum lateral dimension of 37 nm on a Nb-doped SrTiO3 substrate.
172

   This 

method utilised the position control capabilities of an atomic force microscope 

(AFM) cantilever to produce patterns of ordered nanostructures.
171

  Although the 

lithographic fabrication of nanostructures allows pre-defined precise positioning and 

morphological control of these structures, drawbacks such as high time consumption 

and complex etching process involved make it a less prevalent route for making 2D 

nanoferroelectrics. 

NIL has emerged as a facile and high-throughput patterning technology for 

fabricating geometrically ordered nanostructures, in which the surface patterns of a 

template are replicated into a material by mechanical contact followed by de-
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moulding.
137

  This method has the capability of achieving sub 20 nm structures with 

precise position.
137

  The process of making arrays of wires and dots of nanostructures 

using a NIL method is schematically demonstrated in Figures 1.7(a)
92

 and 1.7(d)
130

.  

Harnagea and co-workers reported seminal work on NIL processing of ferroelectric 

nanostructures, fabricating arrays of submicron sized (~ 300 nm) ferroelectric PZT 

cells.
173

  Hu et al.
130

 adopted nanoimprinting technique for the realisation of high 

density (~33 Gbits inch
-2

) regular arrays of poly(vinylidene fluoride-

trifluoroethylene) [P(VDF-TrFE)] nanocells for non-volatile memory applications 

(Figures 1.7(d) and 1.7(e)).  Subsequently the NIL technique has been extended to 

fabricate arrays of PZT nanowires
92,156

 (Figures 1.7(c) and 1.7(d)) and gratings
93,157

 

using sol-gel precursors.  The great potential of nanoimprinting to produce a variety 

of geometrically ordered ferroelectric nanostructures has yet to be explored. 

 

 

Figure 1.7.  (a) Schematic illustration of nanoembossing process of making 

ferroelectric PZT nanowire arrays, (b) SEM image showing horizontally aligned 

PZT nanowire arrays and (c) a single PZT nanowire with width of 190 nm.
92

  (d) 

Schematic diagram of the nanoimprinting process of P(VDF-TrFE) copolymer 

nanocell arrays and (e) AFM topography image of P(VDF-TrFE) copolymer 

nanocell arrays.
130
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Among the ‘bottom-up’ approaches, self-assembly-based chemical solution 

deposition (CSD) has been regarded as the simplest route for the preparation of 2D 

array of ferroelectric materials.
94-99,174

  For instance, Szafraniak et al.
94,97

 prepared 

single-crystalline PZT nanoislands (20 to 200 nm in lateral dimensions) by a self-

patterning CSD method based on the instability of ultrathin PZT films on a niobium-

doped SrTiO3 substrate.  The researchers observed that the annealing temperature, 

substrate interface and surface defects played a crucial role in the formation of PZT 

nanoislands.
94-97,174

  Although self-assembly methods have been successfully 

employed in making isolated ferroelectric nanostructures of smaller dimensions than 

those produced by optical lithography, its incapability to achieve geometrical 

ordering and a narrow size distribution of the nanostructures make this technique less 

prevalent. 

Template-assisted ‘bottom-up’ synthetic approaches provide a route to achieving 2D 

geometrical ordering of ferroelectric nanostructures, with narrow size distributions.
37

  

Nanosphere lithography (NSL)
175

 has been demonstrated as a versatile template-

based method for generating 2D ferroelectric nanostructures.
68-70,104,176-178

  NSL 

processing consists of two steps: (i) deposition of the desired material inside the void 

space created by self-assembled monodisperse nanospheres, such as polystyrene 

latex spheres, and (ii) dissolution of the spheres resulting in ordered arrays of 2D 

nanoparticles.
175

  In NSL, the spacing and size of the periodically arranged 

nanostructures can be readily controlled by using polymer spheres with different 

diameters, and/or by changing the amount of material deposited,
69,175

 e.g. 2D 

patterned arrays of ferroelectric pervoskite nanodots of BaTiO3 (Figure 1.8),
68-70

 

PZT
177

 and SrBi2Ta2O9
68,70

, with variable dimensions and coverage density, have 

been created by NSL techniques in conjunction with pulsed laser deposition.  In 
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addition, NSL can be used to fabricate nanosized electrodes on top of ferroelectric 

thin films for producing arrays of nanoscale capacitors.
104

  

 

 

Figure 1.8.  (a) Low magnification and (b) high magnification SEM images of 1 μm 

diameter latex sphere monolayer template, used as a mask for the pulsed laser 

deposition of BaTiO3 and (c) AFM topography image showing ordered arrays of 

BaTiO3 nanopyramids (after annealing) obtained using a 1 μm diameter latex sphere 

monolayer mask.
69

 

 

Although NSL has been successful utilised for nanopatterning arrays of 2D 

ferroelectric materials, it is difficult to deposit multilayers of materials from the same 

template.
49

  Since high temperature annealing is required for the crystallisation of 

oxide ferroelectrics, the use of polymer spheres is also not possible for multilayer 

deposition.  These problems have been rectified by the use of thermally stable 

templates, such as a silicon nitride shadow mask,
179,180

 AAO membranes
87,181,182

 and 

gold nanotube membranes,
183

 as nanostencil masks for the fabrication of 2D arrays 

of nanodots.  Due to the high thermal stability and inertness of these templates, they 

have the capability of allowing the multilayer deposition of nanomaterials.  Pulsed 

laser deposition (PLD) has commonly been used for the controlled deposition of 

ferroelectric materials through nanostencil masks.
179

  For example, Lee et al.
87
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demonstrated the use of ultrathin AAO membranes as a stencil mask for the 

fabrication of arrays of PZT nanodots on Pt/MgO substrates by PLD.  After the 

deposition of PZT, a layer of platinum metal was deposited on top of the nanodots, 

while keeping the AAO mask in place, to form Pt/PZT/Pt structures.  Using this 

approach the researchers were able to fabricate arrays of individually addressable 

Pt/PZT/Pt nanocapacitors with a coverage density of 176 Gb inch
−2

, for potential use 

in ultrahigh-density ferroelectric memories.   

 

 

Figure 1.9.  (a) Schematic illustration of AAO stencil-based nanofabrication of 

BaTiO3/CoFe2O4 multi-layered arrays of nanodots formed by pulsed laser deposition 

(PLD).  SEM images of (b) as-transferred AAO mask onto a STO substrate, (c) 

BaTiO3 nanodots with partially removed AAO after first layer deposition and (d) 

BaTiO3/CoFe2O4 two-layered nanodot arrays.   The scale bars shown are 100 nm.
57
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Multilayer deposition can also be used to combine functionalities of different 

materials, e.g. Lu et al.
57

 fabricated BaTiO3/CoFe2O4 ferroelectric/ferromagnetic 

(magnetoelectric) multi-layered arrays of nanodots in order to couple the 

ferroelectric and ferromagnetic properties of these materials.  The process of making 

arrays of BaTiO3/CoFe2O4 nanodots is schematically illustrated in Figure 1.9.
57

  

AAO stencil-based nanofabrication also finds use in the patterning nanoelectrodes on 

ferroelectric thin films,
57

 e.g., BiFeO3 thin film nanocapacitors have been fabricated 

by depositing Pt onto a 90 nm thick BFO thin film, pre-deposited on a SrTiO3 

substrate with a SrRuO3 top electrode layer, through a AAO mask to form Pt 

nanoelectrodes with a thickness of 25 nm and diameter 380 nm.
184,185

 

The self-assembly of block copolymers (BCPs) is another template-based fabrication 

route to achieve 2D ordering of nanostructures.
186,187

  BCPs consisting of at least two 

or more distinct homopolymers linked end to end through covalent bonds.  When 

dissolved in a selective solvent of one of the blocks, block copolymer micelles are 

observed that consist of a core formed by insoluble blocks surrounded by a corona of 

soluble blocks.  Due to thermodynamic incompatibility and chain connectivity, the 

phase separation between two (or more) blocks in a BCP occurs only in nanometre 

range (~5 to 50 nm).  Depending on the self-assembly conditions and nature of the 

individual polymer blocks, organised patterns with various geometries (sphere, 

cylinder, and lamellar) are possible to form.  Under appropriate conditions, BCPs 

self-assemble or phase-separate to form ordered nanoscale patterns, such as aligned 

cylinders and lamellas, of constituent blocks with a domain spacing that depends on 

the molecular weight, segment size and the strength of interaction between the 

polymer blocks.
186-188

  Metal ions and organics can be selectively incorporated into 

one or both blocks of these self-assembled BCP films, which could be used for the 
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fabrication of functional nanostructure patterns.  For instance, nanodot and nanowire 

arrays with high periodicity can be fabricated on various substrates.  The feature size 

and shape of the patterns are mainly controlled by many parameters, especially:  

chemical composition and molecular weight of the blocks, solvent type, and 

annealing conditions.  This can be used to tune to the size and shape of the 

nanostructures.  Kang et al.
133

 used a polystyrene-b-poly(ethyleneoxide) (PS-b-PEO) 

di-block polymer template for the confined crystallisation of the ferroelectric 

polymer PVDF-TrFE into trenches, which were 30 nm in width and 50 nm in 

periodicity.  Kim et al.
101

 fabricated high density array of epitaxial PbTiO3 

nanoislands with a height of 7 nm and a diameter of 22 nm on a single-crystalline 

Nb-doped SrTiO3 (100) substrate over a large area (cm
2
) by utilising the DSA of the 

polystyrene-b-poly(4-vinylpridine) copolymer.  Recent developments in BCP-

assisted patterning of nanostructures suggests that these templates have the potential 

to form well aligned and precisely positioned 2D patterns at sub 10 nanometre 

scales.
189-191

  BCP-based fabrication opens up immense prospects for the production 

of laterally-ordered ferroelectric nanopatterns.  Other techniques such as FIB 

processing,
78,109,110,162

 single ion irradiation,
192

 and solution-based synthesis
116,128

 

have also used for the preparation of 2D nanoferroelectrics. 

 

1.4.4 Three-dimensional ferroelectric nanostructures 

The ability to order and align ferroelectric or piezoelectric nanostructures, especially 

nanotubes and nanowires, into high-density free-standing arrays is highly useful for 

commercial applications.
85,193-196

  For example, vertically aligned arrays of PZT 

nanowires (Figure 1.10(a)) prepared via hydrothermal synthesis, finds application as 

mechanical to electrical energy converters.
85

  Under the application of an uniaxial 
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compressive force, these PZT nanowires generate a piezoelectric field which in turn 

produces an electrical output.
85

   

 

 

Figure 1.10.  SEM images of (a) epitaxially grown arrays of PZT nanowires on an 

Nb-doped STO substrate by hydrothermal decomposition
85

 (scale bar, 5 μm), (b) 

arrays of PZT nanotubes on a porous Si template produced by metalorganic-

decomposition
102

 and (c) array of PZT nanotubes fabricated via soft-template 

infiltration
89

 (scale bar, 500 nm). 

 

Scott et al.
102

 noticed intense terahertz emission from vertically aligned arrays of 

PZT nanotubes (Figure 1.10(b)), while such emission was totally absent in flat PZT 

films or bulk.  They attributed this effect to the vertical alignment of the 

nanotubes.
102

  Hong et al.
132

 noticed a five times enhancement in the piezoelectric 

response for PVDF–TrFE nanostructures aligned perpendicular on a Si substrate 

compared to PVDF–TrFE thin films.  3D nanostructuring also provides an 

opportunity to study the size and morphology dependence of ferroelectric 

characteristics.  For instance, Bernal and co-workers fabricated well-ordered free 

standing arrays of PZT nanotubes (Figure 1.10(c)) by vacuum infiltration of a sol-gel 

precursor solution into a polymeric template, created using electron beam 

lithography, and studied the effect of the critical thickness of the nanotubes on their 
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ferroelectric behaviour.
89

  This template-based method
89

 has the advantage of precise 

control over the size, shape and location of the nanostructures, enabling fabrication 

of NEMS and energy harvesting devices.
193

  Other methods such as hydrothermal 

synthesis,
197-199

 PLD
200

 and AAO template-assisted fabrication
100,103,121,201

 have also 

been used to prepare 3D ferroelectric nanostructures. 

 

1.5 Characterisation of Nanoscale Ferroelectric Materials 

Although there have been numerous research articles published on the fabrication 

of ferroelectric nanostructures, only a few studies have focused on size-dependent 

ferroelectric characteristics.  A significant understanding of nanoscale 

ferroelectricity amongst researchers evolved with the advent of scanning probe 

microscopy (SPM) and piezo-response microscopy (PFM) techniques.
38,39,202,203

  

Other characterisation tools such as high resolution TEM,
80,109,178,204-207

 synchrotron 

x-ray scattering,
32

 scanning probe Raman
45,47

 and dielectric spectroscopy
42-44

 have 

also been utilised to probe scaling effects in ferroelectric nanostructures.  This 

section will provide an overview of the latest developments in the characterisation 

nanoscale ferroelectrics. 

PFM has been the pivotal characterisation tool for probing nanoscale materials due 

to its ability to locally image, quantify and manipulate ferroelectric features of 

individual nanostructures.
38,39,202,203

  PFM uses a conducting AFM tip to measure the 

local electromechanical response of a ferroelectric material.  An applied voltage 

through the conducting tip on to the surface of the ferroelectric surface causes local 

deformation of the sample due to converse piezoelectric effects.  The tip deflects in 

response to this deformation, which is then translated into local piezoresponse and 

phase images.  The images obtained provide a qualitative picture of the 
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piezoresponse and domain structure of individual nanostructures.  The quantification 

of a piezoresponse from an individual nanostructure is possible through the 

application of switching-spectroscopy PFM.
40,208

  This operational mode of PFM is 

used to locally switch the polarisation, and acquire the resulting local switching 

hysteresis, of a ferroelectric nanostructure.  Put together, the main uses of PFM are 

(i) to measure a piezo-response, (ii) ferroelectric domain imaging and patterning, (iii) 

to study domain dynamics and phase transformations and (iv) local polarisation 

switching and mapping, at the nanoscale.
33, 34, 191, 192

  The major applications of PFM 

are illustrated in Figure 1.11 (adopted from Lee et al.
87

).  PFM has also been used 

extensively to study and understand the mechanisms of nanoscale ferroelectric 

domain growth.
39,202,203,209,210

  For example, Rodriguez et al. investigated the domain 

switching dynamics
211

 and polarisation states
182

 in PZT nanoislands and nanodots 

using PFM phase image mapping.  Although PFM is a versatile and easy to use 

technique, its spatial resolution both in terms of PFM tip size and electric field 

spread, may limit its use for the smallest nanostructures of interest.
14

  Recently, 

efforts have been made to increase the spatial resolution regime of PFM.
41,212

  

Maksymovych et al.
41

 acquired remnant piezoresponse hysteresis loops from 

epitaxial BiFeO3 thin films with dimensions as small as 4 unit cells (1.6 nm) using 

PFM in ultra-high vacuum. 
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Figure 1.11.  (a) Piezoelectric hysteresis loop obtained from epitaxially grown PZT 

on a Pt/MgO(100) substrate, (b) topographic and (c) piezoresponse images of 

nanoisland PZT/Pt/MgO(100).  The hysteresis loop shown in (a) was obtained from 

the area marked by a white rectangle in (c).  (d) Piezoelectric hysteresis loop 

obtained from a ferroelectric [Pt/PZT/Pt/MgO(100)] nanocapacitor, and (e) a 

topographic image of the corresponding sample.  PFM images (f) before switching, 

(g) after positive switching of two capacitors by applying +3Vdc, and (h) after 

negative switching of one of the two previously switched capacitors by applying -

3Vdc.  Insets in (a) and (d) represent the switching measurement configuration.  The 

scale bars in (b), (c) and (e–h) are 100 nm.
87

 

 

High-resolution TEM offers atomic-scale resolution for investigating ferroelectric 

polarisation domains and switching mechanisms.
80,109,178,204-207

  Nelson et al.
206

 used 

aberration-corrected TEM combined with SPM for in-situ monitoring of the kinetics 

and dynamics of ferroelectric switching in BiFeO3 thin films, at millisecond temporal 

and sub-Ångström spatial resolution (Figure 1.12). 
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Figure 1.12.  (A) Chronological TEM dark-field image series obtained from a 

single-domain BiFeO3 thin film formed on a La0.7Sr0.3MnO3 (electrode)/TbScO3 

substrate.  Nucleation occurs at the La0.7Sr0.3MnO3 electrode interface at 0.9 V 

(images 1 to 3), producing a metastable stationary domain.  Additional bias increases 

the size and number of these domains up to 2.2 V (image 4).  At 2.2 V, the domains 

merge and propagate forward just short of the surface (image 5), where they remain 

pinned along a (001) plane even after the voltage is nearly doubled (image 6).  The 

lateral extent of the domain is reduced slightly with the removal of the bias (image 7) 

and remains unchanged after the tip is removed (image 8).  (B) Normal component 

of the electric field from the surface probe.  (C) Normal component of the electric 

field, including top and bottom Schottky junctions.  (D) A ferroelectric hysteresis 

loop formed by the primary 71° switching as determined by the area of a switched 

domain.
206
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Jia et al.
205

 used aberration-corrected TEM to study the cation–oxygen dipoles near 

180 domain walls in epitaxial PbZr0.2Ti0.8O3 thin films on the atomic scale.  

Similarly, Polking et al.
213

 studied ferroelectric ordering in GeTe and BaTiO3 

nanocrystals (sub 10 nm) by obtaining maps of atomic-scale ferroelectric structural 

distortions using aberration-corrected TEM, in conjunction with holographic 

polarisation imaging.  Gregg et al.
79, 111, 206

 have also explored the ferroelectric 

domain patterns in various ferroelectric nanostructures using scanning transmission 

electron microscope (STEM).
80,109,207

  Of note, the ferroelectric domain patterns and 

their orientations in isolated PbZr0.42Ti0.58O3 single-crystal nanodots were visualised 

by means of bright-and dark-field TEM imaging.
109

 

Raman spectroscopy can yield important information regarding the local crystal 

symmetry of a material, due to its sensitivity to atomic displacements and lattice 

vibrations, and thus can be used to study the domain structure and phase 

transition/stability in a ferroelectric material.
139,140,214,215

  Ultraviolet Raman 

spectroscopy has been used to measure to measure TC in ultrathin films and 

superlattices.
216,217

  Tenne et al.
216

 examined the size-dependence of TC in BaTiO3 

films as thin as 1.6 nm using UV Raman scattering.  The combination of SPM and 

spectroscopy techniques enables the characterisation of the structure-properties 

relationship of ferroelectric nanomaterials with high spatial resolution.
45

  For 

example, Berweger et al.
47

 used tip-enhanced Raman spectroscopy (TERS), a 

combination of SPM and Raman spectroscopy, to determine the crystallographic 

orientation and to image the ferroelectric domains in BaTiO3 nanocrystals, with ~ 3 

nm spatial resolution.  In a similar way, scanning nonlinear dielectric microscopy 

(SNDM) has been used for the observation of ferroelectric polarisation distributions, 

domains and measurement of dielectric characteristics at nanoscale.
42-44

  Non-contact 
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mode scanning nonlinear dielectric microscopy (NC-SNDM) allows the visualisation 

of nanodomains and domain walls with atomic-scale resolution.  In addition, SNDM 

has many advantages over PFM, such as high speed imaging of domains and the 

absence of screening effect from free surface charges.
42

  All the techniques 

mentioned above provide an in-depth understanding of nanoscale ferroelectricity, 

which potentially unlocks numerous future applications for ferroelectric 

nanostructures. 

