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Chapter 1 Introduction 

The year of 2020 is exactly 100 years since ferroelectricity was first reported. In 
1920, at the University of Minnesota, French Joseph Valasek found ferroelectricity 
in Rochelle salt (NaKC4H4O6 · 4H2O), while he was only a graduate student, guided 
by Prof. W.F.G. Swan.[1, 2] 

In this chapter, the concepts of ferroelectricity and piezoelectricity are introduced, 
and one of the most widely used ferroelectric materials PbTixZr1-xO3 (PZT) is 
discussed. Some applications will be briefly presented. 

Furthermore, a phenomenological methodology and a three-domain model to model 
structural and functional behaviour of PZT is described in this chapter. Pulsed laser 
deposition (PLD) is introduced as a thin film fabrication technique and the growth 
parameters are addressed. X-ray diffraction (XRD) and scanning probe microscope 
(SPM) characterisation techniques are addressed. Strain engineering is discussed and 
its progress in the past years. 

Finally, the main aim and the motivation of this project is described, which is to find 
experimental proof for the three-domain model and Vergeer’s series predictions for 
x = 0.6 composition PZT.[3, 4] By applying the techniques described previously, we 
have successfully achieved that goal. At the end of this chapter, the thesis outline is 
provided. 

1.1. The first hundred years of ferroelectric materials 

It was Debye who first proposed that a permanent dipole moment can exist in some 
molecules. In addition, he showed that dipole moment alignment can be achieved by 
changing the temperature. Analogous to Langevin’s paramagnetism theory, Debye 
proposed a Curie temperature for phase transition between a paraelectric phase and 
the ferroelectrical phase.[5, 6] Later in the same year of 1912, Schrödinger proposed 
in his thesis that a solid could be ferroelectric when the solid dipole moments are 
aligned.[7]  

Rochelle salt was reported for its high electromechanical properties, leading Joseph 
Valasek to perform a series of experiments, altering the temperature and electric field 
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over NaKC4H4O6 · 4H2O.[1] In 1920, he discovered the “piezo-electric and allied 
phenomena”. He became the first person to use the terms of spontaneous 
polarisation and Curie point.[8]  

During World War II, the need for high performance military sonar and radar rose. 
This drove several discoveries of new high permittivity materials for capacitors. In 
1941, Hans Thurnauer from the Lava company discovered BaTiO3.[9, 10] (Some 
post war document suggests that the discoveries of BaTiO3 ceramic were also 
independently made by R. B. Grey from Erie resistor company, Shepard Robert from 
MIT and Goldman from Russia).[9, 11, 12] During the summer of 1944 in the UK, 
Helen Megaw received a batch of high quality capacitors from America and started 
to study BaTiO3 by X-ray diffraction.[13] She solved the symmetries and described 
the tetragonal and cubic phases. The results were not released until 1945 because of 
the 1917 Espionage act.  

 
Figure 1.1. The PZT composition phase diagram with temperature against Zr/Ti 
composition ratio.[14] The ferroelectric tetragonal is labelled as FT, ferroelectric 
rhombohedral phase at high temperature is FR(HT), ferroelectric rhombohedral phase at 
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low temperature is FR(LT), anti-ferroelectric orthorhombic phase is Ao and Pc is para-
electric cubic phase.  

Anti-ferroelectrics gained further attention with the discovery of PbZrO3, followed 
in 1952, with the discovery of the solid solution from PbTiO3 and PbZrO3 (PZT) by 
Shirane and Takeda.[15-17] PZT has now become one of most important commercial 
piezoelectric ceramics. The unconventionally large piezoelectric response was found 
in a transition region in PZT composition phase diagram by Bernard Jaffe.[18] This 
phase boundary region between rhombohedral phase and tetragonal phase was later 
referred to as the morphotropic phase boundary (MPB) by Hans Jaffe and Bob Roth 
in 2001.[19, 20] With the two Jaffes’ contributions, W. R. Cook was able to complete 
his PZT composition phase diagram since 1971, until Noheda et al. filled the last 
piece, by confirming MPB is low symmetry monoclinic phase in 2000.[14, 21-23] 
More details of PZT are discussed in 1.1.2. 

Other important ferroelectric materials have now been introduced. Royen and Swars 
first synthesised and measured a multi-ferroelectric material in 1950, BiFeO3.[24] 
This material simultaneously and spontaneously exhibits ferroelectric, ferroelastic 
and anti-ferromagnetic behaviour at room temperature. LiNbO3 was found and 
commercially used at high temperature due to its high Curie point. [25] Apart from 
conventional organic ferroelectric materials such as PVDF, a series of single-phase 
new class metal-organic frameworks (MOFs) has been intensively studied, 
especially organometal trihalide perovskites (OTPs) show great advantages in 
various applications, for example in photovoltaic and wearable electronics.[26, 27] 
It is also noted that a family of metal-free organic perovskite ferroelectrics 
discovered in 2018 shows similar properties as BaTiO3 but with approximately, 100℃ 
higher Curie temperature point.[28]  

Next to the unique ferroelectric materials mentioned previously, new materials have 
been developed and studied showing remarkably high piezoelectric coefficients. In 
between 1968-1971, a unique diffuse scattering was first reported in NaNbO3 above 
Curie temperature, due to its rare micropolar regions and short-distance polarisation 
disorder.[29, 30] This family of perovskite ferroelectrics were then referred to as 
relaxors or ferroelectrical relaxors. Their nanoscale random distributed dipole 
moment regions were named polar nanoregions (PNRs). For PZT solid solution, the 



 
- 4 - 

 

major strategies to create local distortions and inhomogeneities in the lattices to get 
relaxor behaviour are 7% - 10% A-site substitution with La+ as well as B-site 
substitution with Mg2+ and Nb5+. As the crystalline quality was improved in 1990s, 
Shrout and Park reported a piezoelectric coefficient as much as 2500 pC/N in 
PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT) relaxor.[31] Compared with parent PZT single 
crystal, the PNRs electrostatic and elastic energies in PMN-PT attribute to a 
discontinuity of polarisation and strain at the interface between PNRs and 
ferroelectric matrix, which drive the dipole moments in PNRs to align with the 
matrix long-distance ferroelectric order. This results in a dramatic enhancement in 
flexoelectric response and piezoelectric properties, which has been reported for 
many other high quality single crystal relaxors.[32, 33] For example, a significant 
improvement of piezoelectric coefficient of 4000 pC/N was found in Sm doped 
PMN-PT indicating that artificial design and doping is a successful manipulation 
approach.[34, 35] 

1.1.1. Electrostriction, piezoelectricity and ferroelectricity 

Piezoelectricity comes from the combination of Greek terms piezein (means pressing) 
and electricity. Both electrostriction and piezoelectricity are coupling effect terms to 
describe the relationship between mechanical strain and an electrical field. Most 
dielectrics (solid or liquid) can show deformation or strain proportional to the square 
of an external electrical field, whereas 21-non-centrosymmetric symmetries 
materials show an inverse piezoelectrical effect where the strain is linear to the 
electrical field. In addition, using strain to generate dipole moments are also 
observed in piezoelectric.   

The item of ferroelectric came after ferromagnetics, since the relationship between 
spontaneous polarisation and electrical field strength in ferroelectric is simialr with 
the relationship of magnetic moment to magnetic field strength in ferromagtics. 
Compared with other piezoelectric materials, ferroelectric perovskites show a 
spontaneous polarisation in combination with remarkably high piezoelectric 
coefficients and coupling coefficients. For example, the first ferroelectric perovskite 
material BaTiO3 reported approximately 190 pC/N, in contrast with quartz 2 
pC/N.[36, 37] Several ferroelectrics studies suggest that the piezoelectric coefficient 
is approximately proportional to the spontaneous polarisation, when the 
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electrostriction coefficient and dielectric constant. Therefore, a delicate balance 
between strong polarisation and short-distance domain orientation order can be one 
reason that contributes to the favourable piezoelectric properties of ferroelectric 
materials; however, this balance usually leads to a low Curie temperature, which is 
not ideal for applications.  

1.1.2. Pb(ZrxTi1-x)O3 (PZT) 

At this moment, environmental concerns force the industry towards lead-free 
ferroelectrics, such as BaTiO3, whereas the BaTiO3 was first replaced by PZT in 
1950’s due to PZT outstanding piezoelectric response (300 pC/N) and temperature 
stability (Curie temperature above 300 ℃).[38]  

 
Figure 1.2. The unit cell structure of tetragonal phase PZT with a schematic 
illustration of upwards polarisation. 