 

1.6 Scaling Effects of Nanoscale Ferroelectric Materials 

The scaling of a ferroelectric into ‘nano’ dimensions results in an increase in the 

materials surface area, at which point surfaces charges play a dominant role in 

determining the polarisation of the nanomaterial.  1n 1979, Kretschmer et al.
218

 

highlighted the influence of surface effects on the spontaneous polarisation of 

ferroelectric thin films.  Thus transforming a bulk ferroelectric material into a 

nanostructured form can render significant changes to its characteristics, such as 

spontaneous polarisation (PS), TC and polarisation domain structure, which can be 

used to tune or tailor the ferroelectric features of a material.
21,31

  Moreover, 

nanostructuring can generate highly dense arrays of isolated ferroelectric 

nanostructures and domains.
87,90,219

  Isolated domains can acts as individual memory 

elements for storing ‘bits’ of data required for high-density ferroelectric memory 

storage, e.g. Lee et al.
87

 fabricated arrays of individually addressable Pt/PZT/Pt 

nanodot capacitors with a density of 176 Gb inch
−2

, for non-volatile ferroelectric 

random access memory (FeRAM). 

A consequence of nanostructuring ferroelectric materials is the appearance of a 

critical size limit, below which spontaneous polarisation cannot be sustained in a 
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ferroelectric material.
30,32

  One cause of lost ferroelectric behaviour in nanoscale 

systems is the existence of a depolarising field, due to the incomplete compensation 

of the polarisation induced surface charges over a large surface area.
33,220

  Thus the 

basic understanding of this size limit in ferroelectrics is of prime importance to many 

potential applications,
36

 since this limit determines the extent to which a ferroelectric 

material can be scaled down without losing its characteristics.  Last decade 

witnessed considerable progress in investigating the critical size limit and the size 

influence of many ferroelectric nanostructures, of various dimensions and 

geometries.  Even though several experimental reports on the minimum size limit of 

various nanoferroelectrics have been published, there have been discrepancies 

between the stated critical sizes, depending on the preparation route, morphology 

and characterisation tool used.
30,32,139,140,161,221-225

   For example, in 1988 Ishikawa 

and co-workers experimentally demonstrated that sol-gel-prepared PbTiO3 

nanoparticles displayed a critical size limit of approximately 10 nm at 300 K.
139,140

  

Later on, Fong et al.
32

 demonstrated that the ferroelectric phase in PbTiO3 thin films 

was stable for thicknesses down to 3 unit cells (~ 1.2 nm) at room temperature.  

Roelofs et al.
99

 suggested that the reduced critical size-limit of thin films could be 

due to the fact that they shrink the ferroelectric polarisation component in one 

dimension only, but not in all three directions as with nanoparticles.  The critical film 

thickness of other pervoskite-based ferroelectrics such as BaTiO3 (2.4 nm)
225

 and 

PZT (4 nm)
222

 have also been demonstrated experimentally.  Apart from thin 

films,
32,161,221,222,225

 many other nanostructured ferroelectrics have also been the 

subject of size-induced ferroelectric behaviour and these theoretical and 

experimental findings are discussed in the forthcoming section. 
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Zero dimensional (0D) ferroelectrics, e.g. nanoparticles, have been widely 

investigated by researchers.
30,139,140,223

  For example, the finite size-effect on the 

ferroelectric phase transitions in PbTiO3 nanoparticles were studied in the late 

'80s.
140

, e.g. Ishikawa et al.
139, 140

 noticed a decrease in TC with a decrease in the size 

of PbTiO3 nanoparticles.
139,140

  Later in the mid '90s, Zhong
226

 and Wang
227,228

 et al. 

theoretically predicted a decrease in the polarisation and TC with decreasing particle 

size for PbTiO3 and BaTiO3 nanoparticles.  Park et al.
30

 explored the particle-size 

induced phase transition in BaTiO3 nanoparticles, revealing that the size reduction of 

BaTiO3 progressively increased the symmetry of its crystal structure, as evidenced 

by a decrease in tetragonal distortion, and consequently suppression of its 

ferroelectric polarisation.
30

  Sun
229

 and Jiang et al.
223

 observed similar trends for 

BaTiO3 and PbTiO3 nanoparticles respectively.  Jiang et al.
223

 also noticed an 

increase in the dielectric constant as a function of decreasing PbTiO3 particle size, 

attributed to the presence of an amorphous surface layer and surface energy 

associated with domain walls.
223

  Polking et al.
213

 revealed experimentally the 

influence of surface depolarisation effects on ferroelectric polarisation stability at the 

nanoscale, by comparing highly conducting GeTe with strongly insulating BaTiO3 

nanocrystals of comparable sizes (sub 10 nm) and shapes.  The polar GeTe crystals 

were observed to stabilise nanoscale ferroelectricity more effectively than insulating 

BaTiO3 particles, through effective screening of polarisation-induced surface 

charges.
213

  In addition, they demonstrated room-temperature ferroelectric 

polarisation switching in 10 nm BaTiO3 nanocubes using PFM.
213

  The concept of 

mechanically induced stress effects on nanoscale ferroelectrics has been reported for 

BaTiO3 nanoparticles, by Basun et al.
230

  Not only were BaTiO3 nanoparticles 

observed to maintained their ferroelectric behaviour down to 10 nm, but they also 
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showed enhanced spontaneous polarisation and dipole moment values.  Numerous 

reports have been published to-date on the size-driven ferroelectric properties of 

various nanoparticles.
33,63,141,207,224,231-234

 

2D patterned arrays of ferroelectric nanoparticles, nanoislands and nanodots have 

been extensively studied for their scaling effect, due to their potential use in high-

density FeRAM cells.
68,70,87,90,91,138,173,183,219

  For example, Lee et al.
87

 demonstrated 

ferroelectric switching in individual Pt/PZT/Pt nanodot capacitors with diameters of 

60 nm and a height between 20–40 nm, where two neighbouring nanocapacitors 

could be switched into opposite states.  The presence of single polarisation-domains 

in individual ferroelectric nanodots will be highly beneficial for the realisation of 

FeRAM with enhanced performance.
169

  For example, Lu et al.
57

 successfully 

fabricated epitaxial arrays of BaTiO3 nanodots on SrRuO3/SrTiO3(001) substrates 

with individual nanodots possessing single c-domain structures.  Similar mono-

domain formation was observed in arrays of PbTiO3 nanodots.
101,172,235

  Kim et al.
101

 

noted a relatively high piezoresponse in PbTiO3 nanodots and attributed this 

enhancement to the presence of uniform sized c-domains.  Son and co-workers 

explored the size-dependent ferroelectric behaviour in PbTiO3 nanodots.
172,235

  They 

noted a decrease in the piezoelectric coefficient (d33) and an increase in the coercive 

electric field with decreasing thickness, or increasing lateral size, of the nanodots and 

illustrated that PbTiO3 nanodots with diameter around 10 nm could preserve 

ferroelectricity.
172,235

  Similar trend in ferroelectric behaviour was also reported by 

Kim et al.
101

  Ma et al.
70

 demonstrated the retention of ferroelectricity in arrays of 

BaTiO3 nanocrowns and SrBi2Ta2O9 nanorings with dimensions as small as ∼9 and 

5 nm, respectively.  Chu et al.
95

 studied the role of substrate-ferroelectric interfaces 

on the size-driven ferroelectricity in epitaxially grown PZT nanoislands on 
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SrTiO3(001) substrates.  They highlighted that individual PZT nanoislands, with a 

height of ~10 nm, displayed ferroelectric polarisation instability associated with 

misfit dislocations between the PZT lattice and the substrate. 

Significant progress has been achieved in understanding the scaling effects in 1D 

ferroelectrics, especially nanowires.  Yun
153

 and Urban et al.
56

 provided the seminal 

experimental evidence for the presence of ferroelectricity in individual BaTiO3 

nanowires as small as 10 nm in diameter, using scanning probe microscopy.  

Moreover, they demonstrated the non-volatile memory application potential of these 

nanowires by locally switching ferroelectric polarisation domains in these structures, 

as small as 100 nm
2
.
153

  Also, Suyal et al.
236

 studied nanoscale ferroelectric 

behaviour in potassium niobate tantalate [K(Nb0.8Ta0.2)O3] nanorods using PFM and 

were successful at switching the polarisation direction of an area of 50 nm
2 

on an 

individual nanorod.  Many theoretical investigations were subsequently undertaken 

to elucidate ferroelectric behaviour in 1D nanoferroelectrics.  For instance, Naumov 

and Fu theoretically predicted the existence of ferroelectric ordering in PZT 

nanowires with diameters larger than 2 nm.
237

  They also concluded that the 1D 

morphology of nanowires may force the polarisation to align either along the 

longitudinal or the transverse direction, depending on the extent of the depolarisation 

field in that particular direction.
237

  Thus the diameter of a ferroelectric nanowire 

may be used to tune the magnitude of spontaneous polarisation and TC.
237

  Also, 

Hong et al.
35

 demonstrated theoretically that TC, the mean polarisation and the area 

of ferroelectric hysteresis loops decreases upon reducing the diameter of BaTiO3 

nanowires (Figure 1.13) and the ferroelectricity in these wires disappears at a critical 

size of ~ 1.2 nm,
35

  consistent with the prediction by Geneste et al.
34
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Figure 1.13.  Size effects on (a) the mean polarisation at different temperatures, (b) 

TC (black dots are from experiment
238

) and (c) polarisation-electric field (P-E) 

hysteresis loops (T = 293 K) of BaTiO3 nanowires.
35

 

 

Moreover, Spanier et al.
238

 proved experimentally that TC in BaTiO3 nanowires was 

inversely proportional to the nanowire diameter.  They noticed that TC fell below 

room temperature at a nanowire diameter ~ 3 nm,
238

 while bulk BaTiO3 samples 

show a TC of 120 °C.
8,239

  An extrapolation of this data indicated that BaTiO3 

nanowires with diameter as small as 0.8 nm can support ferroelectricity at lower 

temperatures.  They explained the observed ferroelectric stability at lower nanowire 

diameters by an adsorbate-induced charge screening mechanism, by which the 

depolarisation field can be minimised; for instance, by surface hydroxyl (-OH) 

groups.  In addition, their theoretical calculations indicated that the ferroelectric 

polarisation can be tuned by changing the surface properties of the nanowire, which 



Chapter 1: Introduction 

 

 

Nanostructured Ferroelectric Materials                                                                    39     

opened up new possibilities in controlling ferroelectricity at the molecular 

level.
240,241

  Li and co-workers studied the polarisation-dependence of physisorption 

on ferroelectric surfaces.
241

  They investigated the energetics of physisorption on 

ferroelectric domains for CH3OH and CO2 on BaTiO3 and Pb(Ti0.52Zr0.48)O3 thin 

film surfaces, with the aim of tailoring surface reactivity.  Recently, Louis et al.
242

 

demonstrated experimentally that the direction and extent of ferroelectric 

polarisation in a ferroelectric nanowire can be tuned by varying its size.  They 

conducted their study on KNbO3 and BaTiO3 nanowires using a combination of 

experimental and theoretical techniques, such as X-ray diffraction, Raman 

spectroscopy and first-principles-calculation, to reveal the nanoscale ferroelectric 

phase transition mechanism.  Also, Schilling and co-workers demonstrated 

morphologically-controlled ferroelectric polarisation in single-crystal BaTiO3 

nanowires, by locally changing the aspect ratio of the nanowires using FIB milling 

techniques.
80

  They noticed the presence of axial (∥ to the nanowire axis) and non-

axial (⊥ to the axis) polarisation components in these nanowires, which were 

strongly sensitive to the local morphology. 

Any fabrication technique that can easily manipulate the size and dimensions of 

ferroelectric nanowires offers great advantages for studying the scaling effect.  From 

this viewpoint, template-based fabrication techniques need special mention.  

Preferential crystal orientation, ordering and high-density arrays of ferroelectric 

nanostructures can be achieved by templating.
71,89,100,103,105,117,167,196

  Since 

ferroelectricity is a co-operative phenomenon, crystal orientation and ordering have a 

significant influence on the ferroelectric properties of nanoscale materials, such as 

polarisation direction and domain structure.   Recently, Bernal et al.
89

 fabricated 

highly-ordered vertical arrays of PZT nanotubes with variable diameters, using an 
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EBL-patterned polymeric electron resist template, to study piezoelectric size effects.  

The size effect in the PZT nanotubes with various wall thicknesses, ranging from 5 

nm to 25 nm, was studied while keeping the aspect ratio constant.   They noticed an 

increase in the remnant piezoresponse and a decrease in coercive voltage with 

increasing tube wall thickness and also the presence of a critical size limit at ~ 10 

nm.  Yadlovker et al.
167

 prepared highly dense array of Rochelle salt (RS) single 

crystalline nanorods with uniform ferroelectric polarisation orientation and 

nanodomain sizes using AAO templates.  These arrays of nanowires exhibited an 

enhancement in their spontaneous polarisation, one order higher than reported for 

bulk RS, due to the single crystalline nature and long-range ordering of the wires 

inside the AAO membranes.  Similar enhancements have been reported for single 

crystalline KIO3, 
243

 Sb2S3 
127

 and PbTiO3 
198,199

 nanorods.  As noted above, 

preferential orientation of ferroelectric nanostructures can enhance ferroelectricity by 

introducing anisotropy in a particular direction.  Vertically aligned PVDF−TrFE co-

polymer nanograss structures showed a piezoelectric response (210.4 pm V
-1

) five 

times larger than that of its flat thin film counterparts.
132

  Similar enhancements in 

piezoelectric performance were observed in horizontally aligned arrays of PZT 

nanowires, where the nanowires displayed the highest reported piezoelectric 

coefficient (deff ∼145 pm V
-1

) reported,
170

 as well as in arrays of buckled PZT 

nanoribbons.
244

  More in depth information on scaling effects in nanoscale 

ferroelectrics can found in recently published reviews.
14,16,19

 

 

1.7 Applications of Nanoscale Ferroelectric Materials 

The polarisation of ferroelectric materials can be changed by using three forms of 

energy, i.e. electric, thermal and mechanical or vice versa, giving these materials 
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pyroelectric and piezoelectric characteristics as well.  These three inter-dependent 

properties of ferroelectrics have been widely exploited for many functional 

applications.
11,239,245,246

  The various applications of ferroelectrics are schematically 

shown in Figure 1.14.  The reversible polarisation of a ferroelectric material can be 

used in non-volatile memory applications, as the direction of polarisation switching 

represents the binary ‘1’ and ‘0’ in data storage.
11,239,246,247

  Ferroelectric thin films 

have already shown potential as FeRAMs in memory storage applications.
11,239,246

  

The piezo effect in ferroelectrics can be used to convert mechanical energy to 

electrical energy, or vice versa, and find wide-spread use as actuators, transducers 

and micro-elelctromechanical (MEMS) devices.
11

  As all ferroelectric materials are 

pyroelectric, they can also generate an electrical current in response to any change in 

ambient temperature; this principle finds use in infrared thermal imaging.
10,248

  In 

addition, pyroelectric materials can act as energy scavengers,
249

 whereby electrical 

energy can be created from wasted heat in an electronic circuit.
250

  Owing to their 

high dielectric permittivity, ferroelectrics also find extensive use as capacitors in 

electronic industry.
11,239,245

  Apart from the niche applications mentioned above, the 

latest developments in the use of nanoferroelectrics are summarised in the following 

section. 
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Figure 1.14.  Application ranges of ferroelectric, piezoelectric and pyroelectric 

materials.  

 

Significant efforts have been made recently to achieve high efficiency ferroelectric 

memory devices, through the assistance of nanostructuring.
13,18,20,87,90,133,196,251-255

  

Different types of nanodevice architectures with improved features have been 

realised, based on the reversible polarisation of the ferroelectrics, e.g. switchable 

remnant polarisation in a ferroelectric material is applied in FeRAM.
247

  By scaling 

down the size of individual memory cells, the storage efficiency of FeRAMs can be 

greatly improved.
87

  Shen et al.
157

 explored the potential application of horizontally-

aligned arrays of PZT nanowires for multi-bit storage applications.  In addition, the 

ferroelectric polarisation can be coupled directly to the channel of a field effect 

transistor (FET), to form ferroelectric FET or FeFET, in which the direction of the 

polarisation determines the on-off state of the device.
13,255

  Recently there has been 

significant interest in nanostructured ferroelectric polymers, especially PVDF-TrFE 

copolymers, for non-volatile memory cells owing to their cost effective production 
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and inherent flexibility.
131,133,253,254

  For example, PVDF-TrFE based FeFETs with 

enhanced memory features were realised by nano confinement of the polymer within 

self-assembled organosilicate lamellae.
133

  The reversible polarisation of ferroelectric 

materials could also be used to change the charge injection/transport properties of the 

material, and has the potential for memory storage.
12,18

  A ferroelectric tunnel 

junction (FTJ) is working on this principle, where the electrical resistance at a FTJ 

can be tuned using orientation of ferroelectric polarization.
13,18,204,252,256-260

  

Chanthbouala et al.
252

 have demonstrated FTJ-based solid state memory with high 

off/on ratios (100), and very low write power (~ 1 × 10
4
 A cm

-2
) using a 2 nm 

BaTiO3 thin film (Figure 1.15).  Apart from electronic applications, piezoelectric 

nanostructures, especially nanowires, have been studied extensively for their 

potential energy harvesting capabilities from collective mechanical movements.
261

 

Pyroelectric energy conversion also offers a way to convert waste heat directly into 

electricity and can be potentially used as an energy harvester.
249,250

 

 

 

Figure 1.15.  (a) AFM image of four typical FTJ nanodevices defined using 

electron-beam lithography.  (b) Schematic of a gold (10 nm)/cobalt (10 nm)/BaTiO3 

(2 nm)/La0.67Sr0.33MnO3 (30 nm) nanodevice on a (001) NdGaO3 single-crystal 

substrate.
252
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Most of the applications mentioned above make use of either thin films or 1D 

ferroelectric nanostructures.  Isolated ferroelectric nanoparticles also find use in a 

wide range of applications.  For example, ferroelectric nanoparticles find extensive 

use as a filler material in polymer-nanocomposite based structures.
232,262

  BaTiO3 

nanoparticle-based polymer nanocomposites are widely studied.  Isolated super-

paraelectric BaTiO3 and (Ba,Sr)TiO3 nanoparticles (8-12 nm) synthesised via a 

solvothermal process find use as a functional filler material in polymer composite 

based organic field effect transistors (OFETs).
232

  Surface functionalisation is 

another active area of interest for ferroelectric nanoparticles.
263

  Owing to the high 

surface energy of nanoparticles, their functionalisation using suitable organic 

moieties can add tunability to the dielectric and functional characteristics of 

ferroelectric nanocrystals.
240

  In addition, the dispersion of ferroelectric nanoparticles 

in a polymer matrix can be improved by proper modification of the surface of 

ferroelectric nanoparticles, which in turn provides enhanced dielectric characteristics 

to the polymer nanocomposite.
262,264-266

  Ferroelectric nanoparticle-filled polymer 

nanocomposites have also shown potential in applications such as dielectric energy 

storage, flexible thin-film dielectric capacitors
262,264-266

 and flexible electrical energy 

generators
267

.   

 

1.8 Future Outlook of Nanoscale Ferroelectric Materials 

The prospect for nanoscale ferroelectric materials is promising, as evident from the 

growing research articles in theory, fabrication and application aspects of these 

structures.
13,15-20,49,51,87,133

  A basic understanding of the finite-size effect in 

nanoscale ferroelectric is a prerequisite for the development of new devices and 

hence more theoretical studies in this area would be highly advantageous.  
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Fabrication routes that have the capability of generating nanostructured patterns with 

predictable shapes and controlled dimensions, at desired locations on a substrate of 

interest, are critical for the integration of novel nanoferroelectric devices.  For 

instance, the potential use of nanoimprint lithography
92,137,138,157

 and self-assembled 

BCPs
189,191,268

 to produce highly ordered patterns of nanostructures could be 

effectively exploited to achieve the above mentioned challenges.  Efforts in 

enhancing the spatial resolution of current characterisation tools will also be required 

to tackle the future developments in nanoscale ferroelectric research.
41,45,212

  

Characterisation techniques such as PFM, SNDM,
42-44

 TERS
45,47

 and 

TEM
109,205,206,213

 require special mention in this regard.  The broad application 

spectrum of nanoscale ferroelectric materials spanning from memory devices to self-

powered nanogenerators may fuel future interests in research and developments in 

this area.  Progress in controlling ferroelectricity on the nanoscale offers great 

potential for nanoscale ferroelectric devices, especially FeFETs and FTJs.
16, 185, 245, 

246, 251-255
  The 2011 international technology road map for semiconductors (ITRS) 

has listed ferroelectric-based FTJs and FeFETs as two emerging memory 

technologies.
12

  Moreover, the still advancing area of piezotronics offers immense 

possibilities in the creation of efficient self-powered microelectronic 

devices.
85,108,193,194,244,261,269

 

 

1.9 Thesis Summary 

Chapter 2 of this thesis provides an overview of the experimental methods and 

characterisation tools utilised to obtain the research data reported in the thesis.  In 

particular, this chapter details the general principles of piezoresponse microscopy 

(PFM). 
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Chapter 3 highlights the fabrication of arrays of Sb2S3 nanowires, with variable 

diameters, using a solvent-less method employing AAO templates.  A detailed 

account of the PFM characterisation, such as domain imaging and switching of 

polarisation, of the arrays of Sb2S3 nanowires is provided.  

Chapter 4 details the preparation of vertically aligned SbSI nanorods and wire arrays 

using a surface-roughness assisted vapour-phase deposition method.  The qualitative 

and quantitative nanoscale ferroelectric properties of these nanostructures are also 

discussed. 

Chapter 5 highlights the fabrication of highly ordered arrays of PZT nanodots, using 

BCP self-assembled templates, and their ferroelectric characterisation using PFM. 

Chapter 6 summarises the conclusions derived from the experimental results 

obtained in chapters 3, 4 and 5.  The chapter also outlines the future prospect in 

fabrication and application aspects of ferroelectric nanostructures. 
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2.1 Preparation of Tris(diethyldithiocarbamate) Antimony (III) 

All chemicals used in the synthesis were high purity and used without any further 

purification: antimony trichloride (SbCl3, Alfa Aesar UK, 99.9 %), sodium 

diethyldithiocarbamate trihydrate (Na(S2CNEt2)2, Sigma-Aldrich, ≥98 %), anhydrous 

methanol (Sigma-Aldrich, 99.8 %), dichloromethane (DCM, Sigma-Aldrich, ≥99.9 

%), anhydrous benzene (Sigma-Aldrich, 99.8 %), n-hexane (Sigma-Aldrich, ≥97 %).  

In a typical procedure, a soultion of 1.14 g of SbCl3 (0.005 mol in 25 ml of 

methanol) was added to a solution containing 3.38 g of sodium 

diethyldithiocarbamate trihydrate (0.015 mol in methanol) drop wise with constant 

stirring.  The solution was stirred at room temperature for 1 hr until a yellow 

precipitate of Sb(S2CNEt2)3 was formed (Figure 2.1).  The precipitate was washed 

with methanol, filtered and dried overnight at 60 °C (Yield, ~90 %).  The compound 

was re-crystallized from dichloromethane and the melting point of the compound 

was noted to be 170 °C
1
. 

 

                  

Figure 2.1. Chemical structure of tris(diethyldithiocarbamate) antimony (III), 

Sb(S2CNEt2)3. 
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2.2 Preapartion of Anodic Aluminium Oxide (AAO) Templates 

All the materials used for the fabrication of AAO templates were of high purity and 

used as received.  Al foil (0.5 mm thick, 99.999 %) and lead foil (2 mm, 99.9 %) 

were purchased from Goodfellow Cambridge Limited, England.  Oxalic acid (98 %), 

copper (II) chloride (97 %), chromium (III) chloride (95 %), phosphoric acid (70 %), 

sulphuric acid (98 %) and potassium hydroxide (90 %) were purchased from Sigma-

Aldrich.  AAO templates with mean pore diameter 200 nm were purchased from 

Whatmann UK.  Templates with mean pore diameters 100 and 50 nm were prepared 

electrochemically by an anodisation process of an aluminium foil, as first described 

by Masuda and Fukuda in 1995.
2,3,4

  The AAO templates were fabricated by a three 

step process as described below: 

(i) Substrate preparation.  High purity Al foil was cut into circular disks of ~ 15 mm 

diameter and ultrasonically cleaned in acetone for 30 min at room temperature.  The 

disks were flattened under a pressure of ~ 5000 MPa using a bench-top press and 

then annealed under vacuum at 450 °C for 5 hr. 

(ii) Anodisation.  Anodisation was carried out in a custom built electrochemical cell, 

where Al discs were inserted inside the circular slots provided in the cell with the 

lead counter electrode held at the centre of the cell.  The lead electrode was partially 

immersed in the electrolyte in the electrochemical cell and anodisation was carried 

out at a constant potential using a dc power supply (Thurlby Thandar Instruments 

model EX752M).  In the electrochemical cell, Al discs serve as the anode and lead 

foil act as the cathode.  Anodisation of Al discs was carried out in two stages.  For 

100 nm AAOs, the 1
st
 anodisation was carried out in 0.3 M oxalic acid at 40 V for 6 

hr. at room temperature.  The first stage anodisation for 50 nm AAOs was carried out 
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in 20 wt. % H2SO4 at 25 V for 6 hr. at 0 °C.  The passive oxide film which forms at 

the surface of the Al discs was chemically removed by submerging the discs in a 

solution of chromic acid (5 wt. %) and phosphoric acid (1.8 wt. %) at 60 °C 

overnight in an air oven.  The second stage anodisation of chemically treated 100 

and 50 nm AAOs were carried out under similar conditions to the first but over a 

time period of 16 hr. 

(iii) Post-treatment. After the anodisation, the aluminium metal present on the back 

side of the AAOs was removed using a saturated solution of CuCl2 and the oxide  

barrier layer was removed by treatment with 1.0 M KOH for 20 min.  The pores of 

the AAO templates were widened by immersing the templates in 5 wt. % H3PO4.  

Templates were then dried at 60 °C overnight in an air oven for further use. 

As seen in Figure 2.2 an AAO membrane contains a high density of nanopores of 

between 10
9
 and 10

12
 pores per cm

2
, which can act as a template for the generation 

of nanostructures. The thickness of free-standing AAO membranes can be varied 

from 20 nm to about 300 micrometers.  There are some key attributes that make 

AAO an attractive templating material for 1D nanostructures:
3,4

 

 

 Excellent control over the length and diameter of the nanstructures 

 Highly ordered pores with density as high as 10
11

 cm
-2 

and high aspect ratios 

 ranging from 300 to 3000 

 Variety of deposition methods can be utilised to fill the pores 

 Thermal stability upto 800 °C 
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Figure 2.2.  SEM images of a 200 nm AAO membrane: (a) plan-view image 

showing the pores in the membrane and (b) cross-sectional image showing vertical 

channels in the membrane. 

 

Various approaches, including electrochemical and electroless deposition, sol–gel 

and chemical vapour deposition have been utilised to produce a range of inorganic 

nanowires, including metals, metal oxides and semiconductors within the channels 

of AAO membranes.
3,4

  The nanostructures formed were released by either partially 

or fully etching the membranes using H3PO4 or NaOH.
3,4

  Sb2S3 nanowires formed 

inside AAO template were released by immersing the template in 0.5 M NaOH for 

10 min. at room temperature. 

 

2.2.1 Solventless preparation of arrays of antimony sulphide nanowires 

Zhang et al.
5
 reported a pressure injection process for growing arrays of single 

crystal nanowires of low melting point metals inside the channels of AAO 

membranes.  Xu et al.
6
 prepared highly oriented single crystalline Bi2S3 nanowires 

by melting a solid single source precursor inside the channels of AAO membranes 

under vacuum. Some of the advatages of solventless pressure-injection methods 

compared to vapour deposition and hydrothermal methods are: (i) low temperature 
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synthesis, (ii) the absence of solvent and (iii) good control over the size of 

nanowires.
6
 

AAO membranes, with a thickness ~ 50 μm and nominal pore diameters of ~200, 

100 and 50 nm, were used as templates to prepare arrays of Sb2S3 nanowires.  In a 

typical experiment, an AAO membrane was placed on top of 0.1 g Sb(S2CNEt2)3 

powder, in a quartz tube and subsequently decomposed under vacuum.  The tube was 

placed inside a block heater and the temperature of the block was raised from room 

temperature to 180 C (melting point of the SSP), at a ramp rate of 10 °C min
-1

 with 

a holding time of 30 min, under vacuum (0.133 Pa).  The reaction vessel was 

decoupled from the pumping system, sealed and the temperature of the block was 

increased to 300 °C, at a ramp rate of 5 °C min
-1

 and kept for 30 min at this 

temperature; where the SSP decomposes to form Sb2S3.  After cooling to room 

temperature, the membrane was washed with isopropanol and used for further 

analysis.  A schematic illustration of the experimental setup used in the solvent-less 

pressure-injection method is shown in Figure 2.3. 
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Figure 2.3.  Schematic showing equipment used in the solventless synthesis of Sb2S3 

nanowires within the pores of AAO templates. 

 

2.3 Vapour Phase Growth of SbSI Nanorods 

AAO/Ti/Si substrates were prepared by anodisation
2
 of Al/Ti/Si substrates (layer 

thickness: Al 100 nm; Ti 10 nm).   Anodisation was carried out in a custom built 

electrochemical cell with Al/Ti/Si substrate held at a constant separation of 6 cm 

from the lead counter electrode.  The substrate and the lead electrode were partially 

immersed in the electrolyte (0.3 M oxalic acid) in the electrochemical cell and 

anodised at a constant potential (40 V) using a dc power supply (Thurlby Thandar 

Instruments model EX752M), at 4 °C for 8 minutes.  The substrate was then kept in 5 

wt. % phosphoric acid for 5 min to widen the pores, followed by washing using 

water.   
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Arrays of SbSI nanorods were synthesised on AAO/Ti/Si substrates by the vapour 

phase deposition of a mixture of Sb2S3 (0.10 g) and SbI3 powders (0.11 g) with a 

molar ratio of 1:0.8.  The deposition was carried out in a two-zone tube furnace with 

the source placed in the middle of a quartz tube, while the substrate was placed 

downstream at an optimum distance of ~15 cm from the source, as shown in Figure 

2.4.  The quartz tube was then evacuated (0.013 Pa) for 1 hr. to attain a steady 

vacuum and then sealed.  The source and substrate zone temperature were then 

raised to 400 and 250 °C respectively, at a heating ramp rate of 1 °C min
-1 

and the 

deposition was carried out for 1 hr.  A control experiment was conducted with a Si 

(001) substrate under similar conditions. 

 

 

 

Figure 2.4. Schematic of the apparatus used for the vapour phase growth of SbSI 

nanorods. 

 

In addition, surface roughened conducting Pt/Ti/Si substrates (layer thickness: Pt, 

300 nm and Ti, 100 nm) were used for growing vertically oriented SbSI nanowire 

arrays.  Surface roughness on Pt/Ti/Si substrates was introduced by ultrasonicating 

the substrates in isopropanol for 30 min. in a sonication bath (Model Qi-200, 

Ultrawave Ltd., Cardiff, UK.) with an operating frequency 40 kHz and an 
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ultrasonication power 200 W.  The substrates were then dried in an air oven at 60 °C 

overnight.  Vapour deposition was carried out under similar condition as with in 

AAO/Ti/Si substrate.  A control experiment was conducted with a smooth Pt/Ti/Si 

substrate to examine the influence of surface roughness of the substrate on the 

alignment of nanowires formed. 

2.4 Fabrication of Arrays of Lead Zirconate Titanate Nanodots 

The diblock copolymer polystyrene-b-poly(ethylene oxide) (PS-b-PEO) was 

purchased from Polymer Source and used without further purification.  Lead 

zirconate titanate (PZT) nanodots, of various diameters and spacing, were obtained 

using two different number average molecular weights (Mn) of PS-b-PEO: PZT (42-

11, Mn, PS = 42 kg mol
−1

; Mn, PEO = 11.5 kg mol
−1

; Mw/Mn = 1.07 ]Mw: weight-

average molecular weight]) and PZT (32-11, Mn, PS = 32 kg mol
−1

; Mn, PEO = 11 kg 

mol
−1

; Mw/Mn = 1.06).  N-doped silicon substrates were used for the deposition of 

the arrays of PZT nanodots.  Substrates were cleaned by ultrasonication in acetone 

and toluene, for 30 min in each solvent, and dried under N2.  PS-b-PEO was 

dissolved in toluene to yield a 0.9 wt. % polymer solution at room temperature.  The 

PS-b-PEO thin film was formed by spin coating the polymer solution (3000 rpm for 

30 s) onto the substrate.  The film was then exposed to toluene vapour (solvent 

annealing: 3 ml toluene taken in a glass vial placed at the bottom of a closed glass 

bottle) at 50 °C for 2 hr.  After this process, the film was immersed in ethanol at 40 

°C for 15 hr. to obtain self-assembled films with long-range order.  These self-

assembled PS-b-PEO thin films were used as templates for the deposition of PZT 

precursor solutions. 
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PZT precursor solutions was formulated using lead (II) acetate 

(Pb(CH3COO)2·3H2O), Zirconium (IV) acetylacetonate or Zr(acac) and  titanium 

(IV) isopropoxide as starting materials.  The transferring, weighing and mixing of 

the chemicals was done inside an inert atmosphere glove-box to avoid hydrolysis.  

Lead acetate (0.158 mmol; an excess of 10 % lead acetate was used in order to 

compensate for the loss of Pb during annealing) was dissolved in 2 ml of glacial 

acetic acid.  Zr(acac) (0.042 mmol) and titanium isopropoxide (0.099 mmol) were 

dissolved in 8 ml of anhydrous ethanol.  This solution was mixed with the acidified 

lead acetate solution to obtain a PZT precursor solution with a Zr/Ti ratio of 30/70.  

Dilute solutions of titanium isopropoxide (0.015 mmol) in anhydrous ethanol were 

then spin coated (6000 rpm for 10 s) onto the PS-b-PEO template and left at room 

temperature overnight to obtain a thin amorphous layer of TiO2; which helps to 

prevent the diffusion of Pb into the Si substrate and also enhances the formation of 

pervoskite PZT.
7
  The PZT precursor solution was then spin coated onto this PS-b-

PEO film at 3000 rpm for 30 s.  In order to oxidise the precursor and to remove the 

polymer, UV/Ozone treatment (PSD Pro Series Digital UV Ozone System; Novascan 

Technologies, Inc., USA) was carried out on precursor-loaded templates for 2 hr.  

Further crystallisation of the PZT nanodots was achieved by annealing the 

peroxidised samples at 600 °C for 1 hr. 

 

2.5 PFM analysis of Sb2S3-AAO Samples 

The ferroelectric and piezoelectric properties of individual nanowires inside the 

pores of AAO membranes were analysed by SS-PFM (MFP-3D™ software, Asylum 

Research, Santa Barbara, CA) using a conductive cantilever (AC240TM Pt coated 
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silicon probe, Olympus).  All of the cantilevers used were calibrated to obtain 

accurate quantitative piezoelectric responses.  PFM requires an extremely smooth 

surface, so the samples first needed to be polished manually and then by Argon ions.  

A Gatan Model 691 Precision Ion Polishing System (PIPS™) was used polish the 

surface of AAO template samples.  The templates were polished using a beam of 

ions accelerated to 5 kV and an incident angle of 5° to get a final sample thickness of 

~ 10 µm.  In PFM the electric field inside the sample was generated by the 

conducting tip and a large back electrode.  A 500 nm thick layer of gold, which acted 

as a back electrode, was evaporated onto one of the polished sides of the Sb2S3-AAO 

samples using Edwards thermal evaporator (Edwards 306, UK).  A schematic 

illustration of the PFM measurement is shown in Figure 2.5.
 

 

 

Figure 2.5.  Schematic illustration of vertical PFM measurements on Sb2S3 

nanowires formed inside an AAO membrane. 
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2.5.1 Acquisition of polarisation-electric field (P-E) hysteresis loops 

P-E hysteresis measurements were performed on Sb2S3-AAO samples.   500 nm 

thick gold electrodes (0.02 cm
2
) were deposited on top of Sb2S3-AAO membrane.  

P–E hysteresis loops of Sb2S3-AAO samples were measured using a Precision work 

station (Radiant Technologies) at a frequency of 500 Hz.  Similarly, P–E loop of 

SbSI nanowire arrays deposited on Pt/Ti/Si substrate was measured at a frequency of 

1 kHz. 

 

2.6 Structural and Morphological Characterisation Techniques 

2.6.1 X-ray diffraction analysis 

X-ray diffraction (XRD) is a structural characterisation technique based on the 

constructive interference of elastically scattered X-rays in a crystal.
8
  XRD occurs 

when the interplanar distance d in a crystal is of the order of the wavelength λ of the 

X-ray radiation, usually the Cu Kα emission line with a wavelength of 1.54 Å.  

Diffraction at an angle θ then occurs when Bragg’s law is satisfied.  Bragg’s law is 

given in equation 2.4 where n is an integer value. 

 

 nλ = 2dsinθ        (2.1) 

 

A plot of diffraction intensity against angle of reflection (2θ) produces a diffraction 

pattern from which the crystallographic structure of materials can be determined.  X-

ray diffraction patterns were collected on a Philips X’Pert diffractometer using Cu 

Kα1 radiation with an anode current of 35 mA and an accelerating voltage of 40 kV 

over the angle range 2θ = 10 to 60°, using step sizes of 0.01-0.03 and scan rates 0.05 

to 0.2. 
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2.6.2 Electron microscopy analysis 

Electron microscopy is capable of imaging materials at very high magnifications, > 

10
6
 times.

9
  The high resolution capabilities of electron microscopy are due primarily 

to the very short wavelengths of electrons employed, typically 50 pm – 1nm for 

SEM and 4 – 15 pm for TEM.  Samples of Sb2S3 nanowires were analysed using a 

FEI 630 NanoSEM, operated at 5 to 20 kV.  High resolution TEM images and 

selected area electron diffraction (SAED) patterns
10

 ([110] zone axis) of Sb2S3 

nanowires were obtained using a FEI-TITAN field emission TEM operated at 300 kV.  