Fundamental research in PZT primarily focussed on the MPB compositions and the 
effects of doping. If B-site substitutes Zr with Ti, when Zr: Ti ratio becomes 53:47, 
the PZT transits from rhombohedral to tetragonal, and the polarisation orientation 
changes from <111> to <100>. Note that although the lattice space group is 
differently classified, the lattice constant difference between rhombohedral and 
tetragonal is very small. The boundary between these two phases has been referred 
to as MPB, but strictly it is a low symmetry transition region. In 2000 Cohen reported 
that a polarisation rotation mechanism is responsible for the property enhancement 
at the MPB, where a distorted lattice lowers the free energy barrier causing the 
polarisation orientation to change more easily. [39] Doping creates distortions in the 
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lattice by altering the ionic radius, and artificially controls the mobility of domain 
movements. With A-site doping, such as Sm and La, the free energy of domain 
structures is high, leading to a remarkably high 800 pC/N piezoelectric 
coefficient.[40, 41] In contrast, with B-site doping, such as Nb and Mn, domains are 
stabilised and the loss can be reduced to 1‰.[42]   

1.1.3. Ferroelectric materials in applications  

Next to sonar applications for the military, ferroelectrics are also required in 
ultrasonography sensors, diesel engine valves, mobile mechanical motors, energy 
harvesting nanogenerators and printer ink heads, etc. due to their high piezoelectric 
coefficients.[43-46]  

In an inkjet printer, the ink tank is a sealed chamber. The process of printing relies 
on PZT layers as a piezo element to precisely deform and push ink out of the chamber, 
to form an ink drop.  

In thin film piezo-printheads, PZT is deposited and integrated into a series of micro-
electromechanical system (MEMS) devices. In general, the thin films fabrication 
processes include chemical methods, such as modified chemical vapor depositions 
(MCVD, atomic layer deposition (ALD)) and sol-gel, or physical methods, such as 
magnetron sputtering, pulsed laser deposition (PLD) and molecular beam epitaxy 
(MBE). The PLD process is thoroughly discussed in following session 1.4.1.  

The failure and fatigue analysis for PZT piezoelectric membranes in MEMS drew a 
lot of attention in past decades. For instance, defects in the films caused by strain 
and thermal stress at interfaces were intensively studied in many researches.[47, 48] 
For the above applications, thin film PZT or related materials are a requirement. This 
in turn requires the use of a substrate material, which inevitably imposes stress on 
the functional piezoelectric, either due to epitaxy or due to a thermal mismatch. To 
predict these effects on the properties of PZT, several models were developed. In this 
thesis work, the prediction of a phenomenological model which includes the thermal 
strain in PZT films, are discussed and an attempt is made to experimentally verify 
them.   

1.2. From Landau theory to Vergeer’s model 
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1.2.1. Phenomenology 

Landau and Ginzburg first established a mathematical physical model (LG equation) 
in the 1950s, which was for computing the system free energy in a superconductivity 
secondary phase transition.[49, 50] An order parameter is used in this LG equation 
to describe the symmetry state of the system. Since ferroelectrics are similar to 
ferromagnetic systems in many thermodynamic aspects, this order parameter (which 
is density of superconducting electrons from original LG equation), can then be 
replaced by polarisation (P) to describe a dipolar system as mentioned by Devonshire 
in “Theory of Ferroelectrics”.[51] 

The Landau-Ginzburg-Devonshire (LGD) thermodynamic model of ferroelectric 
materials presents a tool to successfully analyse ferroelectric phase transitions and 
domain pattern formation in bulk materials, especially in well-ordered single crystals. 
In ferroelectric thin films, multiple extrinsic effects play an important role that have 
been neglected in the general LGD equation. Limiting the discussion to epitaxially 
grown films, the ferroelectric structure consists of multiple domains, separated by 
domain walls. The film is usually under substrate induced thermal strain, and domain 
wall motion under the influence of an applied field contributes significantly to the 
ferroelectric and piezoelectric properties of the film.  



 
- 8 - 

 

1.2.2. Three-domain model and functional properties predictions 

Figure 1.3. a and b are the computed phase diagrams that temperature and electric field 
against thermal misfit strain, respectively. c and d are the calculated e31 and d33 of 
PZT(x=0.6) against thermal misfit strain, respectively.  

Houwman et al. developed the so-called a ‘three-domain model’ based on earlier 
work by Khukar, Pertsev et al., what is considered as a ‘two-domain’ model.[3, 52-
54] In the three-domain model additional boundary conditions were applied to the 
formalism of Khukar et al. which led to a more realistic model for clamped films. 
Early experimental work on films with tetragonal composition PZT(x=0.4) 
supported the applicability of the model.[3] The three-domain model connects 
domain wall motion, external elastic and electric field to intrinsic ferroelectric and 
piezoelectric properties of a clamped films.[3] Using this model, Vergeer produced 
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a set of predictions for the piezoelectric behaviour and crystal symmetry transitions 
as function of the substrate misfit strain due to thermal expansion mismatch for 
different compositions.[4] In the present experimental study, we make an attempt to 
validate this model. The approach we used is to determine the temperature 
dependence of the structural and piezoelectric properties of thin films, with different 
strain states, grown on different substrates and compare them to the values found by 
the model. Following is a detailed description of the methods used. 

1.3. Strain engineering 

One of the major methods used to change thin film symmetry and properties is to 
tune the strain in epitaxial thin films. The deposition process takes place on a 
substrate at a temperature higher than 25 ℃ in PLD, to form the oxygen octahedra 
network through the interface between thin films and the substrate. Therefore, the 
lattice parameters from the substrate can be imprinted into the film’s growth upon it, 
which introduces misfit strains and stress in the heteroepitaxial thin films.  

Figure 1.4. The schematic of strained thin film and relaxed thin film with a dislocation. 

For example, a coherently strained, epitaxial film of BiFeO3 can endure up to 6% 

𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑎𝑎𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
                                                   (1.1) 
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compressive bi-axial in-plane misfit strain up to approximately a maximum of 50 
nm thickness. The tilting in O-B-O bonds angles and deformation in oxygen 
octahedral cages can occur, but relaxation in a thicker film restores the bulk lattice 
parameters. Thus, we define epitaxial misfit strain to be the strain calculated based 
on the lattice constant difference between the film material in bulk at room 
temperature and the substrate materials in bulk at room temperature. 

As mentioned previously, the films are cubic on cubic deposited on the substrate at 
a temperature hundreds Celsius degrees higher than room temperature. Consequently, 
thermal expansion in films and the substrate has to be considered to play a role here. 
In contrast with the epitaxial misfit strain, in this work, we define the thermal misfit 
strain to be based on the lattice constant difference between the film materials in 
bulk at deposition temperature and the substrate material in bulk at deposition 
temperature. Therefore, the thermal misfit strain is mainly caused by the thermal 
expansion coefficient (CTE) difference between the film and the substrate and can 
be described in the equation as following: 

  

Where S stands for the misfit strain, T stands for the temperature difference, α is the 
CTE.  

 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑡𝑡(𝑅𝑅𝑅𝑅)
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = −𝛥𝛥𝑇𝑇�< 𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 > −< 𝛼𝛼𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 >�                         (1.2) 
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1.4. Experimental section 

We produced the thin film samples with (Pulsed laser deposition)PLD process, and 
characterised the PZT films with temperature dependent X-ray reciprocal space 
mapping (RSM) and grazing incidence diffraction (GI-XRD), transmission electron 
microscopy (TEM). This was in bright field (BF) and dark field (DF) modes as well 
as selected area diffraction (SEAD) and piezoresponse force microscopy (PFM). The 
Zr/Ti ratio has been confirmed by Rutherford Backscattering Spectrometry (RBS). 
The PZT(x=0.6) film which in bulk has a rhombohedral lattice symmetry, is at room 
temperature on STO, which is first time this has been observed for this composition. 
Some of the major characterisation techniques are introduced as following in the 
experimental section. 

1.4.1. Pulsed laser deposition(PLD) 

It cannot be more proper to describe Pulsed Laser Deposition (PLD) as “… a rare 
thing for a newly discovered (or rediscovered) synthesis technique to immediately 
deliver both enhanced performance and simplicity in a field of accelerating 
interest.”[55] In 1969, Hass and Ramsey found that a pulsed laser can be used as an 
energy source for evaporative deposition to produce thin films. However, despite 
nearly 20 years of limited progress, PLD has been recognised to have several merits.  

In the late 1980s, the American navy and NASA sought reproducible high 
temperature superconducting (HTS) thin films YB2Cu3O7-X for several cutting-edge 
applications. (i.e., Vertical Josephson junctions, high Q microwave resonators for 
navy satellites or high efficiency bolometers for the Cassini mission). However, the 
stoichiometry in the multi-composition oxide film was difficult to preserve by 
sputtering. The molecular beam epitaxy (MBE) process was too slow for large scale 
production and the crystalline quality achieved by the sol-gel process was too poor 
to meet the application requirements. In 1987, T. Venkatesan et al. first applied the 
PLD process with a 248 nm wavelength commercially available laser to produce 
reliable, high-quality HTS thin films from a bulk material.[56, 57] With 10Hz 
repetition rate, a deposition rate of 1nm per 1 second was achieved. Heterojunction 
devices (Josephson junctions) were later tested by John Clarke in a Superconducting 
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Quantum Interference Device (SQUID), and the device showed the lowest flux noise 
compared with other reports in that period, which demonstrated the advantages of 
PLD among other process.[58, 59] 

 

Figure 1.5. The top panel is the early age schematic of the concept of PLD. [57] The 
bottom panel is the modern schematic of PLD. 