Energy dispersive X-ray analysis, also known as EDS, EDX or EDAX, is a 

technique used in conjunction with electron microscopy to identify the elemental 

composition of a sample or small area of interest on the sample.  During EDX 

analysis, a sample is exposed to an electron beam inside a SEM or TEM.  These 

electrons collide with the electrons within the sample, causing some of them to be 

knocked out of their orbits. The vacated positions are filled by higher energy 

electrons which emit characteristic x-rays in the process. By analysing the emitted x-

rays, the elemental composition of the sample can be determined.  The elemental 

compositions of Sb2S3 nanowires were obtained using a FEI-TITAN field emission 

TEM fitted with an Oxford INCA EDX detector.  The morphologies and elemental 

compositions of SbSI and PZT nanodot samples were analysed using a FEI Quanta 

650 FEG-SEM fitted with an Oxford INCA EDX detector.  High resolution TEM 

analysis of SbSI and PZT samples was performed on a JEOL-JEM 2100 TEM 

operated at 200 kV, fitted with an Oxford INCA EDX detector.  The SAED patterns 

of SbSI nanowires formed on AAO/Ti/Si and Pt/Ti/Si substrates were obtained along 

the [010] and [100] zone axes respectively. 
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2.6.3 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analysis (between 50-70 Å) 

technique used to determine quantitative atomic composition and chemical 

environment of a material.
11

  XPS analysis is capable of quantifying a material’s 

composition as accurate as ~ 0.1 at%, as well as providing valuable information on 

the oxidation states of elements present in a material.   XPS analysis of PZT nanodot 

samples was performed on a VSW Atomtech system with twin anode (Al/Mg) X-ray 

source.  Survey spectra were collected at a pass-energy of 100 eV, step size of 0.7 

eV and a dwell time of 100 μs.  Core-level spectra were acquired as an average of 15 

scans at a pass-energy of 50 eV, step size of 0.2 eV and a dwell time of 100 μs.  The 

core-level spectra of each element were deconvoluted and fitted using VSW spectra 

presenter software (version 8.0-B-2). 
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3.1 Abstract 

This chapter discusses the synthesis and characterisation of vertically oriented 

arrays of antimony sulphide (Sb2S3) nanowires.  Single crystalline arrays of Sb2S3 

nanowires, with a preferred <001> orientation, was synthesised using anodic 

aluminium oxide templates by a solventless method; using the single source 

precursor, antimony (III) tris(diethyldithiocarbamate).  The piezoelectric and 

ferroelectric switching behaviour in individual Sb2S3 nanowires was demonstrated, 

for the first time, using piezoresponse force microscopy.  Sb2S3 nanowires showed a 

maximum piezo coefficient, d33(eff), around 2 pm V
-1

.  In addition, an enhancement in 

the spontaneous polarisation of the Sb2S3 nanowires was observed compared to bulk 

Sb2S3 single crystals, due to the defect-free, single-crystalline nature of the 

nanowires synthesised.  The ferroelectric switching in Sb2S3 nanowires was found to 

occur via a 180° domain reversal due to the preferred orientation of the nanowires 

along the polar c-axis. 

3.2 Background 

3.2.1 Antimony sulphide (Sb2S3) 

Recent advances in nano-ferroelectrics, especially their synthesis and 

characterisation, have provided an impetus for the development of novel nanoscale 

ferroelectric/piezoelectric materials and devices.
1-4

  Most of the interest in nanoscale 

ferroelectric research has primarily focused on perovskite-based complex oxide 

materials,
1-3

 while non-oxide based ferroelectric materials so far have been left 

unexplored.  Antimony sulphide or stibnite (Sb2S3) has been widely studied over the 

past decade due to its high photoconductivity.
5
  The band gap of Sb2S3 is between 

1.88 to 2.5 eV, covering the visible and near-infrared region of the solar spectrum.
6
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The excellent optical properties of Sb2S3 make it a potential candidate for 

photocatalytic
7
 and solar cell electrode applications

8,9
.  Theoretical simulations show 

that the highly anisotropic ion polarisability in sulphides can generate ferroelectric 

phase transitions.
10

  Calculations of the polarisability constants of Sb2S3 show that a 

stibnite-type (Sb2S3) structure is favourable for a ferroelectric phase transition.
10

  

Grigas et al. reported that Sb2S3 exhibits two ferroelectric phase transitions at 292 

and 420 K.
11

  The structural change from    
   to    

   accounts for the phase 

transition at 420 K, but no structural change has been reported for the 292 K 

transition.
6,11

  Sb2S3 is polar at room temperature and the structure contains infinite 

ribbons of (Sb4S6)n along the c-axis.
6
  These (Sb4S6)n chains are linked by a ‘21’ 

screw axis in such a way that the antimony in one chain is connected to the sulphur 

in the neighbouring chain.
6,12

  The origin of ferroelectricity in Sb2S3 is associated 

with the small dipole changes in the coordination sphere of Sb and S atoms along the 

c-axis in the (Sb4S6)n chains.
10,11,13

  Due to the anisotropy of the (Sb4S6)n chains 

along the c-axis the observed polarisation is largely anisotropic, which was 

demonstrated by Grigas and Karpus.
10,11,13

  This anisotropy in the dielectric 

behaviour of Sb2S3 sparked my interest to explore the ferroelectric and piezoelectric 

behaviour of this material at the nanoscale, as potentially c-axis-oriented single 

crystalline Sb2S3 nanowires could show highly anisotropic ferroelectric and even 

piezoelectric properties. 

3.2.2 Synthesis of antimony sulphide nanostructures 

Although the synthesis and characterisation of various types of Sb2S3 

nanostructures have been the basis of numerous studies,
14-16

 no data have been 

reported on their nanoscale ferroelectric or piezoelectric behaviour.  Among 
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ferroelectric nanostructures, one-dimensional (1D) structures such as nanowires, 

nanorods and nanotubes have been widely explored from both theoretical and 

application viewpoints.
17-20

  Studies on the size-dependant properties in ferroelectrics 

have revealed that 1D nanostructures can enhance or reduce the ferroelectric and 

piezoelectric response depending on their size and morphology, defects, crystal 

structure, ferroelectric domain structure etc.
18,19

  A doubling of the spontaneous 

polarisation was observed in Rochelle salt nanowires, with a diameter of 30 nm, 

compared to the bulk due to the uniform polarisation orientation and single 

crystalline nature of the wires.  Precise chemical composition, high crystallinity and 

uniform geometry are required for defined ferroelectric material properties at the 

nanoscale.
21

 

Preparative routes to Sb2S3 nanostructures have included chemical bath deposition,
22

 

hydrothermal,
16

 solvothermal,
23

 atomic layer deposition
14

 and physical vapour 

deposition
15

 using various precursors.  Although the synthesis of various types of 

Sb2S3 1D nanostructures have been the basis of numerous studies,
14,16,23

 no work has 

been reported on the production of arrays of nanowires/rods of Sb2S3. Template-

directed, ‘bottom-up’ synthesis is a facile strategy for fabricating nanowires,
24

 as 

their physical dimensions can be precisely controlled and monodisperse samples can 

be harvested in large quantity.  Porous membranes with monodisperse cylindrical 

pores are used as templates, such as anodic aluminium oxide (AAO), and track-

etched polycarbonate membranes.
25,26

  AAO template-assisted methods have shown 

promising possibilities for preparing 1D nanostructures including metal 

chalcogenides.
14

  This approach can provide good control over the lengths and 

diameters of nanowires, with the potential to generate large arrays of nanostructures 
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with controlled morphologies.
25

  AAO templating is adaptable to a variety of 

material and device applications.  Potential applications of nanowires produced in 

AAO membranes include electronic and solar power devices.
27

  For instance, 

template grown nanowires have been used to produce arrays of ferroelectric 

nanocapacitors.
28

   AAO membranes have also been used to produce thin-film 

transistors elements through a combination of sol-gel and electrodeposition 

methods.
24

 

This chapter describes the synthesis of arrays of Sb2S3 nanowires within the 

cylindrical pores of AAO templates (Sb2S3-AAO), by a solventless technique 

utilising the single-source precursor (SSP) antimony (III) 

tris(diethyldithiocarbamate), Sb(S2CNEt2)3.  The procedures for synthesising the 

single-source precursor and the subsequent Sb2S3 nanowires were discussed in detail 

in Chapter 2, Sections 2.1 and 2.2.  AAO membranes with nominal pore diameters of 

~200 nm, 100 and 50 nm were used as templates to prepare arrays of Sb2S3 

nanowires.  The template-based approach to synthesise arrays of Sb2S3 nanowires 

allows good control over the morphology and geometry of the nanowires.
24

  In 

addition, the use of a template eliminates the agglomeration of nanowires in an 

ordered array, making it possible to address the ferroelectric functionality of 

individual Sb2S3 nanowires on a one to one basis.  The ferroelectric and piezoelectric 

characteristics of Sb2S3 nanowire arrays were studied using Piezoresponse force 

Microscopy (PFM) as described in Chapter 2, Section 2.5.2. 
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3.3 Results and Discussion 

3.3.1 Thermogravimetric analysis of Sb(S2CNEt2)3 

Figure 3.1 shows the thermogravimetric analysis (TGA) decomposition profile of 

the SSP, Sb(S2CNEt2)3 under a N2 atmosphere.  The decomposition occurred in a 

single stage, with the onset of decomposition starting at ~200 °C.  The observed 

residual mass (33 %) for the SSP at 335 °C (theoretical for 0.5 mol Sb2S3: 32 %) 

showed that Sb2S3 was the major decomposition product.
29

  Based on the TGA data, 

the optimal decomposition temperature for the SSP was chosen as 300°C. 

 

 

Figure 3.1.  TGA data showing the decomposition profile of the Sb(S2CNEt2)3in a 

N2 atmosphere. 

3.3.2 Morphological analysis 

The as-synthesised Sb2S3-AAO samples generated showed extended growth of 

Sb2S3 nanowires from the AAO pores, as evident from the SEM images (Figures 

3.2(a) and 3.2(b)).  Figures 3.2(c) and 3.2(d) show that some of the nanowires tended 
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to merge into Sb2S3 microcrystallites when they reach the AAO-air interface 

(marked in dotted white circle in Figure 3.2(c)). 

 

 

Figure 3.2.  SEM images of (a) and (b) Sb2S3 nanorods formed on the surface of a 

200 nm AAO template surface, highlighting the extended growth of Sb2S3 of 

crystallites from the pores.  (c) The interface between an Sb2S3 microcrystallite and 

the AAO surface (dotted white circle shows nanowires up-rooted from the AAO 

pores) and (d) cross-section of AAO pores filled with Sb2S3 nanowires. 

 

In order to expose the Sb2S3 nanowires formed inside the AAO pores, and to obtain a 

smooth surface, the as-synthesised Sb2S3-AAO samples were first manually polished 

followed by Argon ion beam milling.  The resulting smooth surfaces on the Sb2S3-

AAO samples were ideal for PFM analysis.  Figure 3.3(a) shows a top-down view of 
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Sb2S3 nanowires, with a mean diameter of approximately 200 nm, within the pores 

of an AAO template after polishing.  Regions with white contrast are Sb2S3 filled 

AAO pores.  Cross sections of the samples, thickness 10 µm, were used to analyse 

the extent of filling of the channels within the membranes with Sb2S3 nanowires 

(Figure 3.3(b)). 

  

 

Figure 3.3.  SEM images of Sb2S3-AAO samples (mean nanowire diameter of 200 

nm): (a) plan-view of polished surface and (b) cross-sectional view. 

 

The Sb2S3 nanostructures showed radial dimensions in accordance with the nominal 

channel width of the AAO templates used, i.e. mean diameters of 50, 100 and 200 

nm (Figure 3.4).  The Lorentzian diameter distribution of the Sb2S3 nanowires 

formed inside the AAO templates showed a diameter distribution of 199 ± 16 nm 

(Figure 3.4(d)), 93 ± 9 nm (Figure 3.4(e)), and 51 ± 6 nm (Figure 3.4(f)) for 200, 100 

and 50 nm diameter AAO membranes respectively.  The nanowire diameter 

distributions were calculated from plan-view SEM images of polished Sb2S3-AAO 

samples (Figures 3.4(a), 3.4(b) and 3.4(c)).  The extent of pore filling by the Sb2S3 

nanowires was ~ 80 % across a 50 µm × 50 µm area and length wise ~90 % along a 
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10 µm long pores, irrespective of the pore diameter, with densities 1.0 × 10
9
, 7.6 × 

10
8
, and 4.0 × 10

8
 nanowires per cm

2
 for 50, 100 and 200 nm Sb2S3-AAO samples 

respectively. 

 

Figure 3.4.  Plan-view SEM images of surface polished Sb2S3-AAO samples with 

different mean nanowire diameters: (a) 200 nm, (b) 100 nm and (c) 50 nm.  (d), (e) 

and (f) illustrate the Lorentzian diameter distribution of Sb2S3 nanowires inside the 

200, 100 and 50 nm AAO membranes, respectively. 

3.3.3 Structural and compositional analysis 

The crystal structure and phase purity of the materials were characterised by X-ray 

diffraction (XRD) analysis and performed on polished Sb2S3-AAO samples.  The 

XRD pattern shown in Figure 3.5(a) can be indexed to an orthorhombic Sb2S3 phase 

(JCPDS file No: 42-1393), displaying a high intensity reflection at 47.5° from the 

(002) planes; an indication of the preferred c-axis-oriented growth of the Sb2S3 
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nanowires within the pores of the AAO template.  Energy dispersive X-ray (EDX) 

analysis confirmed the chemical composition of the Sb2S3 nanowires (Figure 3.5(b)) 

to be 40.5 and 59.5 at. % for Sb and S respectively, which is close to the theoretical 

values (Sb 40 %, S 60 %) for Sb2S3.  The Cu peaks in the EDX spectrum originate 

from the TEM grid. 

 

 

Figure 3.5.  (a) XRD pattern of a polished Sb2S3-AAO sample, indexed to the 

orthorhombic Sb2S3  structure (JCPDS file No: 42-1393) and (b) EDX spectra of an 

isolated 200 nm Sb2S3 nanowire after removal from an AAO template. 

 

The single crystalline growth of Sb2S3 nanowires along the c-axis was further 

confirmed by high resolution TEM analysis.  Figures 3.6(a, d, e) show TEM images 

of 200, 100 and 50 nm Sb2S3 nanowires liberated from AAO templates. 200 nm 

Sb2S3 nanowires showed single crystalline nature with a <001> growth direction 

along the c-axis, which supports the XRD data.  The presence defects and lattice 

dislocations were spotted in the TEM images of 100 and 50 nm nanowires. 
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Figure 3.6.  (a, d, e) High resolution TEM images of Sb2S3 nanowires, liberated 

from an AAO template with a nominal diameter of 200, 100 and 50 nm respectively, 

showing a preferred <001> orientation, (b) magnified TEM image of 200 nm 

nanowire and (c) SAED pattern of the Sb2S3 nanowire, obtained in the [110] zone 

axis, showing the single crystalline nature of the nanowire; the lattice planes shown 

in SAED pattern can be indexed to orthorhombic Sb2S3.  
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The reflection planes parallel to the Sb2S3 nanowire axis shows a lattice fringe 

spacing of 0.801 nm (Figure 3.6(b)) corresponds to the inter-planar d-spacing 

between the (110) planes of orthorhombic Sb2S3.
6
  The selected area electron 

diffraction (SAED) pattern obtained from a Sb2S3 nanowire, shown in Figure 3.6(c), 

in the [110] zone-axis further validates the single crystalline nature of the Sb2S3 

nanowires; confirming the c-axis oriented growth of the nanowires.  The lattice 

planes shown in SAED pattern can be indexed to orthorhombic Sb2S3.
6
 

 

 

Figure 3.7.  Schematic illustration of the crystal structure of Sb2S3.
6
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The templating effect of AAO pores drives the formation of single crystalline Sb2S3 

nanowires.  The pores assist the inherent 1D growth of Sb2S3 along the c-axis.  The 

reason for 1D growth of Sb2S3 can be understood from its orthorhombic crystal 

structure, which usually crystallises as rod, needle, straw or acicular-type 

morphologies. Crystalline Sb2S3 composed of two infinite chains of (Sb4S6)n along 

the c-axis (Figure 3.7), are linked by a ‘21’ screw axis (space group of Sb2S3 is Pna21) 

in such a way that the antimony in one chain connects to the sulphur in the 

neighbouring chain by a weak van der Waal’s bond.
6,12

  Thus the bonding between 

these chains is considerably weaker in the a-b plane than that within the c-plane.  

This weaker bonding in the a-b plane leads to a cleavage along the planes parallel to 

the c-axis, i.e. (100) or (010) planes, as these planes will have the lowest surface 

energy compared to the (001) plane.
12,30

  As a result Sb2S3 tends to grow along the 

[001] direction and eventually forms into a 1D nanostructure. 

 

3.3.4 Nanoscale ferroelectric and piezoelectric properties of Sb2S3 nanowire 

arrays: PFM analysis 

Knowledge of piezo and ferroelectric properties at the nanoscale is a prerequisite to 

exploit the potential of piezo/ferroelectric nanostructures.  PFM has emerged as an 

effective tool to analyse the electromechanical and ferroelectric response of 

nanostructured piezo/ferroelectric materials.
31-33

  The piezo and ferroelectric 

responses of Sb2S3 nanowires were investigated using piezoresponse force 

microscopy (PFM).  In PFM, an electric field is applied to the sample across a 

conducting tip and a large back electrode.  A schematic representation of the 
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experimental set-up of PFM analysis on a Sb2S3-AAO sample is illustrated in Figure 

3.8. 

 

 

Figure 3.8.  Schematic illustration of vertical PFM measurement on a Sb2S3-AAO 

sample. 

 

The conducting PFM tip is brought into contact with the Sb2S3-AAO sample surface 

in contact mode and a dc bias is applied to a small area to induce polarisation on the 

sample through the probe.  In sequence an ac electric field is applied to the same area 

to detect the magnitude of the piezoelectric response.  PFM can provide high special 

resolution and high localisation of an electric field at the interface between the tip 

and the ferroelectric surface.  The PFM tip will deflect in response to the piezo 

activity of the material, which either expands or contracts in response to the applied 

bias.  The magnitude and sign of the PFM response can be translated into images.  

The ferroelectric and piezoelectric functionality of individual Sb2S3 nanowires inside 
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AAO membranes was demonstrated using PFM measurements (in contact mode) on 

arrays of Sb2S3 nanowires in AAO templates along their c-axis, at room temperature. 

In order to align the polarisation of Sb2S3 nanowires, an axial bias voltage of ± 44 

V was applied to a 2.5 × 2.5 µm
2
 surface area of the Sb2S3-AAO samples, between 

the back electrode and the conducting tip of the PFM in contact mode.  Figure 3.9 

shows the PFM height profile, the resulting piezo-response amplitude and the phase 

signal of Sb2S3-AAO samples with various mean diameters.  The PFM amplitude 

image is a direct measure of the piezoelectric response of the material.  The Sb2S3 

nanowires, irrespective of their diameter, showed positive domains (white contrast) 

in the amplitude signal which is a clear indication of the piezo-response in the 

nanowires due to the out-of plane polarisation of the nanowires.  Sb2S3 nanowires 

inside AAO pores with diameters 200, 100 and 50 nm showed a maximum vibration 

amplitude of ~500, ~350 and ~100 pm, respectively.  The piezo amplitude response 

observed in the Sb2S3 nanowires is the contribution from the two oppositely (180°) 

oriented dipoles (↑↓) along the polar c-axis, within the probing volume underneath 

the tip.  200, 100 and 50 nm Sb2S3 nanowires showed out-of plane polarisation 

(Figure 3.9, piezo amplitude response) meaning that the polarisation was parallel and 

aligned with the applied electric field, causing a local expansion of the nanowires.
31

  

Some of the Sb2S3 nanowires, regardless of their diameter, showed no piezo 

response which may be due to the poor accessibility of the PFM tip over the 

nanowire inside the AAO pores. 
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Figure 3.9.  PFM images showing topography, amplitude and phase profiles of 

Sb2S3-AAO samples with various mean diameters. 