Now, good quality complex oxides thin films, simple oxides thin films and metal 
electrodes have all been successfully deposited by PLD. In benefits of the reflection 
high-energy electron diffraction (RHEED), the physicists can use PLD to artificially 
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fabricate desired atomic level layered structures or heterostructure interfaces.[60-62] 
Si-based high-quality thin film devices made by PLD have shown to be promising 
for large scale industrial manufacturing.[63]  

The tuneable deposition parameters in PLD systems are incident laser fluence 
(energy density), deposition temperature, repetition rate, gas pressure and the 
distance between sample and target.  

Oxygen pressure seems to be a simple parameter, but in fact it is directly related to 
one of the most common issues in PLD thin films. the oxygen vacancies. Despite the 
promise of preserving stoichiometry from a ceramic target, in principle, there should 
be no need for excess oxygen from another supply in the PLD process. However, in 
practice the oxidation process in the plume is rarely fully effective. For SrFeO3 
deposition, for instance, ozone is essential for oxidising Fe to 4+ valence.[23] 
Meanwhile, gas pressure at a certain level confines the plume, reduces the kinetic 
energy of ions and molecular clusters, and provides the environment for oxidisation. 
One solution to remove the oxygen vacancies in a sample, is to post-annealing the 
sample with a higher oxygen pressure. This additional procedure has been proven 
very important for the prevention of leakage in ferroelectrics.  

Deposition temperature determines the surface mobility of ions and molecular 
clusters mobility on the substrate. Sufficient mobility of ions can result in high 
crystalline films with an atomic flat surface. Although a high deposition temperature 
is preferred in many cases, as it is favourable for the crystallinity, there are several 
materials that are sensitive to temperature. For example, La above 850℃, Bi above 
650℃ and Pb above 600℃ are known to be volatile elements which may cause non-
stoichiometry in sample films. (This critical temperature for volatility also depends 
on oxygen pressure).[64]  

In this work the deposition temperature is one of the major concerns that introduce 
thermal strain in PZT and this parameter is discussed in detail in the previous section 
1.3.  
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1.4.2. Scanning probe microscopy (SPM) 

SPM is a probe stage or a characterisation platform, by changing the probe and 
screening over sample, SPM can provide information about different specimen 
properties with an atomic resolution. Here we only discuss atomic force microscopy 
(AFM) and other measurement modules based on AFM.  

Sample topography information is scanned by a probe tip. The height changes of the 
sample surface affect the tip through a compitition between an attractive and a 
repulsive Van der Waals forces. The forces cause a height changing and torque 
distortion in the cantilever. A laser is reflected by the cantilever top surface and lays 
a spot on a four segmented photodetector with a lateral resolution to detect the spot 
displacements. Distinguish from contact mode directly move tip on the sample 
surface, tapping mode is used in this thesis for a better probe preservation. As shown 
in Fig.1.6 top panel, a certain frequency AC drives resonance cantilever only engages 
sample surface from point to point with a set distance. It is extremely useful in this 
thesis work to check the surface of substrate before deposition and the nature of the 
substrates as showing in Fig. 1.7 a and e. 

The regular probe tip radius is 10-25nm, which decides the minimum resolution of 
specimen surface feature is larger than 10nm.  

It is extremely critical to recognise that PFM is active to all electromechanical 
coupling, which is an underlying functionality has been widely observed in large 
biological or organic cluster molecules, piezoelectric and ferroelectrics, for instance.  
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Figure 1.6. Top panel is the schematic of AFM in contact mode in contrast with tapping 
mode.[66]  

Figure 1.7. A series of illustrations vertical polarised multi-domains detected by PFM 
with an applied voltage.[67]  
 

In conventional vertical PFM measurements, a DC is directly applied on the sample 
surface via a conductive tip and this results in a mechanical deformation in the 
sample. This effect between external electric stimulates and mechanical responses is 
described as inverse piezo-effect, also known as a rank-3 tensor d33. The magnitude 
of d33 is therefore proportional to the magnitude at the oscillating frequency, since 
the cantilever driving voltage at a contact resonance frequency is desired to amplify 
the displacement amplitude in photodetector by an external lock-in amplifier. This 
modification enhances the small signal/noise ratio in weak 
piezoelectric/ferroelectrics, but sometimes it can also create a misguided false 
spontaneous polarisation in some non-polarised materials, such as an amorphous 
glass. This sort of illusions is caused by surface charge accumulation which can be 
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distinguished by two different stiffness probes or by KFPM.  

 
Figure 1.8. a and e are the topographies for STO substrate and PMN-PT substrate, 
respectively. The insert plot in each graph is height profile, where a shows the trace on 
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the top surface of treated STO and e shows 4-5 nm difference in height between different 
PMN-PT domains. b, c, d show the same scanning area of PZT on PMN-PT substrate. b 
is the height information, c is PFM phase channel and d is PFM amplitude. b shows the 
ferroelectric domains from PMN-PT is 500nm size, while c and d show the PZT thin film 
ferroelectric domains size is approximate 200nm. f and g are lithography by PFM on the 
rhombohedral PZT thin film. f is out-plane phase information while g gives the in-plane 
phase information. h is CAFM scanning result on a PZT thin film, shows no leakage 
current but only noise.  

Vertical PFM is used to distinguish the ferroelectric domains from PZT thin film and 
PMN-PT substrate as shown in Fig. 1.7 b and c. The ferroelectric domains in PZT 
have a 200nm radius which is much smaller than PMN-PT, and it is the confirmation 
of a good ferroelectric quality PZT thin film on ferroelectric PMN-PT. Lithographed 
rhombohedral PZT thin film shows a relationship between out-plane phase (Fig. 1.7 
f) and in-plane phase (Fig. 1.7 g), verifying that each of the polarisation of 
ferroelectric domain contains two components of dipole vectors, which a tetragonal 
phase cannot show.  

To extract the effective d33 value from a sample, ideally a high quality factor (Q) 
along with the magnitude of amplifier at (or near) resonance frequency is sufficient. 
However, in practice the contact between probe tip and sample surface is not stable 
during the scan, because of elastic modulus, tip sharp and sample topography issues, 
this instability consequently leads to a constantly changing in resonance frequency.  

In this thesis some of quantitively measurements parts were not available during the 
PFM measurements, but an alternative was available that by measuring the sample 
and a known d33 standard sample as a reference. This way can neglect the effects by 
the tip from sample to sample since the probe was intentionally kept the same. The 
measurements were taken by one touching down (point-shoot) from one pixel to 
another pixel, which removes the concern of the fluctuating resonance frequency 
that would be caused by a dynamic contact mode scan. During imaging, phase 
channel from PFM results gives the direction information (downwards or upwards) 
of the domain polarisation, while the amplitude channel gives the boundary 
information where the domain polarisations changes, and these boundaries are 
described as domain walls.  
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Conductive AFM (CAFM) is also used in this thesis to discover the conductivity of 
dislocations, defects and domain walls as presented in Fig. 1.7 h. The details will be 
thoroughly discussed in chapter 5. 

1.4.3. Crystalline quality and symmetry characterisation 

For crystalline quality and symmetry characterisation in this thesis, X-ray diffraction 
(XRD) is used. XRD is one non-destructive microstructure reciprocal space 
determination method for bulk materials and its experimental setup is given as 
follows: 

The strong kinetic energy electron beam (generated by tungsten filament) hits the 
cathode (usually Cu for small lab setups) and excites X-ray (wavelength approximate 
1.5406Å). Therefore, for single crystals characterisations, monochromators are 
better than Ni filter, to remove the resident peaks from the source, such as tungsten 
peak, Kα peak and Kβ peak. The X-ray goes through shutter, divergence slit (DS), 
Soller slits (SS), a series of height(length)-limiting slits (IS) and a Ge 
monochromator (220 orientation) to reach the sample stage. On the receiving end, 
optionally the X-ray can go through a secondary limiting slits (RS), another SS and 
a secondary monochromator on the arm before incident into the detector. All these 
optical units aim to provide a coherent, parallel X-ray with a limited spot size on the 
sample. The detectors can be classified as 0d detector (point or scintillation detector), 
1d detector (line detector) and 2d detector (area detector). In additional to the 
incident ω, the sample rotation is one Euler angle as defined as φ, and another Euler 
angle is χ as all showing in Fig. 1.8 b. 
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Figure 1.9. a shows the schematic of XRD optical path from X-ray source to the detector. 
b illustrates all Euler angles in respect with the diffraction plane. Figure c and d are 
Ewald constructions showing the scattering geometry in symmetrical (c) and asymmetry 
(d), the pink arrows indicate 2θ-ω scan direction and purple arrows are ω scan direction. 
The grey lines in the orange sample stands for crystal planes. Only the scatterings in the 
light green area can be measured and light blue area is only possible for transmission in 
ordinary geometry. 

The characterisation in this thesis by high resolution XRD (HR-XRD) is intended to 
investigate the symmetry of sample crystalline. The position and width of X-ray 
reflexes are measured while the rotation of the sample around a Euler angle or the 
changing position of detector. Fig. 1.9 c and d show the scattering geometry for a 
symmetrical and asymmetrical single scan, individually, along with two scan 
directions. These two directions in this thesis are referring to 2θ-ω scan (θ/2θ scan 
in symmetry scan and 2θ-ω scan in asymmetry) and ω scan.  

φ scan is used in this thesis to estimate the in-plane epitaxial relationship between in 
PZT thin film and CaF2 substrate. By rotating the sample 360° in φ direction, while 
the ω and 2θ are kept constant, the asymmetric reflexes (110) of PZT and (220) of 
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CaF2 show four peaks in each individual scan, but with 45° difference between these 
two scans.  

For two-dimensional region scan mapping of reciprocal space (RSM), 1d detector 
(Panalytical Pixel) is used in this thesis, which means the diffraction intensity is 
achieved within a 2θ range in ω steps. A larger diffraction plane index shows a larger 
separation between reflections as Fig. 1.10 d indicts. Thus, in this thesis, two RSMs 
for PZT (103) plane and (204) plane in Fig. 1.10 c is presented to give support for 
an idea why (204) RSM is then used for further domain investigation. 

Temperature dependent XRD is achieved by changing the sample stage temperature 
(Anton Paar 900DS), then perform the 2θ-ω scan or RSM at each temperature point 
as showing in Figure a.  

X-ray diffraction with grazing incidence and/or exit angles contains both diffraction 
and reflection effects. If the incident angles are slightly larger than a critical angle, 
reflections from sample interfaces interfere with each other and occur interference 
fringes. [68] Those interference effects measurements are referred to as X-ray 
reflectivity (XRR) and used to determine the roughness and thickness of thin films 
in this thesis.  

In contrast if the grazing incident angle is smaller than a critical angle αc: 

α𝑐𝑐 =
𝑁𝑁𝐴𝐴𝑟𝑟𝑒𝑒𝜌𝜌𝜌𝜌𝜌𝜌
𝜋𝜋𝜋𝜋

                                                                                                                 (1.3) 

Where the NA is Avogadro number, re is the electron radius, ρ is the density, Z is 
element number, λ is incident wavelength and A is average atom weigh. In this 
condition, the surface Bragg scattering is remarkably enhanced as the incident beam 
penetration depth is limited and described as L: [69] 

𝐿𝐿 = 𝜆𝜆
2𝜋𝜋[2(1−𝑛𝑛)−𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼𝑖𝑖]1/2                                     (1.4)     

As n is the refraction index, αi is the incident angle. In this thesis the grazing 
incidence diffraction (GI-XRD) was employed on PZT film that grew on STO 
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substrate, therefore the approximate critical angle is 0.23° at 8kV given by the 
equation. One type of GI-XRD is co-planar extremely asymmetric diffraction (EAD) 
which aims to measure the top layer out-plane structural information by either the 
incident or the exit angle near the critical angle. It generally faces difficulty in thin 
films with X-ray lab source, thus the other geometry of Bragg-Laue diffraction, 
extremely non-coplanar geometry, is used in this thesis to study the crystal structure 
changing against thin film thickness as shown in Fig. 1.10 b. Since this geometry 
requires both incident angle and one Euler angle changes during the measurement 
simultaneously, Bruker D8 2d detector was used to easier find diffraction peak 
position.  

The interpretation of XRD or RSMs data relies on the Bragg equation. For 2θ-ω scan, 
the diffraction equation can be described as follows: 

2𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑛𝑛𝑛𝑛                                                 (1.5) 

Where dhkl is d-space between two diffraction planes, n is integer and λ is the 
wavelength of X-ray. In many cases, while the ω is equal to θ, the reflexes are on the 
[001] axis and labelled as qc, these scans are symmetrical. In other occasions, the ω 
differs from θ with an offset angle, that is asymmetrical scans, as showing in Fig. 
1.10e. [70] The component of the scattering vectors in asymmetry RSMs is 
perpendicular to the measured crystal plane, which is labelled qa. while the 
component that parallel to the crystal plane, is qc, then it gives: 

𝑞𝑞𝑐𝑐 = 2𝜋𝜋[𝑐𝑐𝑐𝑐𝑐𝑐(2𝜃𝜃 − 𝜔𝜔)− 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]/𝜆𝜆                                   (1.6) 

𝑞𝑞𝑎𝑎 = 2𝜋𝜋[𝑠𝑠𝑠𝑠𝑠𝑠(2𝜃𝜃 − 𝜔𝜔) + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠]/𝜆𝜆                                   (1.7) 

With three independent asymmetric RSMs, it is possible to plot the thin films and 
substrate Bragg spots in 3-dimension HKL reciprocal space as Fig. 1.10 f. [71] This 
technique is used in this thesis to reveal the rich ferroelectric domains information 
of PZT. 
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Figure 1.10. profiles a show a set of 2θ-ω scan of PZT on STO substrate at various 
temperature. Insert plot is magnifiction of 2-theta of PZT diffraction peak. Figure b is 
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the GI-XRD for PZT (200) Bragg peak with changing of incident angle. The left plot in 
c shows (103) RSM of PZT and STO substrate while the right panel shows (204). d is the 
schematic shows the relationship among different indexes in reciprocal space. Figure c 
illustrates the concept of two-dimensional mapping correspond with real space Euler 
angles and d shows an example of three-dimensional Bragg peak for BiFeO3 tetragonal 
and rhombohedral domains.[70, 71]  



 
- 24 - 

 

1.5. The aims and the layout of this thesis 

This project is based on Houwman three-domain model, and its extension to 
Vergeer’s phenomenological model. Vergeer et al. have given a series of predictions, 
which have different Zr/Ti ratio PZT’s piezoelectric and ferroelectric response 
against temperature.[3, 4, 65] The aim of this project is to formulate a feasible 
strategy and experimentally prove those predictions. Moreover, since the PZT is used 
and studied in actuators due to its high piezoelectric effect, the piezoelectric response 
is of particular interest, measured and discussed.  

With this work, we experimentally demonstrate the applicability of the a three-
domain model to strained thin films, and reveal the relationship between 
piezoelectric properties and thermal misfit strain. This knowledge optimises the 
piezoelectric performance by engineering the desired crystalline structure of the film 
along with a cooling procedure, which is important for many deposition processes, 
such as PLD. Moreover, expected RSM for different symmetries are mathematically 
and systematically described. This information would be helpful for the symmetry 
distinguishing.  

In the later chapters, we focus on the solution of the leakage in the PZT thin films. 
A free-standing ionic gel was used as a dielectric layer to gate PZT. Ferroelectric 
domains were confirmed to be switched by gel induced electrostatic-field along with 
the depolarisation field. Furthermore, this ionic gel gated transistor was used to 
observe the single c-domain polarisation switching in tetragonal PZT. Interestingly, 
we found a ferroelastic switching from c-domain to a-domain during the polarisation 
switching, and anisotropic in-plane domains formation, which suggests anisotropy 
strain may be attributed by the bottom electrode layer SrRuO3 (SRO). Although this 
knowledge deepened the fundamental understanding of ferroelectric domain 
switching and enabled many applications in flexible and leaky ferroelectric thin 
films, further research is still required. 

This thesis consists of six chapters, involving one introduction containing overall 
background and motivation for the used techniques, four research chapters with 
results and discussions, followed by one chapter for the summary. 
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Chapter 1 is the background and introduction for this thesis. 

Chapter 2 discusses the three-domain model and its following application 
calculations, several important conclusions were reviewed and presented. The 
strategy of experimentally falsifying the calculated predictions is explained. Si based 
PZT sample preparation is described. A 4-point bending set-up was attempted to 
determine transversal piezoelectric charge coefficient e31 from the PZT sample 
surface. Finite element analysis is also used for stress and strain simulation. 

Chapter 3 mathematically discusses the ferroelectric domain peaks in reciprocal 
space. Tetragonal, rhombohedral and monoclinic A-type and C-type are addressed 
individually. The expected diffraction projections of five lattice symmetries in (001), 
(110) and (111) planes, respectively, and in comparisons with real measuremnts, are 
given in the end. 

Chapter 4 focuses on the experimental validation of the predictions made by 
Vergeer’s model centred on a series of temperature dependent RSMs. The differences 
in PZT RSM domain patterns among samples on varied CTE substrates, successfully 
validate the phenomenological predictions. For further supporting symmetry 
analysis in lattice scale, (Transmission electron microscopes) TEM and (Selected 
Area Electron Diffraction) SEAD results are addressed and discussed at the end of 
this chapter. 