 

The PFM phase images of Sb2S3 nanowires with various diameters (Figure 3.9, 

phase images) clearly showed a high percentage of uniformly polarised nanowires 

with single ferroelectric domains; the size of these domains limited by the diameter 

of the nanowires.  The reason for the existence of monodomains can be attributed to 

the single crystalline (<001> oriented) low defect nature of the Sb2S3 nanowires 

synthesised, as evident from the high resolution TEM images.  As c-axis (<001> 
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direction) is the polar axis of the Sb2S3 nanowires, a high percentage of ↑ and ↓ 

polarised 180° domains were formed along the c-axis of Sb2S3 nanowires.
34-36

  

In addition, detailed examination of PFM phase images of Sb2S3-AAO samples 

(Figure 3.10) revealed the presence of multi-domain ferroelectric structure in some 

of the nanowires.  The plausible explanation for the multi-domain nature of some the 

nanowires is possibly due to the presence of defects on the surface of the 

nanowires.
31,37

 

 

 

Figure 3.10.  PFM phase image of a 200 nm Sb2S3-AAO sample showing the 

presence of multi-domain ferroelectric structure. (The dotted enclosed area 

represents different domains present on a single nanowire) 

 

3.3.4.1 Ferroelectric and piezoelectric hysteresis loop acquisition 

The characteristic of ferroelectric materials is the switching of the polarisation 

under the application and removal of an electric field.
38

  PFM in the imaging mode 
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(Figure 3.9) only gives the qualitative information on domain patterns and their 

evolution.  However an extended version of PFM, called the switching spectroscopy 

PFM (SS-PFM) quantitatively addresses the local piezoelectric and ferroelectric 

switching behaviour in nano-ferroelectrics.
39-41

  SS-PFM involves the acquisition of 

hysteresis loops from a small area (~20 nm
2
),

31,32
 by positioning the conducting PFM 

tip at a given location on the surface, to induce local ferroelectric domain nucleation 

and growth by the application of an electrical field; the signal in turn generates a 

ferroelectric and piezoelectric hysteresis loop of the specified area.  In this work, the 

piezoelectric hysteresis loops were obtained by positioning the conductive PFM tip 

on the centre of a chosen Sb2S3 nanowire within an AAO pore and an ac voltage of 

3.4 V was applied, whilst biasing ± 44 V dc voltages across the nanowire between 

the PFM tip and the gold back electrode.  Applying a small ac voltage through the 

PFM tip to an individual Sb2S3 nanowire inside an AAO pore leads to local structural 

deformation along the c-axis due to a converse piezoelectric effect.  The resulting 

strain and polarisation response from the nanowire surface are detected by the PFM 

tip to generate a piezoelectric and ferroelectric hysteresis loop respectively.  The 

amplitude of the detected piezoelectric vibration from a Sb2S3 nanowire is a direct 

measure of the piezoelectric coefficient of the nanowire whereas the phase of the 

signal relates to the polarisation direction present in the nanowires.   

The remnant phase and piezo switching hysteresis observed in Sb2S3 nanowires with 

various diameters are shown in Figures 3.11(a) and 3.11(b) respectively.   Figure 

3.11(a) shows the phase-voltage hysteresis loops obtained for Sb2S3-AAO samples 

with mean diameters of 200, 100 and 50 nm.  The square-shaped phase hysteresis 

loops obtained for all of the Sb2S3-AAO samples exhibit a 180° domain reversal 
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(↑↓), which is a signature of the presence of ferroelectricity in the Sb2S3 

nanowires.
37,39,40

  The180° phase reversal of the polarisation during the voltage 

sweep is an indication of switchable ferroelectricity in Sb2S3 nanowires.  The origin 

of ferroelectricity in Sb2S3 nanowires at room temperature can be explained by the 

polar    
  symmetry of the orthorhombic Sb2S3 crystal.

6,11
  The polarisation results 

from small structural changes in the co-ordination sphere of Sb and S atoms within 

the two (Sb4S6)n chains along the c-axis (Figure 3.7), thus the associated change in 

polarisation will be confined to one direction in space along the polar axis of Sb2S3 

nanowires.
11,13,42

  The phase hysteresis of 200 nm Sb2S3 nanowires showed an 

asymmetry with reference to the phase, this may be caused by the surface charges  at 

the back electrode and the nanowire interface.
43

 

 

 

Figure 3.11.  SS-PFM hysteresis loops acquired from an individual Sb2S3 nanowire 

inside AAO pores various diameters: (a) phase-voltage hysteresis and (b) piezo 

response-voltage hysteresis. 

 

Sb2S3 nanowires also displayed piezoelectric behaviour.  The normalised piezo-

response hysteresis loop obtained for Sb2S3-AAO samples of various diameters is 
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shown in Figure 3.11(b).  200 and 100 nm Sb2S3-AAO samples showed well defined 

piezoelectric switching hysteresis, while 50 nm samples displayed very weak piezo 

switching.  The depolarisation field on the 50 nm nanowire may be higher due to the 

higher surface area of the nanowire, which could hamper the ferroelectric 

polarisation.
37

  It is also noted that the surface of polished 50 nm samples was found 

to be rougher than the 100 and 200 nm samples, which may have created significant 

perturbations on the tip across the surface.  This roughness thus may have caused a 

decrease in the tip-surface contact quality, which in turn affects the PFM hysteresis 

loop acquisition.
31,40

  A study by Zhang et al. on PZT-AAO samples highlighted the 

possible influence of nanowire-AAO wall interfaces on the PFM piezo-response 

signal.
44

  The reason for the reduced piezoelectric coefficient and polarisation in the 

thinnest Sb2S3 nanowires is not fully conclusive and need further detailed study.  The 

forward (+) and reverse (-) domain nucleation voltage or coercive bias (Figure 

3.11(b)) of ~ ±20 V, can be attributed to the domain nucleation below the PFM tip at 

the Sb2S3-AAO surface.
40

 

 

3.3.4.2 Quantification of the piezo and ferroelectric responses 

The piezoelectric response of a material is expressed by its piezoelectric constants, 

dij, where i=1, 2, 3, j=1,..,6, which quantifies the volume change when the material is 

subject to an electric field.
21

  The piezoelectric constant d33 represents the 

electromechanical response in the z-direction when an electric field is applied in the 

same direction and is typically calculated from SS-PFM amplitude signals.
31

  A 

quantitative measure of the piezoresponse of the Sb2S3 nanowires synthesised was 

obtained by calculating piezoelectric coefficients from the SS-PFM piezo amplitude 
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hysteresis loops, as shown Figure 3.11(b).  The measured piezoelectric coefficient, 

which is designated as d33(eff) (‘effective’ d33 coefficient) represents the 

electromechanical response from a Sb2S3 nanowire inside an AAO pore in the z-

direction when an electric field is applied in the same direction.
31

  The maximum 

piezoelectric coefficient [d33(eff)] can be calculated using the equation, d33 =A/ VacQf ; 

where A is the maximum amplitude, Vac is the applied AC drive voltage and Qf is the 

quality factor of the cantilever (obtained during SS-PFM hysteresis loop acquisition 

and dependent on the tip-sample surface interaction) that describes the energy losses 

in the measured system.
31

  Typical Qf values in air for PFM cantilevers range from 

10 to 100.
45

  The cantilever in contact with the surface has a resonance defined by 

the mechanical properties of the cantilever and the stiffness of the tip-sample 

contact.  This resonance can have a high quality factor (Qf) for typical PFM samples 

that effectively amplifies the piezo signal by a factor of ~Qf near the resonance 

frequency of the tip.  The gain in the signal from the Qf -factor when operating near 

resonance improves the signal to noise ratio for the PFM amplitude and the phase.  

For samples with small piezo coefficients, this is potentially a very important effect 

and could mean the difference between only noise and a measurable signal.
45

   

Table 3.1.  The calculated maximum piezoelectric coefficient d33(eff) obtained for 

Sb2S3 nanowires with various diameter. 

Sample 

Sb2S3-AAO 

Maximum 

amplitude, pm 

Voltage, 

Vac 

Quality factor, 

Qf 

Maximum d33(eff), 

pm V
-1

 

200 nm  496 3.3 75.2 2.0 

100 nm 357 3.3 60.0 1.8 

50 nm 150 3.3 56.5 0.8 
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The calculated maximum piezoelectric coefficient d33(eff) for the Sb2S3 nanowires 

with various diameters is given in Table 3.1.  The 200 and 100 nm Sb2S3 nanowires 

showed d33(eff) values around 2 pm V
-1

, while the piezo coefficient obtained for 50 

nm nanowires was relatively low at around 0.8 pm V
-1

.  The low piezoresponse from 

50 nm nanowires can be attributed to the presence of defects present in the 

nanowires as evident from TEM investigation.  There is no report so far on 

quantification of piezoresponses from bulk Sb2S3 single crystals.  The d33(eff) value 

obtained for Sb2S3 nanowires was very weak compared to other common 

piezoelectric nanowires, such as (PbZr1-xTx)O3, ZnO and BaTiO3, which are in the 

range of 10 to 100 pm V
-1

, 
46-48

 due to the small structural changes which occur 

during the ferroelectric phase transition in Sb2S3.
11

 

3.3.4.3 PFM domain switching experiments 

Domain switching under the application of an external field is a signature 

characteristic of switchable ferroelectricity.
21,31,38

  PFM is a powerful technique for 

probing the nucleation, growth and switching of ferroelectric domains in nanoscale 

ferroelectrics.
3,31,37

  Figure 3.12 illustrates the switched ferroelectric domain images 

of Sb2S3-AAO under the application of an external bias, which provides conclusive 

evidence for the presence of switchable ferroelectricity in Sb2S3 nanowires.  Figures 

3.12(a) and 3.12(b) represents topography and PFM phase images of a Sb2S3-AAO 

sample before switching.  Domain switching was observed in the Sb2S3 nanowires at 

an applied bias of -33 V was applied, as seen by the change in the colour contrast in 

the PFM phase image (Figure 3.12(c)).  The application of an opposite bias of +33 V 

on the same area reversed the domain structure in the nanowires (Figure 3.12(d)).  

To confirm the effect of the applied bias on the domain switching characteristics, an 
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increased bias of ±44 V was applied to the nanowires (Figures 3.12(f) and 3.12(g)).  

The uniform colour contrast observed in the PFM phase image after applying a bias 

of -44 V (Figure 3.12(f)) indicates complete switching of the nanowire to a stable 

opposite polarisation state. 

 

Figure 3.12.  Ferroelectric domain switching in a selected area of a 200 nm Sb2S3-

AAO sample: (a) topographic image, (b) PFM phase image before switching, (c) 

after switching, by applying –33 V, (d) after applying + 33 V, (e) PFM phase image 

of a selected Sb2S3 nanowire before ferroelectric domain switching, (f) after 

switching of the nanowire by applying –44 V, and (g) after applying + 44 V. 

Piezoresponse microscopy can be readily used to investigate the kinetics of domain 

relaxation and depolarisation in a ferroelectric material.
49

  The stability of the 
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polarisation state of a ferroelectric sample is of importance for applications such as 

ferroelectric memory.  The process of switching back ferroelectric domains to their 

original state with time is called the polarisation loss.
49

  Figure 3.13 illustrates the 

polarisation loss observed in a Sb2S3-AAO sample studied by PFM phase imaging.  

The Sb2S3-AAO sample was selectively switched by applying +33 V, as shown in 

image Figure 3.13.  The Sb2S3 nanowires showed an almost full polarisation loss 

within in 16 minutes, which would be unfavourable for memory applications. 

 

 

Figure 3.13.  Ferroelectric domain polarization loss at various time intervals in 200 

nm Sb2S3-AAO nanowire arrays: (a) at 0 V, (b) after poling with +33 V, (c, d, e and 

f) at 0 V after 4, 8, 12 and 16 min. respectively.  
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3.3.5 Bulk ferroelectric measurements on arrays of Sb2S3-AAO nanowires 

The presence of ferroelectricity in arrays of Sb2S3-AAO nanowires (Gold/Sb2S3-

AAO/Gold capacitor geometry) was further confirmed by polarisation-electric field 

(P-E) hysteresis loop measurement.  This ‘nanowire bulk’ measurement allowed 

accurate determination of spontaneous polarisation (Ps) of Sb2S3 nanowires inside 

the AAO membrane.  The well-defined P-E hysteresis loop obtained for the 

nanowires (Figure 3.14), irrespective of the diameter, is conclusive evidence of the 

presence of ferroelectricity in the Sb2S3 nanowires and further supports the data 

obtained from PFM analysis.  The shape of the P-E loop showed incomplete 

saturation of the hysteresis, an indication of ‘still growing’ domains.
38

  This type of 

unsaturation is usual in weak ferroelectric materials and much higher fields are 

typically required to switch the domain polarisation.
38

  Sb2S3 nanowires with a mean 

diameter of 200 nm showed a maximum spontaneous polarisation (Ps) of ~1.6 µC 

cm
-2 

while nanowires with a mean diameter of 50 nm displayed a Ps value of ~1 µC 

cm
-2

.  50 nm nanowires were showing a narrow hysteresis, which may be due to the 

increase in depolarisation field created on the surface that tends to destabilise the 

ferroelectric polarisation.
37

  A material is said to be spontaneously polarised when 

the electric field (E) is zero but its polarisation (P) is a non-zero value.
50

  

Spontaneous polarisation is estimated by taking the intercept of the polarisation axis 

with the extrapolated linear segment of the polarisation reversal region (Figure 3.14). 
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Figure 3.14.  Polarisation-electric field (P-E) hysteresis loops for Sb2S3-AAO 

samples with various mean diameters. 

The spontaneous polarisation observed in Sb2S3 nanowires was small (~ 1.6 µC cm
-2

) 

compared to other common perovskite-based ferroelectric nanowires such as PZT 

nanowires (~ 30 µC cm
-2

).
51

  During polarisation switching, in perovskite 

ferroelectrics, displacement of atoms causes polarity changes in the whole lattice, 

which results in a massive polarisation, i.e. via a displacement mechanism.
21

  In 

contrast, the polarisation reversal in bulk Sb2S3 is a result of an order-disorder 

transition in the (Sb4S6)n chains which creates only a small polar distortion of the 

lattice and results in a weak spontaneous polarisation.
10,11,13

  The same reasoning can 

be applied to the weak piezoelectric behaviour of Sb2S3 nanowires.  Sb2S3 nanowires, 

irrespective of their diameter, show a remnant polarisation (±PR) and coercive field 

of switching (±Ec), obtained from the P-E loop (Figure 3.14), of approximately 1 µC 

cm
-2 

and ±50 kV cm
-2

 respectively.  Remnant polarisation (±PR) is the polarisation 

remaining in a ferroelectric material when the polarisation field is reduced to zero.  

The electric field applied antiparallel to the polarisation switches the polarisation 
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from the positive (+PR) and negative remnant responses (-PR) and the difference 

between these two remnant states is the remnant switchable response present in the 

material, i.e. [(+PR) - (-PR)].
40,50

  Coercive field (±Ec) is the electric field required to 

bring polarisation (P) back to zero.  

Significantly the spontaneous polarisation observed in our Sb2S3 nanowires showed 

an enhancement compared to the bulk.  At room temperature bulk Sb2S3 showed a 

spontaneous polarisation of ~ 0.9 µC cm
-2

, which means the polarisation, is almost 

doubled in the nanowires.
6
  

 
A similar enhancement was observed in Rochelle salt 

single crystalline nanowires formed within the pores of AAO membranes
35

, where 

the enhancement was attributed to the presence of multiple nanodomains with 

uniform orientation along the direction of the applied electric field.  Morozovska et 

al.
19

, in their study on ferroelectricity enhancement in confined nanorods, proposed 

that the ferroelectric property enhancement in nanowires and nanorods was due to 

the long-range interactions along the polar axis.
19,36

  Also a uniform crystallographic 

orientation will enhance the uniform alignment of ferroelectric nanodomains.
35

  In 

the Sb2S3 nanowires, the formation of 180° domains with polarisation directions 

pointing along +z and –z directions leads to a decrease in the depolarising field 

which enhances the spontaneous polarisation, especially noticeable in 1D 

ferroelectrics.
52

   The single crystalline nature of the Sb2S3 nanowires (c- axis 

oriented) and their long range order inside AAO templates aligned the dipoles 

preferentially along the c-axis of nanowires, especially in 200 nm nanowires. 
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3.4 Conclusions 

The bottom-up templating strategy, using AAO templates combined with a 

solventless approach, has proven to be a facile way to synthesise single crystalline 

arrays of Sb2S3 nanowires with controlled dimensions.  Additionally, the use of AAO 

templates eliminates the agglomeration of Sb2S3 nanowires and hence allowing the 

ferroelectric functionality of individual nanowires to be probed by PFM techniques.  

PFM analysis showed that most of the Sb2S3 nanowires formed single ferroelectric 

domain (180°) structures due to the preferential alignment of dipoles along their 

polar axis; owing to the preferential growth of nanowires along the c-axis.  Also, 

PFM switching studies demonstrated the reversible switching capabilities of 

individual and groups of Sb2S3 nanowires.  The relative instability of ferroelectric 

domains in the Sb2S3 nanowires was revealed using time-varied PFM phase imaging 

studies.  In summary, this work demonstrated the controlled synthesis of various 

diameter single crystalline Sb2S3 nanowires with switchable ferroelectric and 

piezoelectric properties. 
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4.1 Abstract 

The catalyst-free synthesis and characterisation of arrays of c-axis oriented 

antimony sulphoiodide nanorods, formed on the surface of anodic aluminium oxide 

(AAO) substrates by vapour phase deposition, is reported in this Chapter.  The 

surface roughness of the AAO substrate plays a decisive role in the orientation 

control of the SbSI nanorods produced.  The as-grown SbSI nanorods were single 

crystalline and <001> oriented, as revealed from the X-ray diffraction and 

transmission electron microscopy analysis.  Switching spectroscopy-piezoresponse 

force microscopy experiments demonstrated, for the first time, the presence of 

switchable ferroelectricity and piezoelectricity in individual SbSI nanorods.  The 

ferroelectric switching in SbSI nanorods was found to occur via a 180° ferroelectric 

domain reversal due to the preferred orientation of the nanorods along the polar c-

axis. 
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4.2 Background 

4.2.1 Antimony sulphoiodide (SbSI) 

Most of the research in nanoscale ferroelectrics and piezoelectrics has been focused 

primarily on oxide based perovskite materials,
1,2

 with less focus given to non-oxide 

based systems.  Many interesting ferroelectric and piezoelectric characteristics of 

non-oxide based systems have been reported in the literature in general,
3
 among 

these antimony sulphoiodide (SbSI) draws attention due to its unusually high 

dielectric, piezoelectric and photoconducting properties.
4
  SbSI is a semiconductor 

ferroelectric material which belongs to the V-VI-VII class of compounds and was 

widely studied during the 1960s and 1970s.
5-10

  It has a narrow band gap (Eg) ~ 1.9-

2.0 eV
11

 and a maximum absorption wavelength at ~ 630 to 640 nm.
12

  Since SbSI 

crystals are sensitive to wavelengths in the near infrared region, its ferroelectric 

polarisation can be tuned by illumination and hence SbSI is also termed a 

photoferroelectric.
13-16

  The Curie temperature (TC) of SbSI falls near room 

temperature, ~ 22 °C.
4
  Above TC (paraelectric state) it possesses    

   (Pnam) crystal 

symmetry, while below TC (ferroelectric state) it has    
  (Pna21) symmetry.

17
  SbSI 

shows highly anisotropic behaviour in many of its functional properties, due to its 

crystal structure
18

 with polar double chains of [(SbSI)∞]2 which run parallel to the 

polar c-axis.
19

  This anisotropy accounts for its superior functional characteristics, 

such as a high peak pyroelectric coefficient (6 × 10
-2 

C m
-2

 K
-1

),
20

 dielectric constant 

(~50,000),
4
 refractive index (~4.5),

21
 and piezoelectric coefficient (2000 pC N

-1
),

10
 

along the polar axis in single crystalline form.
19

  These versatile functional properties 

of SbSI could lead to its use in many applications such as ferroelectric memory,
22

 

thermal imaging,
23

 non-linear optics,
24,25

 and mechanical actuation
26

. 
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4.2.2 Vertically aligned arrays of SbSI nanowires 

Although promising for many potential uses,
22-26

 the difficulty in obtaining 

vertically aligned phase pure SbSI single crystals has put severe constraints on its 

real applicability.
23

  The International Technology Roadmap for Semiconductors 

(ITRS) has identified the need for new nanostructured ferroelectric materials with 

significantly improved properties to meet future technology requirements.
27

  As all 

of the interesting functional properties of SbSI are maximised along the c-

axis,
4,10,20,21

 it would be ideal to make vertically c-axis oriented SbSI nanostructures 

to exploit these superior properties.  Vapour deposition
28-32

 and pulsed laser 

deposition
23,33

 have been the most widely used methods for making SbSI crystals 

and thin films.  Many of these methods
8,23

 have been successful in making c-axis 

oriented thin films, but no attempts have been made so far to synthesise vertically-

aligned SbSI nanostructures.  SbSI nanorods and nanowires have been synthesised 

by hydrothermal
34,35

 ball milling,
36

 and sonochemical
37

 routes.  Most of the methods 

of preparing SbSI reported to date have resulted in randomly-oriented, large-grained, 

discontinuous films due to the large energy barrier for nucleation of SbSI on the 

substrates.  The surface roughness of the substrate plays a crucial role in controlling 

the energy barrier for nucleation and the orientation of the nanostructures, especially 

nanowires and nanorods.  Recently, vertically aligned arrays of ZnO nanorods were 

synthesised on chemically etched sapphire substrates by a catalyst-free vapour-solid 

(VS) growth.
38,39

  The vertical alignment of ZnO was caused by the assistance of 

irregularities, or roughness, present on the surface of the sapphire substrate.  The 

surface roughness of a substrate can act as nucleation centres which reduce the 

nucleation barrier, improving oriented growth.
38,39

  Based on this hypothesis, the 
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inherent surface roughness of anodic aluminium oxide/titanium/silicon (AAO/Ti/Si) 

substrates was utilised in this study to assist the growth of vertically aligned SbSI 

nanorods by vapour phase deposition.  In addition, surface roughened platinised 

silicon (Pt/Si) substrates were also used for the present study.  The nanoscale 

piezoelectric and ferroelectric characteristics of SbSI nanorods were studied using 

piezoresponse force microscopy (PFM), allowing the ferroelectric and piezoelectric 

functionality of individual nanostructures to be characterised on an individual basis. 

In this work, arrays of SbSI nanorods were synthesised on AAO/Ti/Si and surface 

roughened Pt/Si substrates by vapour-phase deposition of a mixture of Sb2S3 and 

SbI3 powders.  A control experiment was conducted with a Si (001) substrate under 

similar conditions. 

 

4.3 Results and Discussion 

4.3.1 Growth of SbSI nanorods on AAO/Ti/Si substrates 

The change in morphology of the synthesised SbSI nanostructures as a function of 

temperature was examined by SEM and the images are shown in Figure 4.1.  The 

surface morphology of a bare AAO surface on a Ti/Si substrate (Figure 4.1(a)) 

shows pores with diameters ranging between 20 to 50 nm, including grain 

boundaries.  These pores and grain boundaries give the AAO its rough surface.  SbSI 

forms by a gaseous phase reaction between Sb2S3 and SbI3 at a source temperature of 

400 °C to form (SbI3)x(Sb2S3)1-x,
29,40

 which is then transported across a temperature 

gradient onto an AAO/Ti/Si substrate.  The onset of nucleation of SbSI starts near 

~160 °C, under conditions close to the critical saturation for the condensation of 

(SbI3)x(Sb2S3)1-x.
29,40

  As shown in Figure 4.1(b), SbSI starts nucleating at a substrate 
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temperature of 170 °C, in the form of tiny islands of (SbI3)x(Sb2S3)1-x condensate,
29,40

 

with a mean lateral size of ~ 200 to 300 nm.  As the substrate temperature is 

increased to 250 °C, vertically oriented SbSI nanorods, with a mean length of ~ 3 µm 

and diameter range between 150 to 300 nm, formed on the surface of the AAO/Ti/Si 

substrate (Figure 4.1(c)).  The as synthesised arrays of SbSI nanorod films displayed 

a characteristic wine red colour.  Upon increasing the substrate temperature to 275 

°C, the SbSI nanorods tended to coalesce to form vertically oriented SbSI nanorod 

clusters with a mean length of ~ 3 µm and diameter of 600 nm (Figure 4.1(d)).  The 

coverage and density of the vertical SbSI crystallites on the AAO/Ti/Si substrates 

increased as the substrate temperature is increased from 250 to 275 °C; since a 

higher temperature could increase the migration rate of SbSI species, promoting a 

high uniform distribution of SbSI on the surface.
41

  Figure 4.1(e) shows the side-

view of SbSI nanorods, clearly indicating that nucleation starts from the AAO 

surface.  In this work, the optimum temperature to obtain phase pure SbSI was found 

to be 250 °C.  Deposition temperatures lower and higher than 250 °C resulted in 

SbI3-rich SbSI and non-stoichiometric SbSI respectively.  Since no droplet of 

catalyst or any particle was observed on the tips of the SbSI nanorods (see inset 

Figure 4.1(c)), the growth process of SbSI nanorods occurred via a self-catalysed 

vapour-solid growth mechanism. 
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Figure 4.1.  SEM images showing (a) a plan-view image of an AAO/Ti/Si substrate, 

(b) islands of (SbI3)x(Sb2S3)1-x formed at 170 °C on a AAO/Ti/Si substrate, (c) 

vertical SbSI nanorods formed at 250 °C, (d) vertical SbSI nanorod clusters formed 

at 275 °C and (e) side-view of SbSI nanorods formed on an AAO/Ti/Si substrate at 

250 °C. 

The phase purity of the as-synthesised SbSI nanorods was confirmed using XRD 

analysis.  The XRD pattern of SbSI nanorods grown from an AAO/Ti/Si substrate, at 

a reaction temperature of 250 °C, is shown in Figure 4.2(a) and can be indexed to 

orthorhombic SbSI (space group, Pna21; PDF no. 88-2407), displaying a high 

intensity (002) reflection at 2 = 44.3°; an indication of the predominant c-axis 

oriented growth of the SbSI nanorods formed. 
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Figure 4.2.  (a) XRD pattern of SbSI nanorods formed at 250 °C on an AAO/Ti/Si 

substrate, indexed to orthorhombic SbSI (PDF No: 88-2407), (b) EDX spectrum of 

an individual SbSI nanorod and (c) TEM image of a SbSI nanorod showing 

preferential <001> oriented growth (inset showing high resolution images of lattice 

fringes and SAED pattern obtained along [010] zone axis); the labelled lattice fringe 

spacing of 0.648 nm corresponds to the (110) lattice plane of SbSI. 

TEM analysis of the SbSI nanorods (Figure 4.2(c)) revealed their single crystalline 

nature, with a predominant growth direction along the <001> axis, confirming that 

the c-axis is normal to the substrate plane.  The measured lattice fringe spacing of 
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0.648 nm corresponds to the (110) plane of a SbSI nanorod.  Selected area electron 

diffraction (SAED) was used to further confirm the c-axis orientation of the SbSI 

nanorod.  The electron diffraction pattern, obtained in the [010] zone axis, (inset in 

Figure 4.2(c)) further reiterates the single crystalline nature and dominant <001> 

growth of the nanorods.  The lattice fringe spacing and angles between planes in the 

SAED pattern can be indexed to orthorhombic SbSI.  The composition of individual 

SbSI nanorods grown at 250 °C was determined by EDX analysis (Figure 4.2(b)).  

Quantitative EDX analysis showed that the as synthesised material composed of 33.9 

% Sb, 34.0% S and 32.2% I; with an atomic ratio (SbSI0.95) close to the expected 

stoichiometry (1:1:1). 

The XRD pattern of the as-synthesised arrays of SbSI nanorods at 275 °C is shown 

in Figure 4.3(a).  All diffraction peaks in the XRD pattern can be indexed to 

orthorhombic SbSI (PDF No. 88-2407).  The high intensity reflection obtained from 

the (002) plane indicates the preferential c-axis oriented growth of the SbSI nanorods 

formed, similar to those synthesised at 250 °C.  Quantitative EDX analysis (Figure 

4.3(b)) showed that the nanorods formed at 275 °C was slightly non-stoichiometric, 

with a composition of SbS0.9I0.89, due to partial decomposition of SbSI.
28
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Figure 4.3.  (a) XRD pattern of SbSI nanorods formed at 275 °C on AAO/Ti/Si 

substrate, indexed to the orthorhombic SbSI (JCPDS file No: 88-2407) and (b) EDX 

spectra of SbSI formed at 275 °C on AAO/Ti/Si substrate. 

To study the influence of surface roughness on the alignment of SbSI nanorods, a 

control experiment was carried out using a Si (001) substrate (Figure 4.4(a)), under 

similar deposition conditions to those used with the AAO/Ti/Si substrates.  Figure 

4.4(b) shows an SEM image of SbSI formed on a Si substrate at a deposition 

temperature of 250 °C.  Randomly oriented one dimensional (1D) SbSI crystallites, 

with lengths between ~ 5 to 7 µm and width between ~ 600 to 700 nm, were 

observed on the Si substrate, highlighting that the substrate surface plays a crucial 

role in orienting the SbSI nanostructures.  SbSI crystallites formed on smooth Si 

substrates prefer to align parallel to the substrate plane (Figures 4.4(b) and 4.4(c)), 

compared to the perpendicular alignment observed with the rough AAO/Ti/Si 

substrates (Figure 4.1(c) and 4.1(d)).  However, SbSI crystals deposited on Si and 

AAO/Ti/Si substrates had a similar composition and 1D morphology but differed in 

their alignment.  The XRD pattern (Figure 4(d)) obtained for the deposited films on a 

Si substrate can be indexed to orthorhombic indexed to orthorhombic SbSI (PDF no: 
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74-2245), with a distinct peak at 2 = 32.8°, corresponding to the (310) reflection 

plane. 

 

Figure 4.4.  Plan-view SEM images of: (a) a bare Si (001) substrate, (b) SbSI 

nanorods formed on a Si substrate at a temperature of 250 °C, (c) zoomed-in image 

of SbSI crystallites and (d) XRD pattern of crystallites formed on a Si substrate, 

indexed to orthorhombic SbSI (PDF No: 74-2245). 

The difference in the alignment of SbSI crystallites formed on AAO/Ti/Si compared 

to Si substrates can be explained by taking into account the surface roughness of 

these substrates.  The pores and grain boundaries present on the surface of the AAO 

act as nucleation centres for the growth of SbSI.  The rough surface of the AAO 

provides enough nucleation centres for the vertical growth of the SbSI compared to 

the smooth Si substrate, due to the lower critical energy required for nuclei formation 

on a rough substrate.
28,42

  AFM surface roughness analysis showed that the as-

synthesised AAO surface on Ti/Si substrates had a root mean square surface 

roughness of 9.03 ± 0.50 nm compared to 0.81 ± 0.02 nm for Si substrates.  In 

comparison with the smooth Si substrate, an AAO/Ti/Si substrate provides more 

binding sites for the vertical growth of SbSI, accounting for the initial formation of 
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islands of (SbI3)x(Sb2S3)1-x (Figure 4.1(b)),
29,40

   with no such deposition observed on 

Si substrates at the same temperature.  These islands of (SbI3)x(Sb2S3)1-x act as 

nucleation centres for the vertical growth of SbSI nanorods.  Once the nucleation 

occurs, the continued supply of incoming SbSI vapours result in 1D growth.
43

  As 

seen in Figure 4.1(e), SbSI nanorods were nucleated and grown directly on the upper 

surface of the AAO template.  Similar reasoning was applied for the formation of 

vertically aligned ZnO nanorods on chemically etched sapphire substrates,
38,39

 

SiC/AlSiC core-shell nanowires on AAO
44

  membranes and V2O5 nanowires on 

chemically etched Si (001) substrates
43

.  Due to the amorphous nature of AAO, the 

possibility of an epitaxial growth of SbSI can be excluded. 

Furthermore, to compare the preferential orientation of the SbSI nanorods deposited 

on AAO/Ti/Si and Si substrates two XRD peaks of SbSI, (330) and (002), was 

studied.  These peaks were chosen since the normal direction to the (002) plane 

corresponds to the c-axis and is parallel to the (330) plane, which is suitable to 

determine the vertical alignment of SbSI.
45

  Figure 4.5 shows a comparison of the 

change in intensities of the (330) and (002) XRD peaks obtained for SbSI deposited, 

at 250 °C, on Si and AAO/Ti/Si substrates.  The (330) and (002) diffraction peaks of 

SbSI appear at 41.6° and 44.3° (2) respectively.  The peak intensity from the (002) 

diffraction plane of the SbSI crystals formed on a Si substrate (Figure 4.5(a)) was 

very weak compared to that from the nanorods formed on an AAO/Ti/Si substrate 

(Figure 4.5(b)).  The high intensity (330) diffraction peak and low intensity (002) 

peak highlights that the c-axis of the SbSI crystallites grown on Si substrates are 

aligned parallel to the substrate plane.  In contrast, XRD analysis of SbSI nanorods 

deposited on AAO/Ti/Si substrates showed intense (002) and weak (310) reflections 
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respectively, due to preferential vertical alignment of the SbSI nanorods along their 

c-axis.  The appearance of a shoulder peak on the (002) reflection can be attributed 

to the tilted orientation of the nanowires with reference to the c-axis, which expose 

the other surface planes such as [100] or [110]. 

 

 

Figure 4.5.  XRD patterns showing the influence of substrate on the degree of c-axis 

orientation of SbSI crystallites: (a) SbSI crystallites deposited on a Si substrate at 

250 °C and (b) SbSI nanorods formed on AAO/Ti/Si substrate at 250 °C. 

The 1D growth of the nanorods is attributed to the inherently fast growth of the SbSI 

crystal along their c-axis compared to their a-b planes.
19

  This can be explained by 

taking into account the typical crystal structure of SbSI (Figure 4.6).  The unit cell of 

SbSI contains double chains of [(SbSI)∞]2 linked along the z-direction by a twofold 

screw axis (the orthorhombic structure of SbSI (Pna21) possess a 21 screw axis along 

the z-direction).
31,46

  These chains act as 1D motifs along the [001] direction.  In 

SbSI, the (001) planes have the highest surface energy and thus have the fastest 
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growth velocity.
31

  Hence the growth of SbSI preferentially take place along the 

[001] direction, without the formation of 2D nuclei, giving it a 1D morphology.
31

 

 

 

Figure 4.6.  Crystal structure of SbSI viewed along the [010] direction.
46

  The 

structure consists of double chains of [(SbSI)∞]2 running along the z-direction.  The 

Sb-S-I covalent bonds are indicated by solid lines and the weak van der Waals bonds 

between the chains by dashed lines. 

One of the most influential factors determining the morphology of the SbSI crystals 

deposited on a given substrate, is the relative surface energies of various growth 

facets at the deposition conditions employed.
47

  The inset in Figure 4.1(c) indicates 

that the SbSI nanorods are faceted.  The reason for the faceting of the nanorods can 

be attributed to the polar nature of the SbSI crystals.  Polar surfaces are generally 
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stabilised by surface reconstruction or faceting, by which they can reduce their 

surface energies.
47

  During SbSI formation, after an initial period of nucleation, SbSI 

tends to form 1D structures because nanorod formation maximises the areas of the 

{110}, {010} and {100} facets, which have a lower surface energy compared to the 

high energy {002} facets.
30,48

   

The nanoscale piezoelectric and ferroelectric properties of SbSI nanorods grown at 

250 °C on AAO/Ti/Si substrates were studied, for the first time, using piezoresponse 

force microscopy (PFM) in contact mode.  Compared to bulk techniques, PFM has 

the advantage of being able to visualise the ferroelectric domain dynamics, 

polarisation switching and quantification of piezoelectric responses of individual 

nanostructures.
49-52

  The PFM ferroelectric and piezoelectric response obtained from 

a cluster of SbSI nanorods, 2.0 × 2.0 µm
2
, dispersed on a conducting platinum 

substrate is shown in Figure 4.6.  The PFM topography, piezoresponse amplitude 

and ferroelectric domain phase images obtained for SbSI nanorods are shown in 

Figures 4.7(a), 4.7(b) and 4.7(c) respectively.  The piezoresponse can be clearly seen 

from the bright and dark amplitude contrast of the nanorods shown in Figure 4.7(b).  

The presence of the bright white contrast is evidence of piezoresponse in SbSI 

nanorods, due to an out-of-plane displacement along the polar c-axis.  The PFM 

phase image (Figure 4.7(c)) of the SbSI nanorods clearly shows the presence of 

ferroelectric domains present in the material.  Different orientations of the polar axis 

of adjacent domains in SbSI nanorods lead to a multi-domain contrast.  This multi-

domain structure is formed as a result of the differing level of polarity present in 

individual ferroelectric domains.
49
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Figure 4.7.  PFM images of SbSI nanorods dispersed on a conducting platinum 

substrate, showing: (a) height, (b) amplitude and (c) phase profiles SbSI nanorods 

grown at 250 °C on an AAO/Ti/Si substrate. 

The primary feature of a ferroelectric material is the reversal of spontaneous 

polarisation under the application of an applied electric field.  PFM has become a 

standard technique to analyse the local ferroelectric/piezoelectric switching 

properties of nanoscale materials.
49-51

  An advanced version of PFM called switching 

spectroscopy PFM (SS-PFM) allows the acquisition of ferroelectric and piezoelectric 

switching hysteresis loops from a point on a nanostructure.  In this study, hysteresis 

loops were obtained by positioning the conducting PFM tip on top of a SbSI nanorod 

and applying an AC voltage of 3.3 V, plus a DC bias of ±44 V, simultaneously 

across the nanorod and the back electrode.  Figures 4.8(a) and 4.8(b) shows the 

phase and piezoresponse switching hysteresis obtained from a single SbSI nanorod, 

by positioning the tip in the centre of the top edge of the nanorod (Figure 4.8(a), red 

dot in the inset image).  Positioning the tip on the (002) plane of the SbSI nanorod 

allowed the measurement of the piezoresponse along the polar c-axis.  The square 

shape phase-voltage hysteresis (Figure 4.8(a)) curve obtained gives strong evidence 

for the presence of switchable ferroelectricity in SbSI nanorods.  The 180° phase 
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difference observed during switching (Figure 4.8(a)) can be attributed to the 

presence of 180° ferroelectric polarisation present along the c-axis in the SbSI 

nanorod.  Due to the <001> orientation of the SbSI nanorods, the polarisation 

changes occur mostly along the c-axis of the nanorods and thus results in the 

formation of two oppositely oriented (180°) ferroelectric domains along the polar 

axis.  Similar results were reported in Chapter 3 for <001> oriented Sb2S3 

nanowires.
53

  Figure 4.8(b) depicts the normalised piezoresponse hysteresis response 

obtained for a SbSI nanorod, from the same location as that of the phase hysteresis.  