Chapter 5 concentrates on the solution of leaky ferroelectric thin films. The ionic 
gel assisted ferroelectric switching processing was validated by PFM. A tetragonal 
mono c-domain PZT film was used to test the maxium gating voltage and studied its 
swithing dynamic process.   

Chapter 6 summarises the conclusions in this thesis and makes suggestions for 
further research.  
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Chapter 2  Three-domain model, its functional predictions and 
previous experiments, e31 test; 

In this chapter the phenomenological three-domain model, the resulting phase 
diagram and predictions of the strain dependent piezoelectric properties of 
Pb(Zr,Ti)O3 (PZT) solid solution are reviewed. An experimental strategy of 
validating the phenomenological predictions is proposed. 

Thin film samples of PZT are prepared by Pulsed Laser Deposition (PLD) to study 
the transversal piezoelectric coefficient e31 using a 4-point bending setup. Additional 
simulations by a Finite Element Analysis (FEA) commercial software Solidworks 
showed that the strain applied by bending cannot exceed 0.005 (tensile), which is 
below the values of interests. The strategy had therefore to be reconsidered. 

The layout of this chapter is listed as followed: 

• The motivation and progress of three-domain model; 

• Thermal strain phase diagrams and property predictions of PZT thin films based 
on three-domain model; 

• The first strategy is stated to validate three-domain model by measuring e31; 

• e31 measurements and calculated results. 

2.1. General introduction to three-domain model 

As mentioned in chapter 1, Landau’s phenomenological approach has been very 
successful in the description of phase transitions in superconductors, ferromagnetic 
materials and ferroelectrics. In case of ferroelectrics, using high quality single crystal 
materials, the experimental results successfully proved the phenomenological 
results.[1, 2] 

However, there are still several concerns that make piezoelectric properties of thin 
films different from single crystals. In thin films, a few percent of bi-axial strain can 
be endured where the bulk would crack. Some early work regarding coherently 
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strained ferroelectric thin films, showed strain dependent transition temperature, 
symmetry and dielectric response.[3-9] Therefore, in the three-domain model, the 
relationship of symmetry and ferroelectricity to strain was discussed and studied.[10] 
Moreover, in particular case studies, PZT thin film phase transition and piezoelectric 
properties were computed by the three-domain model with mechanical thermal strain 
as boundary conditions.[11] 

Clamped poly-domain single crystalline ferroelectric thin films experience the strain 
that is induced by the substrate, caused by epitaxial growth and thermal misfit. 
Additionally, the electrodes also affect the strain state of the piezo-materials. For 
example, thick film bottom electrodes (20-40 nm) can start to relax and only partially 
deliever the epitaxial strain onto the ferroelectric thin film material. Finally, domain 
wall movements, pinning effects and substrate crystal orientation should be 
considered.[12, 13] For instance, literature shows the largest value for e31 from a 
(110) oriented Morphotropic Phase Boundary (MPB) PZT film on Si with
composition x ≈ 0.6 instead of x = 0.48.[14] These discoveries indicate a further
comprehensive understanding is required applying Landau-Ginzburg-Devonshire
(LGD) theory to films.

Tetragonal ferroelectric domains can be classified based on the orientations of 
dipolar domains, a-domains (dipolar in [001] in-plane), b-domains (dipolar in [010] 
in-plane) and c-domains (dipolar in out-plane or [001]). For instance, PbTiO3 films 
on SrTiO3 showed a/b/c ferroelectric domains and these domains were 
experimentally observed in Reciprocal Space Maps (RSMs) plotted in 3D.[15] 
Koukhar, Pertsev et al. established a series of theorical papers on tetragonal poly-
domain thin films in which the a-domains were assumed to be the same as b-
domains.[16, 17] This approximation (2-Dimension model) simplified the 
calculations, but it is not applicable to systems with lower symmetry. For instance, 
relaxed PbTiO3 film show a clear number of differences between a-domains and b-
domains. Moreover, rhombohedral phases and monoclinic phases, such as BiFeO3 at 
MPB, for example, cannot be sufficiently modelled in two dimensions.[18, 19] All 
these suggest a model, able to describe ferroelectric domains in all 3 lattice 
orientations.  
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Houwman et al. developed a what was called a ‘three-domain model’ based on 
Koukhar and Pertsev’s 2-Dimensional model. The present experimental study serves 
as support of the model. The three-domain model connects domain wall motion, 
external elastic and electric field to intrinsic ferroelectric and piezoelectric properties 
of a clamped films.[10] Using this model, the authors predicted the piezoelectric 
behaviour and crystal symmetry transition as function of the substrate misfit strain 
due to thermal expansion mismatch for different compositions.[11] 

2.2. Functional properties predictions by three-domain model 

For clamped PbZrxTi1-xO3(PZT) films near MPB composition (x=0.4, 0.5, 0.6), 
Vergeer predicted functional properties, such as piezoelectric coefficient and 
dielectric coefficient, based on the three-domain model, where tetragonal domains 
have three differently oriented dipoles. In his thesis, model simulations were 
performed using temperature, misfit strain and external electrical field as control 
parameters. 

Figure 2.1. The calculated e31 of PZT(Zr/Ti = 6/4) against thermal misfit strain Sm. 

The results of the simulations for PZT(Zr/Ti = 6/4) indicated that the co-existing 
a/b/c-phases, with the different dipole orientations, were stable at a tensile strain of 
0.004 and at a compressive strain of approximately 0.0025 to 0.005. A stable 
rhombohedral phase was predicted at a misfit strain, between tensile 0.004 and 
compressive 0.0025. Furthermore, a tetragonal phase with in-plane orientated a/b-
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domains was predicted for PZT for a tensile strain larger than 0.004. A c-domain 
tetragonal phase is predicted at a compressive strain lager than 0.004. The rich phase 
transitions as a function of strain benefit the polarisation rotation and domain wall 
movements in the film, which lead to a significant enhancement in piezoelectric and 
dielectric properties. 

Furthermore, the domain fraction in the a/b/c-phase in PZT (x=0.6) is found to 
heavily depend on the external electric field. The amount of c-domain is increasing 
with increasing voltage, while the amounts of in-plane domains are decreasing. 

In this project, the PZT composition x=0.6 is selected for our experimental study. 
For the PZT (x=0.6) simulations show the highest enhancement in piezoelectric 
coefficient (to 170 pm/V). Furthermore, this regime was predicted to show, the 
richest phase diagram (c-phase, a/b/c-phase, R phase and a/b-phase), which gives 
ample possibilities to tune and study the functional properties.   

2.3. First strategy of demonstration 

To verify the predictions of the functional properties in PZT (x=0.6) thin films, a 
first approach was chosen. By measuring the transversal piezoelectric charge 
coefficient e31 of a PLD deposited 400nm thickness PZT thin film on a silicon (001) 
single crystal substrate, it is possible to validate the predictions with quantitative 
experiments.  

Figure 2.2. The schematic of 4-point bending test. On the right picture shows the yielded 
Si beams. 

A four-point bending aixACCT setup (a commercial system for piezoelectric 

20mm 

10m
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property measurement) was used to apply strain and test the accumulated charges at 
the surface. In this measurement, two inner metallic rods apply the force 
perpendicular to the sample surface and simultaneously connect to the sample 
electrodes. The two outside rods beneath the sample are fixed and act as support. 
During the measurement, the inside rods are pushed downward, to form a bending 
curvature in the PZT. The displacement of the two inside rods is measured by a 
micro-meter, which can be used to estimate the deformation strain in the sample. 

To estimate the strain value, both a theorical strain analysis as well as simulations 
were performed. The silicon wafer thickness is 0.5 mm, covered with a CaNbO3 
(CNO) nanosheet layer (used to achieve epitaxial growth on Si), on which layers of 
40 nm SrRuO3 (SRO) and 400 nm PZT were deposited. Due to the thickness of the 
whole sample, the classical mechanical Timoshenko beam theory can be used to 
analyse and to estimate the strain at the samples surfaces. Furthermore, the 
deformation strain was also simulated by the FEA software package to create a 
realistic boundary conditions. 

With the increasing displacement of the rods, the sample surface strain will expand 
or compress the PZT film, which aligns the dipoles and attracts charges. The ability 
to continuously change the magnitude of the strain in the PZT film, allows us to 
measure the e31 and verify the PZT functional properties predicted by three-domain 
model.  

2.4. Sample preparation 

The bottom electrode SRO and the functional layer PZT (x=0.6) was deposited on 
CNO nanosheets that were transferred on a Si wafer. The substrate was glued on a 
resistive heater with silver paste and was dried by a plate heater to 100℃ for 2-5 
mins in order to remove the organic residuals of the silver paste. Subsequently, the 
sample was placed into the PLD chamber, the targets were pre-ablated at 0.1mbar 
oxygen pressure for 5mins with 10Hz pulsed laser. Then the shutter was moved and 
the chamber was vacuumized until the background pressure was less than 10-5 mbar, 
after which the sample was heated up to 650℃ for 30mins to remove possible 
residuals on the nano-sheet surface.  
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The SRO layer was deposited at 600℃, 0.13 mbar oxygen pressure 2.5 J/cm2 fluence 
and 4 Hz repetition rate for the laser during 12 mins. The PZT layer was deposited 
at 615℃, 0.1 mbar oxygen pressure 0.1 mbar and the repetition rate of the laser was 
set at 5 Hz for 40 mins. These parameters were optimised to achieve a good 
crystallinity in the films and a less than 1nm surface roughness. After deposition, the 
sample was kept in a static pressure of 100 mbar pure oxygen for 30 mins in order 
to anneal the sample after which the sample was cooled down to room temperature 
in the same pressure using a cooling rate of 10 ℃/min.  

The sample went through a lithographic process to pattern the sputtered metal Pt top 
electrodes. Finally, the wafer was diced into small rectangular shapes and cleaned 
for bending test. 

2.5. e31 four-point bending test 

Figure 2.3. The schematic of a classical mechanical beam model with neutral plane. 

The strain in PZT film introduced by bending can be calculated using the beam 
model in Timoshenko theory by assuming a strain neutral plane with a radius R, 
dependent on the bending curvature. This neutral plane length is l, and the equation 
for the strain is given as follow: 

𝜀𝜀 =   δ 𝑙𝑙
𝑙𝑙

   (2.1) 

The measured displacement of inside rods is approximate 0.06 mm before the Si 
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wafer yield, it gives a max bending curvature angle for 0.688°, and leads to a 
maximum yield strain of approximatly 0.001, which is less than the predicted strain 
0.004 to show an enhancement in piezoelectric e31.  

There are some concerns of this estimation. In this Timoshenko beam model, the 
PZT film thickness is small compared to the total thickness. This dimensional 
difference may create errors in the calculation. The lattices in the Si single crystal 
substrate and the PZT film both suffer from the three-dimensional deformation 
during the bending, Poisson’s ratio should play a role here. The Si single crystal 
average elastic modulus is 130-170 GPa but the bending strength is only 3-10 GPa 
suggests a strong dimensional effect in Si wafer.[20, 21] Meanwhile, the Timoshenko 
theory is suitable for beams with relatively small length over thickness ratio, about 
5-10. In contrast, transverse shear deformation is neglected in Euler-Bernoulli beam 
theory making this theory is more suitable for Si single crystal substrate. 
Furthermore, the inside rods displacement that press sample was measured by a 
micrometre and showed a large error tolerance in contrast of the sample thickness. 
In short summary, the bending test strategy could not fulfil the desire of prove the 
phase diagram, but it is still worthy of using a second method to confirm this.  

To better estimate the strain that can be applied in the PZT film, finite element 

Figure 2.4. The schematic of entity created by Solidworks 
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analysis is used for simulating the longitudinal axis strain by Solidworks cosmos 
plug-in. The sample was created in software with a 25mm total length, 5mm width 
and 0.5 mm thickness. 

The red arrows indicate the locations of pressure on the entity as boundary conditions, 
while the green nods beneath the entity supports the whole beam. The areas were set 
to 5 mm x 0.1 mm to simulate the contact area of the rods with the sample. Si single 
crystal from Solidworks materials database was selected for the material property 
(Density 2330 kg/cm3, Poisson’s ratio 0.28, elastic module 1.124 x 1011 N/m2 and 
yield strength 1.2x108 N/m2 at room temperature). To a high-quality analysis, 20000 
nods was set to give 11021 square shape mesh units, and each mesh unit is 0.28 mm 
as an average size.  

Figure 2.5. The deformation of the beam while a 5N force was applied.  
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5N is applied to the pressing region perpendicular to the sample top surface, see 
Fig.2.5 the deformations are exaggerated to show the displacements. The yield points 
are labelled in each figure. The simulation shows the Si substrate yields and breaks 
when the displacement reaches the limits, which are approximate 0.058 mm and the 
longitudinal strain is 0.0079. These results are in good agreement with practical 
measurements: the maximum displacement that can be applied by the rods is 
approximate 0.06mm. The simulation shows the maximal strain that can be applied 
is lower than the desired strain.  

2.6. Conclusion 

In summary, three-domain model has been developed for tetragonal a/b/c-phase in 
PZT, and PZT functional properties have been simulated for varies compositions and 
temperatures. The PZT composition with x=0.6 shows the most interesting 
piezoelectric properties, and was selected to experimentally validate the model. 

400 nm thick PZT films on 40 nm SRO bottom electrodes on a nanosheet covered 
Si wafer samples were made to study e31 by a four-point bending tester. The e31 phase 
diagram required a tensile strain at 0.04 to show an enhancement in dielectric 
coefficient. It has been proven by the Timoshenko beam theory and finite element 
analysis that 0.04 tensile strain cannot be reached by such bending test. The Si 
substrate yields and breaks at strain approximate 0.0079 by simulation. Therefore, a 
new strategy was required to validate the model. In the next chapters this strategy 
will be shown.  
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Chapter 3   Mathematical construction of reciprocal space maps of 
poly-domain PZT films 

In chapter 3, reciprocal spacing mapping (RSM) was used to confirm the crystal 
symmetry and lattice constants of PZT films, which are key to explain ferroelectric 
polarisation behaviour and the piezoelectric properties. These results are also critical 
to validate the three-domain model and the applicability of the phenomenological 
phase diagrams. Therefore, it is important to correctly interpret the RSMs results. In 
this chapter, we present mathematical descriptions for the observed tetragonal 
symmetry, rhombohedral symmetry, and monoclinic symmetry. The calculated 
results, such as for rhombohedral (101) reflection, are validated by RSMs 
measurements in this thesis. The approach can be also quickly adopted into other 
crystal symmetries to produce expected reciprocal space patterns.  

3.1. Tetragonal symmetry 

The tetragonal phase by definition is where a = b ≠ c, α = β = γ = 90°. For PZT, in 
the tetragonal phase, the polarisation orientation for ferroelectric materials is along 
the elongated lattice direction. For micro-sized mono-domain ferroelectric thin films, 
the out-of-plane c-domain (lattice elongates in c-axis) is preferable. However, in-
plane domains (lattice elongates in a/b-axis) may also be present, which are denoted 
as a-domain and b-domain as showing in Figure 3.1.  

Figure 3.1 . The out-of-plane tetragonal c-domain, in-plane a-domain and in-plane b-
domain from left to right, respectively. The green arrow stands for the polarisation 
orientation. The red arrows are tetragonal lattice co-ordination axis and P1, P2 and P3 
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present the reciprocal vector [101] possibilities of tetragonal can exist in the thin films. 

The green arrows represent the polarisation direction, the pink arrow, purple arrow 
and blue arrow presents the (101) reflection vectors for each domain.  

First step is to establish the co-ordinates of tetragonal lattice in real space: 

Then convert these co-ordinates into reciprocal space vectors for tetragonal c-
domain (P1): 
Hence: 

For tetragonal a-domain (P2): 

Gives: 
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For tetragonal b-domain (P3): 

Therefore: 

Now asymmetrical RSM (101) and (111) can be constructed as follows: 
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Figure 3.2. The calculated RSMs of tetragonal poly-domain pattern in reciprocal plane 
(101) and (111). 

3.2. Rhombohedral symmetry 

Figure 3.3. The four possibilities of vector (101) in real rhombohedral thin films, 
respectively. The green arrow stands for the polarisation orientation. The red arrows are 
rhombohedral lattice co-ordination axis. The notions P1, P2, P3 and P4 present the 
reciprocal vector [101] possibilities. 
 