The inset image in Figure 4.8(b) shows the classical ferroelectric loop acquired from 

the SbSI nanorod, which is a signature of the presence of switchable piezoelectric 

response in the material.
50

  The asymmetric nature of the hysteresis loop could be 

due to the clamping effect between the domains as well as due to the change in field 

distribution.
54

 

The average effective piezoelectric coefficient d33(eff) for the SbSI nanorods, 

calculated using equation
49,51

, d33 =A/VacQf, where A is the maximum amplitude, Vac 

is the applied AC voltage (3.3 V) and Qf  is the quality factor (obtained during the 

PFM measurement and depends solely on the tip-sample surface interaction), was 

found to be ~ 12 pm V
-1

.
10

  The difficulty related to positioning the PFM tip at a 

specific location on top of a SbSI nanorod surface, due to tip shift, put constraints on 

quantifying the piezoelectric response and limited my study to a qualitative view 

point.  Figure 4.8(c) illustrates the changes observed in domains during ferroelectric 

switching of a single SbSI nanorod when a DC bias of ±44 V was applied.  The 

applied bias induced a reversal of the ferroelectric domain structure and provides 

clear evidence for the presence of switchable ferroelectricity in the SbSI nanorods. 
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Figure 4.8.  (a) SS-PFM ferroelectric phase-switching hysteresis, (the red dot in the 

inset image shows the location of the tip on the SbSI nanorod during the hysteresis 

loop acquisition), (b) normalised piezo-switching hysteresis (inset shows the actual 

butterfly shaped piezoresponse hysteresis loop), loops acquired from an individual 

SbSI nanorod and (c) SS-PFM ferroelectric phase images showing ferroelectric 

domain switching of a selected SbSI nanorod before and after domain switching, by 

applying a bias voltage of ±44V. 

 

The presence of ferroelectricity in SbSI can be attributed to its orthorhombic 

structure with the polar space group Pna21, at room temperature.  SbSI has a phase 
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transition or TC of ~ 22 °C at which it undergoes a displacive ferroelectric phase 

transition from the ferroelectric Pna21 phase to the paraelectric Pnam phase.
4,18

  The 

ferroelectric and piezoelectric switching, under the application of an applied bias in 

SbSI is associated with the alternating arrangement of polar double chains [(SbSI)]2 

parallel to the [001] axis.
18

  The asymmetric arrangement of these double chains 

creates disorder of the Sb atoms and polarity in the SbSI crystal, which in turn 

results in unidirectional polarisation along the polar c-axis due to <001> orientation 

of the SbSI nanorods, accounting for their ferroelectric and piezoelectric behaviour. 

 

4.3.2 Growth of arrays of SbSI nanowires on Pt/Si substrates 

In addition to orienting SbSI nanostructures, for many applications it is desirable to 

integrate these nanostructures directly onto conducting substrates
33,55,22

  For instance, 

Surthi et al. deposited SbSI on Pt/Ti/SiO2/Si 
33

 and La0.67Ca0.33MnO3 

(LCMO)/NdGaO3 
22

 substrates, where the Pt and LCMO layer acted as a bottom 

electrode respectively for electrical measurements.  Some of the studies using 

conducting substrates for the growth of SbSI were successful in growing good 

quality c-axis oriented thin films for electrical measurements.  Since most of the 

functional properties of SbSI are superior along its c-axis, the vertical alignment of 

SbSI 1D structures on conducting substrates may be advantageous for potential 

applications such as energy harvesting.  As evident from the previous study with 

AAO/Ti/Si substrates, the surface state of the substrate has a great influence in 

aligning SbSI crystals.  In this section of Chapter 4, the use of surface roughened 

conducting Pt/Ti/Si substrates for growing vertically oriented arrays of SbSI 

nanowires is discussed.  Surface roughness on these substrates was achieved using 
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ultrasonication.  A control experiment was carried out under similar condition using 

smooth Pt/Ti/Si substrates to prove the influence of surface roughness of the 

substrate on the alignment of nanowires formed. 

The morphologies of SbSI formed on rough and smooth Pt/Ti/Si substrates are 

shown in Figure 4.9.  The SEM images (Figure 4.9(a), (b) and (c)) show that a 

highly dense array of vertically aligned SbSI nanowires formed on a rough Pt/Ti/Si 

substrate.  These arrays consist of uniform high aspect ratio (~ 140) nanowires with 

mean diameters ~ 50 nm and lengths up to 7 µm, having alignment angles 

approximately ±20° relative to the substrate normal.  The cross-sectional SEM image 

(Figure 4.9(c)) revealed that SbSI nanowires grow directly from the substrate.  While 

SbSI formed on smooth Pt/Ti/Si substrates showed (Figure 4.9(d) and (e)) thick film 

morphology, with randomly oriented 1D crystallites.  This observation clearly 

illustrates the influence of the surface state of the substrate in aligning the SbSI and 

agrees with the previous results obtained for SbSI deposited on AAO/Ti/Si 

substrates.  The inset in Figure 4.9(c) shows that the tips of the nanowires contain no 

droplets, which confirms that the growth of SbSI nanowires on rough Pt/Ti/Si 

substrates occurred via a catalyst-free vapour-solid growth mechanism. 
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Figure 4.9.  (a) Plan-view SEM image of arrays of SbSI nanowires deposited on a 

surface roughened Pt/Ti/Si substrate, (b) cross-sectional SEM image of the arrays, 

and (c) zoomed-in SEM image of a sample cross-section (inset shows the tip of the 

nanowires).  (d) and (e) SEM images of randomly oriented SbSI crystallites 

deposited on a smooth Pt/Ti/Si substrate. 

The XRD pattern (Figure 4.10(a)) of as-synthesised arrays of SbSI nanowires on 

rough Pt/Ti/Si substrates showed a prominent diffraction peak at 44.2° (2), which 

can be indexed to the (002) reflection of orthorhombic SbSI (PDF No: 88-2407).  

This data indicates that the SbSI nanowires have a preferred c-axis orientation.  A 

high resolution TEM image (Figure 4.10(b)) of an isolated SbSI nanowire showed 

resolved lattice fringes without defects or dislocations, confirmed the single 

crystalline nature of the nanowires with a preferred growth along the <001> 
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direction.  The mean lattice fringe spacing 0.51 nm corresponds to the d020 plane 

lattice spacing of orthorhombic SbSI (PDF No: 88-2407).  The SAED pattern 

obtained from a SbSI nanowire along the [100] zone axis reiterates the preferential c-

axis oriented growth of the nanowires.  To determine the elemental composition of 

the nanowires formed, EDX analysis was performed on isolated SbSI nanowires 

(Figure 4.10(c)).  Quantitative EDX analysis showed that the atomic ratio of Sb:S:I 

is 0.98:1:0.96, giving nanowires a possible composition of SbSI.  

 

Figure 4.10.  (a) XRD pattern of SbSI nanowires formed at 250 °C on a surface 

roughened Pt/Ti/Si substrate, indexed to orthorhombic SbSI (JCPDS file No: 88-

2407), (b) TEM image of a SbSI nanowire showing preferential <001> oriented 

growth, (inset showing a representative SAED pattern taken from the [100] zone 

axis); the marked fringe spacing of 0.51 nm corresponds to the (020) lattice plane of 

SbSI and (c) EDX spectrum of an individual SbSI nanowire. 

The formation of SbSI nanowires can be explained by taking into account the 

inherent anisotropy of its unit cell building blocks as explained earlier in section 
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4.2.1.  In this study, the vertical alignment was caused by the surface roughness of 

the Pt/Ti/Si substrate.  Figure 4.11(a) shows the AFM topographical image and the 

corresponding roughness profiles (Figure 4.11(b)) obtained for an ultrasonically 

polished Pt/Ti/Si substrate.  Figures 4.11(c) and (d) show photographs of Pt/Ti/Si 

substrates before and after sonication respectively. 

 

Figure 4.11.  (a) AFM topographical image and (b) the corresponding roughness 

profiles obtained for an ultrasonically polished Pt/Ti/Si substrate.  (c, d) Photographs 

of Pt/Ti/Si substrate before and after sonication, respectively (Scale bars: 0.5 cm). 

High nucleation densities of nanostructures can be achieved by ultrasonically 

scratching a substrate surface.
56

  As seen in Figure 4.9(a), high density growth of 

nanowires can be formed by surface roughening due to an increased number of 

binding sites for SbSI nucleation.  Introducing surface irregularities effectively 

lowers the interfacial energy between the crystal nuclei and the substrate,
38,39,57

 

hence minimising the nucleation barrier and facilitating the growth of SbSI 

nanowires.  The inherent growth anisotropy of SbSI as well as the anisotropy of the 

surface of the scratched substrate together induce an anisotropic strain,
57

 and thus 
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confine the diffusion of SbSI molecules to 1D resulting in vertically aligned arrays 

of SbSI nanowires. 

The bulk ferroelectric characteristics of SbSI nanowires formed on rough Pt/Ti/Si 

substrates were studied by P-E hysteresis loop acqusition.  The well-defined P-E 

hystseresis (Figure 4.12) provided solid evidence for the existence of ferroelectricity 

in synthesised arrays of SbSI nanowires.  The nanowire arrays showed a coercive 

field ~ 20 kV cm
-1

, spontaneous polarisation (Ps) ~ 3.5 µC cm
-2

, 
 
and remanant 

polarisation (Pr) ~ 2.1 µC cm
-2

, which are comparable with that of c-axis oriented 

SbSI thin films.
33

  Nanoscale PFM characterisation on individual SbSI nanowires 

was unsuccessful due to the difficulty in positioning the tip at a desired location on 

the nanowire. 

 

 

Figure 4.12.  Polarisation-electric field hysteresis loop obtained from SbSI nanowire 

arrays formed on a Pt/Ti/Si substrate. 
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4.4 Conclusion 

In summary, arrays of c-axis oriented SbSI nanorods were synthesised by a surface 

roughness assisted vapour deposition method on AAO/Ti/Si substrates.  The growth 

of SbSI nanorods proceeded via a seedless vapour-solid mechanism.  XRD and 

TEM-SAED analysis of the as-synthesised SbSI nanorods confirmed their single 

crystalline nature and their preferred <001> oriented growth.  The surface roughness 

of the AAO substrate played a crucial role in vertically orienting the SbSI nanorods, 

by providing a large number of binding sites for nucleation.  The inherent growth 

anisotropy of SbSI as well, as the roughness of the substrate, together confined the 

diffusion of SbSI molecules to one dimension resulting in vertically aligned arrays of 

SbSI nanowires.  PFM studies revealed the presence of switchable ferroelectric and 

piezoelectric responses in individual SbSI nanorods.  A 180° phase difference was 

observed during ferroelectric switching which could be attributed to the presence of 

the formation of two oppositely oriented (180°) ferroelectric domains, due to the c-

axis oriented single crystalline nature of the SbSI nanorods.  Surface-roughness 

assisted synthesis was also used to fabricate vertically aligned SbSI nanowire arrays 

on surface-roughened conducting Pt/Ti/Si substrates.  The highly dense arrays of 

nanowires formed were single crystalline, with predominant growth along their c-

axis, and displayed good ferroelectric behaviour. 
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5.1 Abstract 

Chapter 5 presents a simple methodology for the fabrication of two dimensional 

arrays of lead zirconate titanate (PZT) nanodots on n-doped Si substrates, via the 

directed self-assembly of PS-b-PEO block-co-polymer templates.  This approach 

produced highly ordered PZT nanodot patterns, with lateral widths and heights as 

small as 20 and 10 nm respectively, and a coverage density as high as ~ 68 × 10
9 

nanodots cm
-2

.  The existence of a pervoskite phase in the nanodots was confirmed 

by X-ray diffraction and X-ray photoelectron spectroscopy.  The piezo-amplitude 

and ferroelectric domain response obtained from the nanodots, through 

piezoresponse force microscopy, confirmed the presence of ferroelectricity in the 

PZT arrays.  Notably, PZT nanodots with a thickness ~ 10 nm, which is close to the 

critical size limit of PZT, showed ferroelectric behaviour.  The presence of a multi-

a/c domain structure in the nanodots is attributed to their polycrystallinity nature. 

 

5.2 Introduction 

The continuing miniaturisation of ferroelectric-based memories needs the creation 

of isolated nanosized ferroelectric domains (< 100 nm) to achieve ultra-high density 

ferroelectric memory units per unit area.
1-7

  Efforts have been made by a number of 

research groups to realise this goal by nanoscaling ferroelectric materials using 

different ‘top-down’ and ‘bottom-up’ approaches.
3,8-10

  Fabrication of two 

dimensional (2D) arrays of ferroelectric nanoislands or dots is an ideal approach for 

forming isolated nanodomains, where the individual units can store physically 

separate bits of data.
3,5,6,8,11

  Isolated single-crystalline ferroelectric nanostructures 

have shown improved memory characteristics such as high polarisation retention 
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compared to their thin film counterparts, due to the presence of single ferroelectric 

domains.
11

  Techniques such as electron beam lithography,
5,6

 nanoimprint 

lithography,
12,13

 dip-pen lithography,
14

 sol-gel self-assembly
15-17

 and 

templating
7,11,18-20

 have been used successfully to fabricate arrays of discrete 

nanoislands or dots.  Although ‘top-down’ lithography based techniques have been 

successful in making precisely positioned ferroelectric nanodots, their inherent 

feature-size limitations, low throughput and high processing cost makes these 

techniques less prevalent.
21

  While self-assembly-based ‘bottom-up’ methods offer 

facile high-throughput synthesis of ferroelectric nanoislands, they suffer from poor 

ordering and limited control over feature size, which limits their practical 

application.
15-17,21

  Template-assisted synthesis is a simplistic low-cost route for 

fabricating ferroelectric nanodots, due to the number of deposition methods that can 

be utilised and good control over the dimensions of the nanostructures formed.
7,11,18-

20
  For example, Lee et al.

3
 fabricated individually addressable epitaxial arrays of 

PZT nanodot capacitors (~ 60 nm in diameter and ~ 20 – 40 nm in height) with a 

density of 32 x 10
9
  nanodots cm

-2 
using anodic aluminium oxide (AAO) templates.  

However, the use of AAO as a template is limited, due to the difficulty in forming 

membranes on desired substrates and typically poor ordering at low dimensions (< 

50 nm).  Nanosphere lithography (NSL) has also been used to obtain 2D ferroelectric 

nanostructures, but the minimum feature size that could be achieved by this method 

is limited to ~ 50 nm.
15-17 

5.2.1 Block copolymer self-assembled templates 

Block copolymer (BCP) based self-assembly has emerged as a viable ‘bottom-up’ 

patterning technique for nanostructures, due to the ability to form different types of 
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2D and 3D nanoscale patterns on various substrates.
22,23

  These self-assembled 

patterns have been used as nanolithographic masks, as well as templates for the 

fabrication of arrays of dots and wires of inorganic organic nanostructures.
22,23

  

Recently, BCP self-assembly has achieved the capability of precisely patterning 

nanostructures in 2D and 3D geometry with sub-10 nm resolution.
24-26

  The 

capabilities of BCP patterning techniques therefore have the potential to generate 

ordered arrays of ferroelectric nanodots and nanowires.  The use of self-assembled 

BCPs to produce ferroelectric nanostructures is still in its infancy and has not yet 

been fully explored.  Diblock copolymers have been the most widely used for 

creating self-assembled patterns of nanostructures.
22,23

  Kang et al.
8
 used 

polystyrene-block-poly(ethyleneoxide) (PS-b-PEO) diblock polymer templates for 

the confined crystallisation of the ferroelectric polymer PVDF-TrFE into 

periodically aligned nanowire patterns trenches, 30 nm in width and 50 nm in 

periodicity.  Zoelen et al.
27

 used polystyrene-block-poly(4-vinyl pyridine) [PS-b-

P4VP] for the fabrication of line patterns of PbTiO3 nanoparticles, with a mean 

height ~ 25 nm and periodicity ~ 65 nm.  Kim et al.
28

  prepared high-density arrays 

of PbTiO3 nanodots, with mean heights of 7 nm and diameters of 22 nm, using the 

self-assembled BCP PS-b-P4VP.  To form PbTiO3 nanodot patterns, the former 

group employed pulsed laser deposition on PS-b-P4VP lamellae, whilst the latter 

group utilised micelle-based incorporation of a PbTiO3 precursor into the PS-b-

P4VP thin film, due to the favourable interaction of the precursor with the polar 

P4VP polymer block.  The interaction of metallic precursors towards the P4VP polar 

block in PS-b-P4VP occurred due to the selective co-ordination of the metal ions 

(Pb
2+

 and Ti
4+

) with the polar functional moiety (pyridine) present in block.  Similar 
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interactions have been reported in the fabrication of arrays of iron oxide 

nanoparticles using polystyrene-block-polyethylene oxide (PS-b-PEO) thin films.
29

  

This metal ion impregnation method has great potential for generating nanostructures 

in a single step, without the requirement for polymer etching, as the annealing 

process not only crystallises the nanostructures but also removes the polymer. 

This chapter reports the synthesis of highly ordered 2D arrays of PZT 

(PbZr0.3Ti0.7O3) nanodots using self-assembled PS-b-PEO thin films.  PZT was 

studied due to its commercial importance and its excellent piezoelectric and 

ferroelectric characteristics.
30

  Furthermore, the nanoscale ferroelectric and 

piezoelectric properties of arrays of PZT nanodots were probed using piezoresponse 

force microscopy (PFM). 

 

5.3 Results and Discussion 

5.3.1 Structural and morphological characterisation of PZT nanodot arrays 

Self-assembled thin films of PS-b-PEO (42-11) were fabricated on n-doped Si 

substrates by spin coating the polymer solution onto the substrate followed by 

solvent annealing and ethanol treatment, as discussed in detail in Chapter 2, Section 

2.4; (42-11) defines the number average molecular weight in kg mol
-1

of PS and PEO 

block respectively.  Figures 5.1(a) and (b) shows scanning electron microscopy 

(SEM) images of self-assembled PS-b-PEO (42-11) thin films formed on Si 

substrates; the bright contrast represents the PS block and the dark contrast 

represents the PEO block.  The hydrophilic PEO block phase separates from the 

hydrophobic PS block in the form of cylindrical domains.  The centre-to-centre 

cylinder spacing in the phase separated polymer was ~ 40 nm, with a mean PEO 
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cylindrical diameter ~ 30 nm and film thickness of ~ 40 nm.  Arrays of PZT 

nanodots were formed by the simple inclusion of a PZT precursor solution into the 

PEO component of the thin film via spin coating, followed by UV/ozone treatment 

to completely remove the polymers.  As shown in Figures 5.1(c) and (d), well-

ordered arrays of isolated PZT nanodots with diameter around 30 ± 5 nm were 

fabricated on an n-doped Si substrate.  Close examination of the SEM images 

revealed that isolated nanodots formed, with only few dots being interconnected.  

The placement of the nanodots mimicked the original self-assembled block 

copolymer pattern.  The cross-sectional transmission electron microscopy (TEM) 

image, Figure 5.1(d) inset, of PZT nanodots formed further confirmed that the 

isolated nanodots were polycrystalline and had an average height of ~15 nm.  The 

mean thickness and diameter of PZT nanodots fabricated using the PS-b-PEO (42-

11) BCP were less than half the dimensions previously reported by Lee et al.
3
.  

Isolated arrays of PZT nanodots are ideal for the formation of individual ferroelectric 

domains to achieve high storage density in memory applications.
3,5,6,11

  The PZT 

nanodots fabricated using PS-b-PEO (42-11) had a coverage density 42 × 10
9
 

nanodots cm
-2

 which in turn gives a memory density of 42 Gb cm
-2

, which is greater 

than that previously reported.
3
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Figure 5.1.  Plan-view SEM images of: (a) a PS-b-PEO (42-11) self-assembled thin 

film formed on an n-doped Si substrate, (b) magnified image of the template, (c) 

array of PZT nanodots deposited using the PS-b-PEO thin film at 600 °C and (d) 

magnified image of PZT nanodots (inset shows cross-sectional TEM image of 

isolated nanodots). 

 

The size, thickness, separation, distance, and long-range ordering of the nanodots 

can be controlled by adjusting the molecular weight of any of the components in a 

BCP.
23

  The size of an individual polymer block usually scales with molecular 

weight, i.e. a decrease in molecular weight reduces the size of polymer domains.
23

  

This hypothesis was utilised to reduce the size and thickness of the PZT nanodots 
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generated on Si substrates, by using the BCP PS-b-PEO (32-11), where the number-

average molecular weight, (Mn) of PS was reduced to 32 kg mol
-1

.  The atomic force 

microscope (AFM) image of a self-assembled PS-b-PEO (32-11) thin film formed on 

an n-doped Si substrate (Figure 5.2(a)) shows that the ordering of the PS-b-PEO is 

significantly improved, while the size of the PEO domains (dark contrast) decreases.  

As seen in Figure 5.2(a), the PS-b-PEO (32-11) thin film possesses high long-range 

ordering, as evident from the hexagonal arrangement of PEO block domains.  A 

decrease in the size and thickness of the PEO domains leads to a decrease the size of 

the PZT nanodots formed, as the metals have a preferential affinity towards the 

hydrophilic PEO block.  PS-b-PEO (32-11) thin film had an average thickness of ~ 

20 nm.  As shown in Figures 5.2(b) and (c), the PZT nanodots fabricated using the 

PS-b-PEO (32-11) thin film had smaller dimensions (~ 20±5 nm in diameter, and ~ 

10 nm in thickness) and a larger mean centre-to-centre cylinder spacing (~ 30 nm) 

compared to the nanodots generated from the PS-b-PEO (42-11) template.  The 

morphology of the nanodots formed using the PS-b-PEO (32-11) template was 

pyramidal compared to semi-spherical with the PS-b-PEO (42-11).  The inset in 

Figure 5.2(c) shows the FFT pattern obtained for the arrays of PZT nanodots, which 

confirms the hexagonal long-range ordering of the arrays.  The coverage density of 

the PZT nanodots was ~ 68 × 10
9
 nanodots per cm

-2
, for the PS-b-PEO (32-11) 

template, which was greater than with the PS-b-PEO (42-11).  This can be explained 

by the decrease in center-to-center cylinder spacing between the polymer blocks in 

(32-11) template. 
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Figure 5.2.  AFM topography image of: (a) a PS-b-PEO (32-11) self-assembled thin 

film formed on a  n-doped Si substrate and (b) arrays of PZT nanodots formed at 

using a PS-b-PEO (32-11) thin film (inset shows the histogram of the nanodot size).  

(c) Plan-view SEM image of an array of PZT nanodots formed from a PS-b-PEO 

(32-11) template, the FFT pattern in the inset shows the hexagonal ordering of the 

nanodots.  (Scale bars, 200 nm). 

The formation of PZT nanodots using PS-b-PEO can be explained by the selective 

intramolecular or intermolecular co-ordination between the metal ions (Pb
2+

, Zr
4+

, 

and Ti
4+

) present in the precursor solution and the hydrophilic PEO chains present in 

PS-b-PEO.  PEO is known to have a good affinity with the cationic species,
29,31

 and 
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the tendency towards multiple co-ordination is favoured by its all-trans zig-zag, or 

cis-helical, configuration (Figure 5.3).
31

  Thus the Pb
2+

, Zr
4+

, and Ti
4+

 ions present in 

the precursor solution form dative bond with the ether functional moieties (-O-) 

present in the PEO block, whilst being excluded from the hydrophobic PS block, 

eventually resulting in the nanodot formation.
29

   

 

 

Figure 5.3.  Schematic illustration of the possible metal cation-PEO block co-

ordination by means of the cis-helical and all-trans zig-zag geometry of the PS-b-

PEO chains.
29

 

Figure 5.4 shows the slow-scan X-ray diffraction (XRD) pattern obtained for an 

array of PZT nanodots template from a PS-b-PEO (42-11) polymer on a n-doped Si 

substrate.  Diffraction peaks observed at 2θ = 22, 32.1, 38.2 were indexed to 

(001)/(100), (110)/(101) and (111) reflection planes of tetragonal pervoskite PZT, 

(PDF no. 33-0784).  Similar XRD patterns were obtained for arrays of PZT nanodots 

template from a PS-b-PEO (32-11) polymer. 



Chapter 5: PZT Nanodot Arrays 

 

Nanostructured Ferroelectric Materials                                                                  150 

 

Figure 5.4.  Slow-scan XRD pattern obtained for arrays of PZT nanodots template 

from a PS-b-PEO (42-11) polymer formed on an n-doped Si substrate; indexed to 

pervoskite PZT (PDF no. 33-0784). 

In order to confirm the presence of a pervoskite phase, detailed X-ray photoelectron 

spectroscopy (XPS) analysis was carried out on PZT nanodot samples.  Figure 5.5 

shows the XPS survey spectrum and the high resolution core-level spectra of 

individual metal ions from arrays of PZT nanodots produced using the PS-b-PEO 

(42-11) template.  The XPS survey spectrum (Figure 5.5(a)) shows dominant peaks 

of Pb, Zr, Ti, O along with the Si peaks from the substrate, confirming that no 

contamination occurred during the PZT deposition process.  Figures 5.5(b) and (e) 

shows the high resolution core-level XPS spectra with deconvoluted fits of Pb (4f), 

Zr (3d), Ti (2p), and O (1s) respectively. 
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Figure 5.5.  (a) XPS survey spectra of PZT nanodots template from a PS-b-PEO 

(42-11) polymer deposited on an n-doped Si substrate.  Deconvoluted high 

resolution XPS spectra of: (b) Pb (4f), (c) Zr (3d), (d) Ti (3p) and (e) O (1s) from the 

PZT nanodots. 
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As observed in Figures 5.5(b) to (d), Pb, Zr, and Ti shows only one spin-orbit 

doublet, indicating the presence of a single chemical environment in the PZT 

nanodots synthesised.  The values of core-level binding energies obtained for each 

metal present in PZT nanodots were, Pb (4f7/2) = 138.25 eV, and Pb (4f5/2) = 143.11 

eV, with a peak separation of 4.86 eV; Zr (3d5/2) = 182.20 eV and Zr (3d3/2) = 184.55 

eV, with a peak separation of 2.35 eV; Ti (3p3/2) = 458.81 eV and Ti (3p1/2) = 464.25 

eV, with a peak separation 5.44 eV.  The O (1s) core-level spectrum was 

deconvoluted into two peaks, at 529.58 eV and 531.33 eV and were assigned to 

lattice oxygen and surface oxygen on the PZT nanodots respectively.
32

  The 

observed binding energies were in good agreement with those previously reported 

for a pervoskite PZT chemical environment.
32

 

5.3.2 Piezoresponse force microscopy analysis of arrays of PZT nanodots 

Piezoresponse force microscopy (PFM) was used to investigate the ferroelectric 

functionality of the arrays of PZT nanodots.  Figure 5.6 shows (a) the piezoresponse 

topography, (b) and (d) the amplitude and (c) and (e) phase images of PZT nanodots 

formed from a PS-b-PEO (42-11) template, as measured by vertical PFM; the 

piezoresponse amplitude and phase provide information on the local 

electromechanical activity and the direction of local polarisation, respectively.
33

  The 

distinct bright and dark contrast in the piezoresponse amplitude images, shown in 

Figures 5.6(b) and (d), clearly highlight the presence of piezoelectric behaviour in 

the individual PZT nanodots.  The bright contrast is an indication of a large out-of-

plane polarisation response present in the nanodots, while the relatively dark contrast 

indicates less polarised regions.
33

  PZT nanodots exhibited good piezoresponse over 

a large area (Figure 5.6(b)), with the majority of the dots showing a large out-of-
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plane piezoresponse.  Previous articles have reported that tetragonal PZT films show 

a very high out of-plane response.
34

 

 

 

Figure 5.6.  PFM images showing (a) topography, (b) amplitude and (c) phase 

profiles of PZT nanodot arrays fabricated using a PS-b-PEO (42-11) template on an 

n-doped Si substrate.  (d, e) high resolution PFM amplitude and phase images of 

arrays of PZT nanodots (inset shows multi-domain structure).  Scale bar, 200 nm. 
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The phase images in Figures 5.6(c) and (e) show that the ferroelectric domains 

present in the nanodots have a multi-domain structure, as evident from the orange 

and violet colour contrast.  The random orientation of ferroelectric domains can be 

explained by the pseudo-epitaxial polycrystalline nature of PZT nanodots and is 

common in polycrystalline PZT films.
35

  This hypothesis is supported by the 

polycrystalline nature of the nanodots as seen in TEM image (Figure 5.1(d)) XRD 

pattern (Figure 5.4) obtained for PZT nanodot samples, where the dots show 

reflections from (110) and (111) directions, indicating that the crystallographic 

orientation in the sample is not constrained to one orientation.  This results in the 

formation of a multi-a/c domain (a-domain, parallel to the substrate plane; and c-

domain, perpendicular to the plane) structure is expected.  In Figure 5.6(c), some of 

the dots are composed of a single c-domain (orange contrast in top part), whilst dots 

at the bottom display multi-domains, with evidence of coupled phase contrasts in one 

dot.  These phase contrast can be clearly seen in Figure 5.6(e) and in the magnified 

inset image.  The dragging effect of tip near the curvature of the nanodots may also 

contribute to the PFM signal.  The orientation of the bright and dark contrast on the 

nanodots may also be indicative of a relationship between the PFM scan direction 

and piezoresponse in the nanodots.  As the tip rises up over a nanodot, it gets a 

different piezoelectric "push" from when it runs down on the other side.  This tip 

convolution may also be able to contribute to the PFM signal.   

Arrays of PZT nanodots fabricated using a PS-b-PEO (32-11) template also showed 

piezoelectric and ferroelectric responses.  Figures 5.7(a) and (b) show the PFM 

amplitude and phase images obtained for these arrays respectively.  As seen in the 

PFM amplitude image (Figure 5.7(a)), most of the nanodots displayed a strong out-
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of-plane piezoresponse (bright contrast), while a few of them appeared dark.  Close 

observation of the phase image (Figure 5.7(a)) shows the presence of multi-a/c 

domain structure with a high c-domain ratio.  This observation is consistent with the 

PFM result obtained for PZT nanodots template from the PS-b-PEO (42-11) 

polymer.  Significantly, these nanodots have a thickness ~10 nm and they still show 

ferroelectric behaviour, which agrees with the previous reports.
36

  As in (42-11) 

sample, the dragging effect of tip should also be taken into account to interpret the 

PFM signal.  Future work is aimed on switching experiments on a selected area of 

nanodots in order to confirm the presence of ferroelectric behaviour. 

 

 

Figure 5.7.  High resolution PFM (a) amplitude and (b) phase images of arrays of 

PZT nanodots fabricated using a PS-b-PEO (32-11) template on an n-doped Si 

substrate.  Scale bar, 100 nm. 

The variation observed in the domain structure within and among the PZT nanodots 

makes these arrays less ideal for ferroelectric memory cell applications, since 

currently the magnitude of switching cannot be well controlled.
37

  Mono-domain 

structures could possibly be achieved by epitaxial growth of the nanodots on suitable 
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substrates.  Nevertheless, the BCP template-assisted approach described in this 

chapter has great potential for producing highly ordered 2D arrays of ferroelectric 

nanodots.  The same methodology can also be extended to fabricate laterally ordered 

ferroelectric and piezoelectric nanowire patterns. 

 

5.4 Conclusion 

In summary, a simple method for the fabrication of highly ordered arrays of PZT 

nanodots using self-assembled block copolymer templates has been demonstrated.  

PZT nanodots with lateral widths and thicknesses as small as 20 nm and 10 nm 

respectively were prepared PS-b-PEO polymer template.  The hexagonal long-range 

ordering of these nanodots was improved by decreasing the molecular weight of the 

polystyrene (PS) block used in the PS-b-PEO template.  XRD and XPS analysis 

confirmed the pervoskite structure of PZT nanodots synthesised.  PFM studies on 

individual PZT nanodots confirmed the presence of piezoelectric and ferroelectric 

behaviour.  The multi-domain structure in the nanodots was attributed to the co-

existence of both a- and c-domains, due to their polycrystalline nature.  Switching 

experiments on a selected area of nanodots has to be done in order to confirm the 

presence of ferroelectric behaviour. 
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6.1 Conclusions and Future Work 

The ever-continuing miniaturisation of electronic components and devices gives 

impetus to scale the dimensions of ferroelectrics down to the nanometre-scale region.  

Various types’ fabrication and characterisation methods have been evolved to study 

the nanostructuring in ferroelectric and related materials.    Chapter 1 of this thesis 

provided an overview of the recent developments in the fabrication, characterisation 

and application of various nanoscale ferroelectric materials. 

Chapter 2 outlined the experimental procedures and characterisation tools required to 

synthesise and analyse Sb2S3, SbSI and PZT nanostructures and described in detail 

the principles of block co-polymer based self-assembly and piezoresponse force 

microscopy in detail. 

Chapter 3 described the preparation of size controlled arrays of Sb2S3 nanowires 

within the cylindrical pores of anodic aluminium oxide (AAO) templates (Sb2S3-

AAO), utilising a solventless technique and the single-source precursor antimony 

(III) tris(diethyldithiocarbamate).  The data reported demonstrated the single 

crystalline nature, and preferential <001> growth direction, of the Sb2S3 nanowires 

produced.  The templating strategy also provided a way to address the ferroelectric 

functionality of individual Sb2S3 nanowires on an individual basis by piezoresponse 

force microscopy (PFM).  PFM analysis showed that the majority of the Sb2S3 

nanowires synthesised displayed single ferroelectric domain (180°) structures, due to 

the preferential alignment of dipoles along the polar c-axis.  Furthermore, PFM 

switching studies demonstrated the reversible switching capabilities of individual 

and groups of Sb2S3 nanowires.  The low stability of the ferroelectric domains in the 

Sb2S3 nanowires was revealed using time varied PFM phase imaging studies.  In 
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summary, this work demonstrated the controlled synthesis of various diameter single 

crystalline Sb2S3 nanowires with switchable ferroelectricity and piezoelectricity.  

Further investigation of ferroelectric scaling phenomena in Sb2S3 in other 

morphological forms, such as thin films or as nanodot arrays, would be useful for 

practical applications such as nanocapacitor.
1
  The future work will be aimed at 

further reducing the diameter of the nanowires to find out the critical size limit of 

ferroelectric behaviour. 

The role of surface roughness in orienting arrays of SbSI nanowires, produced by 

vapour deposition, was discussed in Chapter 4.  Vertically oriented arrays of 

antimony sulphoiodide (SbSI) nanowires were synthesised by surface roughness-

assisted vapour deposition method on AAO/Ti/Si and Pt/Ti/Si substrates.  The 

inherent growth anisotropy of SbSI, as well as the roughness of the substrate, 

confined the diffusion of SbSI molecules to one dimension resulting in vertically 

aligned arrays of SbSI nanowires.  The as-grown SbSI nanostructures were single 

crystalline and <001> oriented, as revealed from structural analysis.  Switching 

spectroscopy PFM experiments demonstrated, for the first time, the presence of 

switchable ferroelectricity and piezoelectricity in individual SbSI nanorods.  The 

ferroelectric switching in SbSI nanorods was found to occur via a 180° ferroelectric 

domain reversal, due to the preferred orientation of the nanorods along the polar c-

axis.  This facile method deposition method could readily be adopted to fabricate 

technologically important ferroelectric or piezoelectric materials, such as PZT, on 

suitable substrates.  The vertically oriented SbSI nanowires produced have potential 

application in energy harvesting, due to their high c-axis piezoresponse and should 

be the subject of future investigations.  Future experiments will be focused on 
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fabricating SbSI nanowires of different diameter by controlling the surface 

roughness of the substrate used, for example by controlling the pore diameter of  the 

AAO. 

Fabrication of two dimensional arrays of ferroelectric nanoislands or nanodots is an 

ideal approach for generating isolated nanodomains, where the individual units can 

act as memory by storing physically separate bits of data in memory storage.  

Chapter 5 detailed a simple methodology for the fabrication of two dimensional 

arrays of lead zirconate titanate (PZT) nanodots on n-doped Si substrates, using self-

assembled PS-b-PEO block-co-polymer templates.  This templating approach 

produced highly ordered patterns of pervoskite PZT nanodots, with lateral width of 

individual dots as small sub-20 nm and heights around 10 nm, with a coverage 

density as high as 60 × 10
9 

nanodots cm
-2

.  PFM analysis revealed that PZT nanodots 

with heights around 10 nm were close to the critical size limit of PZT, but still 

showed ferroelectric behaviour.  The presence of a multi-a/c domain structure in the 

nanodots is attributed to their polycrystallinity.  In general, the variation in the 

domain structure within and among the PZT nanodots makes these arrays currently 

non-ideal for ferroelectric memory cell applications, since the magnitude of 

switching cannot be well controlled.
2
  Mono-domain structures can however possibly 

be achieved by directional anisotropy by epitaxial growth of these nanodots on 

suitable substrates.  Nevertheless, this work demonstrated the capabilities of block 

copolymer-based self-assembly in creating highly ordered ferroelectric nanopatterns 

with periodicity as low as 20 nm.  In addition, through this self-assembly approach 

laterally ordered lamellar ferroelectric line patterns can be fabricated.  Future work is 

targeted on the creation of nanopatterns of other prominent ferroelectric materials, 



Chapter 6: Conclusions 

 

Nanostructured Ferroelectric Materials                                                                  164 

such as BaTiO3, (K,Na)NbO3 and Bi4Ti3O12 to produce high density ferroelectric 

memory cells. 

The prospect for nanoferroelectrics research is promising as evident from the 

growing interest in theory, fabrication and application aspects of these 

nanostructures.
1,3-12

  A basic understanding of the finite-size effect in 

nanoferroelectrics is a prerequisite for the development of new nanoscale devices 

and hence more theoretical studies in this area are required.  Fabrication routes that 

have the capability to generate nanostructure patterns, with predictable shapes and 

controlled dimensions at desired locations on a substrate, are critical for the 

integration of novel nanoferroelectric components into electronic devices such as 

FeRAM.  For instance, the potential of nanoimprint lithography
13-16

 and block co-

polymer based directed self-assembly
17-19

 to produce highly ordered patterns of the 

nanostructures can be effectively exploited to achieve the above mentioned 

challenge.  Efforts to enhance the spatial resolution of current characterisation tools 

will also be required to tackle future developments in nanoscale ferroelectric 

research.
20-22

  Characterisation techniques such as PFM, scanning nonlinear 

dielectric microscopy,
23-25

 tip-enhanced Raman spectroscopy
21,26

 and transmission 

electron microscopy
27-30

 needs special mention in this regard as their resolution 

capability has been greatly improved to study even Ångström level ferroelectric 

characteristics.  The broad application spectrum of nanoscale ferroelectric materials, 

spanning from memory devices to self-powered nanogenerators, may fuel future 

interests in research and developments in this area.  Progress in controlling 

ferroelectricity on the nanoscale offers great potential for nanoscale ferroelectric 

devices, especially ferroelectric field-effect transistors (FeFETs) and ferroelectric 
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tunnel junctions (FTJs).
4,6,31-33

  The 2011 international technology road map for 

semiconductors has listed FTJs and FeFETs as two emerging memory 

technologies.
34
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