Rhombohedral symmetry can be considered as a cube that elongated in [111] 
direction. This deformation from cubic leaves rhombohedral symmetry to a = b = c, 
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α = β = γ ≠ 90°. In poly-domain rhombohedral ferroelectric materials, four possible 
[101] vectors are described in Figure 3.3. Rhombohedral lattice co-ordinates are not 
aligned with cubic co-ordinates; therefore, the construction of rhombohedral lattice 
co-ordinates require a new description: 
Where x and y are integers from cubic co-ordinates, x ≠ y.[1] 
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−𝑦𝑦
𝑦𝑦
𝑥𝑥
� 
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Then results in the reciprocal space lattice vectors: 

Thus, 

 
For P3: 

Gives: 

𝐶𝐶 =
𝑎⃗𝑎 × 𝑏𝑏�⃗
𝑉𝑉

= �
−𝑥𝑥
𝑦𝑦
𝑦𝑦
��

−𝑦𝑦
𝑥𝑥
𝑦𝑦
� 𝑉𝑉� = 2𝜋𝜋�

𝑥𝑥𝑥𝑥 − 𝑦𝑦2

𝑦𝑦2 − 𝑥𝑥𝑥𝑥
𝑥𝑥2 − 𝑦𝑦2

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐵𝐵�⃗ =
𝑎⃗𝑎 × 𝑐𝑐
𝑉𝑉

= �
−𝑦𝑦
𝑦𝑦
𝑥𝑥
��

−𝑥𝑥
𝑦𝑦
𝑦𝑦
� 𝑉𝑉� = 2𝜋𝜋�

𝑥𝑥𝑥𝑥 − 𝑦𝑦2

𝑥𝑥2 − 𝑦𝑦2

𝑦𝑦2 − 𝑥𝑥𝑥𝑥
� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐴𝐴 =
𝑏𝑏�⃗ × 𝑐𝑐
𝑉𝑉

= �
−𝑦𝑦
𝑥𝑥
𝑦𝑦
��

−𝑦𝑦
𝑦𝑦
𝑥𝑥
� 𝑉𝑉� = 2𝜋𝜋 �

−𝑥𝑥2 + 𝑦𝑦2

𝑦𝑦2 − 𝑥𝑥𝑥𝑥
𝑦𝑦2 − 𝑥𝑥𝑥𝑥

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = 2𝜋𝜋�
𝑥𝑥𝑥𝑥 − 𝑥𝑥2

2𝑦𝑦2 − 2𝑥𝑥𝑥𝑥
𝑥𝑥2 − 𝑥𝑥𝑥𝑥

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111) = �
−(𝑥𝑥 − 𝑦𝑦)2

(𝑥𝑥 − 𝑦𝑦)2

(𝑥𝑥 − 𝑦𝑦)2
� 

𝑎⃗𝑎 = �
𝑥𝑥
−𝑦𝑦
𝑦𝑦
�       𝑏𝑏�⃗ = �

𝑦𝑦
−𝑥𝑥
𝑦𝑦
�               𝑐𝑐 = �

𝑦𝑦
−𝑦𝑦
𝑥𝑥
� 
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And lead to: 

Finally, for P4: 

Thus, the reciprocal space vectors are: 
 

𝐶𝐶 =
𝑎⃗𝑎 × 𝑏𝑏�⃗
𝑉𝑉

= �
−𝑥𝑥
𝑦𝑦
𝑦𝑦
��

−𝑦𝑦
𝑥𝑥
𝑦𝑦
� 𝑉𝑉� = 2𝜋𝜋�

−𝑥𝑥𝑥𝑥 + 𝑦𝑦2

−𝑦𝑦2 + 𝑥𝑥𝑥𝑥
𝑥𝑥2 − 𝑦𝑦2

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐵𝐵�⃗ =
𝑎⃗𝑎 × 𝑐𝑐
𝑉𝑉

= �
−𝑦𝑦
𝑦𝑦
𝑥𝑥
��

−𝑥𝑥
𝑦𝑦
𝑦𝑦
� 𝑉𝑉� = 2𝜋𝜋�

−𝑥𝑥𝑥𝑥 + 𝑦𝑦2

−𝑥𝑥2 + 𝑦𝑦2

𝑦𝑦2 − 𝑥𝑥𝑥𝑥
� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐴𝐴 =
𝑏𝑏�⃗ × 𝑐𝑐
𝑉𝑉

= �
−𝑦𝑦
𝑥𝑥
𝑦𝑦
��

−𝑦𝑦
𝑦𝑦
𝑥𝑥
� 𝑉𝑉� = 2𝜋𝜋 �

𝑥𝑥2 − 𝑦𝑦2

−𝑦𝑦2 + 𝑥𝑥𝑥𝑥
𝑦𝑦2 − 𝑥𝑥𝑥𝑥

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = 2𝜋𝜋�
−𝑥𝑥𝑥𝑥 + 𝑥𝑥2

−2𝑦𝑦2 + 2𝑥𝑥𝑥𝑥
𝑥𝑥2 − 𝑥𝑥𝑥𝑥

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111) = �
 (𝑥𝑥 − 𝑦𝑦)2

−(𝑥𝑥 − 𝑦𝑦)2

(𝑥𝑥 − 𝑦𝑦)2
� 

𝑎⃗𝑎 = �
−𝑥𝑥
−𝑦𝑦
𝑦𝑦
�       𝑏𝑏�⃗ = �

−𝑦𝑦
−𝑥𝑥
𝑦𝑦
�               𝑐𝑐 = �

−𝑦𝑦
−𝑦𝑦
𝑥𝑥
� 
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and therefore: 

Hence asymmetrical RSM (101) and (111) can be constructed as followed: 

Figure 3.4. The calculated RSMs of rhombohedral poly-domain pattern in reciprocal 
plane (101) and (111) 

𝐶𝐶 =
𝑎⃗𝑎 × 𝑏𝑏�⃗
𝑉𝑉

= �
−𝑥𝑥
−𝑦𝑦
𝑦𝑦
��

−𝑦𝑦
−𝑥𝑥
𝑦𝑦
� 𝑉𝑉� = 2𝜋𝜋�

𝑥𝑥𝑥𝑥 − 𝑦𝑦2

−𝑦𝑦2 + 𝑥𝑥𝑥𝑥
𝑥𝑥2 − 𝑦𝑦2

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐵𝐵�⃗ =
𝑎⃗𝑎 × 𝑐𝑐
𝑉𝑉

= �
−𝑦𝑦
−𝑦𝑦
𝑥𝑥
��

−𝑥𝑥
−𝑦𝑦
𝑦𝑦
� 𝑉𝑉� = 2𝜋𝜋 �

𝑥𝑥𝑥𝑥 − 𝑦𝑦2

−𝑥𝑥2 + 𝑦𝑦2

𝑦𝑦2 − 𝑥𝑥𝑥𝑥
� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐴𝐴 =
𝑏𝑏�⃗ × 𝑐𝑐
𝑉𝑉

= �
−𝑦𝑦
−𝑥𝑥
𝑦𝑦
��

−𝑦𝑦
−𝑦𝑦
𝑥𝑥
� 𝑉𝑉� = 2𝜋𝜋 �

−𝑥𝑥2 + 𝑦𝑦2

−𝑦𝑦2 + 𝑥𝑥𝑥𝑥
𝑦𝑦2 − 𝑥𝑥𝑥𝑥

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = 2𝜋𝜋�
𝑥𝑥𝑥𝑥 − 𝑥𝑥2

−2𝑦𝑦2 + 2𝑥𝑥𝑥𝑥
𝑥𝑥2 − 𝑥𝑥𝑥𝑥

� (𝑥𝑥3 − 3𝑥𝑥𝑥𝑥2 + 2𝑦𝑦3)�  

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111) = �
 − (𝑥𝑥 − 𝑦𝑦)2

−(𝑥𝑥 − 𝑦𝑦)2

(𝑥𝑥 − 𝑦𝑦)2
� 
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3.3. Monoclinic symmetry (C-type) 

Figure 3.5. The four possibilities of vector (101) in real monoclinic c-type thin films, 
respectively. The notions P1, P2, P3 and P4 present the reciprocal vector [101] 
possibilities. 
 
Monoclinic c-type symmetry is the group of lattices that elongates direction in (010) 
plane. 𝑐𝑐𝑚𝑚 -vector is tilted over angle δ from the z-axis in the ZX-plane, thus x-
coordinate of this vector is 𝑐𝑐𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠δ ≈ 𝑐𝑐𝑚𝑚δ   and z-coordinate is 𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐δ ≈ 𝑐𝑐𝑚𝑚  in 
lowest order in δ. The monoclinic unit cell vectors and volume are in the cubic lattice 
system given by (approximately). 
We write the base vectors that form a right-handed frame, rotating a to b defines c-
direction 

𝑎⃗𝑎 = 𝑎𝑎𝑚𝑚 �
1
0
0
�, 𝑏𝑏�⃗ = 𝑏𝑏𝑚𝑚 �

0
1
0
�, 𝑐𝑐 = 𝑐𝑐𝑚𝑚 �

𝛿𝛿
0
1
� 𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 if all angles are small 

Reciprocal lattice vectors 𝐴𝐴 etc from the cross-products with lowest order in δ 

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
0
�× �

0
1
0
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

0
0
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�

0
0
1
� 

𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �
𝛿𝛿
0
1
� × �

1
0
0
� ≈ 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �

0
1
0
�  𝐵𝐵�⃗ = 1

𝑏𝑏𝑚𝑚
�

0
1
0
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
0
� × �

𝛿𝛿
0
1
� ≈ 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
−δ
�  𝐴𝐴 = 1

𝑎𝑎𝑚𝑚
�

1
0
−δ
� 
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The reciprocal lattice vector 𝐺⃗𝐺(ℎ𝑘𝑘𝑘𝑘) = �
ℎ 𝑎𝑎0⁄
𝑘𝑘 𝑎𝑎0⁄
𝑙𝑙 𝑎𝑎0⁄

�, with 𝑎𝑎0 the length of the cubic 

lattice vector (e.g., with length 1 Å). 
For example 

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚 = �
1/𝑎𝑎𝑚𝑚

0
−δ 𝑎𝑎𝑚𝑚⁄ + 1/𝑐𝑐𝑚𝑚

� ≈ �
1/𝑎𝑎𝑝𝑝𝑝𝑝

0
1/𝑎𝑎𝑝𝑝𝑝𝑝

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚 = �
1/𝑎𝑎𝑚𝑚
1/𝑏𝑏𝑚𝑚

−δ 𝑎𝑎𝑚𝑚⁄ + 1/𝑐𝑐𝑚𝑚
� ≈ �

1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝

� 

The vector P2 with approximately the same direction has different unit cell vectors, 
due to rotation of the unit cell in the XYZ-frame:  

𝑎⃗𝑎 = 𝑏𝑏𝑚𝑚 �
1
0
0
�,  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚 �

0
1
0
�, 𝑐𝑐 = 𝑐𝑐𝑚𝑚 �

0
𝛿𝛿
1
� 𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
0
�× �

0
1
0
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

0
0
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�

0
0
1
� 

𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �
0
𝛿𝛿
1
�× �

1
0
0
� ≈ 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �

0
1
−δ
�  𝐵𝐵�⃗ = 1

𝑎𝑎𝑚𝑚
�

0
1
−δ
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
0
�× �

0
𝛿𝛿
1
� ≈ 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
0
�  𝐴𝐴 = 1

𝑏𝑏𝑚𝑚
�

1
0
0
� 

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚

0
1/𝑐𝑐𝑚𝑚

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚
1/𝑎𝑎𝑚𝑚

−δ 𝑎𝑎𝑚𝑚⁄ + 1/𝑐𝑐𝑚𝑚
� ≈ �

1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝

� 

For P3: 
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𝑎⃗𝑎 = 𝑎𝑎𝑚𝑚 �
1
0
0
�,  𝑏𝑏�⃗ = 𝑏𝑏𝑚𝑚 �

0
1
0
�, 𝑐𝑐 = 𝑐𝑐𝑚𝑚 �

−𝛿𝛿
0
1
�  𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

Reciprocal lattice vectors 𝐴𝐴 etc from the cross-products in lowest order in δ 

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
0
�× �

0
1
0
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

0
0
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�

0
0
1
� 

𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �
−𝛿𝛿
0
1
�× �

1
0
0
� ≈ 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �

0
1
0
�  𝐵𝐵�⃗ = 1

𝑏𝑏𝑚𝑚
�

0
1
0
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
0
� × �

−𝛿𝛿
0
1
� ≈ 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
δ
�  𝐴𝐴 = 1

𝑎𝑎𝑚𝑚
�

1
0
δ
� 

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚 = �
1/𝑎𝑎𝑚𝑚

0
δ 𝑎𝑎𝑚𝑚⁄ + 1/𝑐𝑐𝑚𝑚

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚 = �
1/𝑎𝑎𝑚𝑚
1/𝑏𝑏𝑚𝑚

δ 𝑎𝑎𝑚𝑚⁄ + 1/𝑐𝑐𝑚𝑚
� ≈ �

1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝

� 

For P4: 

𝑎⃗𝑎 = 𝑏𝑏𝑚𝑚 �
1
0
0
�, 𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚 �

0
1
0
�, 𝑐𝑐 = 𝑐𝑐𝑚𝑚 �

0
−𝛿𝛿
1
�  𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
0
�× �

0
1
0
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

0
0
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�

0
0
1
� 

𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �−
0
𝛿𝛿
1
� × �

1
0
0
� ≈ 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �

0
1
δ
�  𝐵𝐵�⃗ = 1

𝑎𝑎𝑚𝑚
�

0
1
δ
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
0
�× �

0
−𝛿𝛿
1
� ≈ 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
0
�  𝐴𝐴 = 1

𝑏𝑏𝑚𝑚
�

1
0
0
� 
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𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚

0
1/𝑐𝑐𝑚𝑚

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚
1/𝑎𝑎𝑚𝑚

δ 𝑎𝑎𝑚𝑚⁄ + 1/𝑐𝑐𝑚𝑚
� ≈ �

1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝

� 

Then the asymmetrical RSM (101) and (111) can be constructed as followed: 

 
Figure 3.6. The calculated RSMs of Mc poly-domain pattern in reciprocal plane (101) 
and (111) 
 
Considering the monoclinic c-type with tilting: 
 

Figure 3.7. The four possibilities of vector (101) in real monoclinic c-type thin films, 
respectively. The notations P1, P2, P3 and P4 represent the reciprocal vector [101] 
possibilities. With relaxation and tilting, the c-axis of Mc lattices are co-axial. 
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Then it can give: 

𝑎⃗𝑎-vector is tilted over angle δ from the x-axis, thus x-coordinate of this vector 
is 𝑎𝑎𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐δ≈𝑎𝑎𝑚𝑚  and z-coordinate is 𝑎𝑎𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠δ≈𝑎𝑎𝑚𝑚𝛿𝛿 in lowest order in δ. 

𝑎⃗𝑎 = 𝑎𝑎𝑚𝑚 �
1
0
δ
�,  𝑏𝑏�⃗ = 𝑏𝑏𝑚𝑚 �

0
1
0
�, 𝑐𝑐 = 𝑐𝑐𝑚𝑚 �

0
0
1
�  𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

Now construct the (monoclinic)reciprocal lattice vectors 𝐴𝐴  etc from the cross-
products in lowest order in δ can be constructed 

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
δ
�× �

0
1
0
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

−δ
0
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�
−δ
0
1
� 

𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �
0
0
1
�× �

1
0
δ
� ≈ 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �

0
1
0
�  𝐵𝐵�⃗ = 1

𝑏𝑏𝑚𝑚
�

0
1
0
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
0
� × �

0
0
1
� ≈ 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
0
�  𝐴𝐴 = 1

𝑎𝑎𝑚𝑚
�

1
0
0
� 

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1 𝑎𝑎𝑚𝑚⁄ − δ/𝑐𝑐𝑚𝑚

0
1 𝑐𝑐𝑚𝑚⁄

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1 𝑎𝑎𝑚𝑚⁄ − δ/𝑐𝑐𝑚𝑚

1 𝑏𝑏𝑚𝑚⁄
1 𝑐𝑐𝑚𝑚⁄

� 

P2 :  

𝑎⃗𝑎 = 𝑏𝑏𝑚𝑚 �
1
0
0
�,  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚 �

0
1
δ
�, 𝑐𝑐 = 𝑐𝑐𝑚𝑚 �

0
0
1
�  𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
0
�× �

0
1
δ
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

0
−δ
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�

0
−δ
1
� 
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𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �
0
0
1
�× �

1
0
0
� ≈ 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �

0
1
0
�  𝐵𝐵�⃗ = 1

𝑎𝑎𝑚𝑚
�

0
1
0
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
δ
�× �

0
0
1
� ≈ 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
0
�  𝐴𝐴 = 1

𝑏𝑏𝑚𝑚
�

1
0
0
� 

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚
−δ/𝑐𝑐𝑚𝑚
1/𝑐𝑐𝑚𝑚

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚

1 𝑎𝑎𝑚𝑚⁄ − δ/𝑐𝑐𝑚𝑚
1 𝑐𝑐𝑚𝑚⁄

� 

 
P3 : 

𝑎⃗𝑎 = 𝑎𝑎𝑚𝑚 �
1
0
−𝛿𝛿

�,        𝑏𝑏�⃗ = 𝑏𝑏𝑚𝑚 �
0
1
0
�, 𝑐𝑐 = 𝑐𝑐𝑚𝑚 �

0
0
1
� 𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
−𝛿𝛿

� × �
0
1
0
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

𝛿𝛿
0
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�
𝛿𝛿
0
1
� 

𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �
0
0
1
�× �

1
0
−𝛿𝛿

� ≈ 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �
0
1
0
�  𝐵𝐵�⃗ = 1

𝑏𝑏𝑚𝑚
�

0
1
0
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
0
� × �

0
0
1
� ≈ 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
0
�  𝐴𝐴 = 1

𝑎𝑎𝑚𝑚
�

1
0
0
� 

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1 𝑎𝑎𝑚𝑚⁄ + δ 𝑐𝑐𝑚𝑚⁄

0
1 𝑐𝑐𝑚𝑚⁄

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1 𝑎𝑎𝑚𝑚⁄ + δ 𝑐𝑐𝑚𝑚⁄

1/𝑏𝑏𝑚𝑚
1 𝑐𝑐𝑚𝑚⁄

� 

P4 :  
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𝑎⃗𝑎 = 𝑏𝑏𝑚𝑚 �
1
0
0
�, 𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚 �

0
1
−𝛿𝛿

�,     𝑐𝑐 = 𝑐𝑐𝑚𝑚 �
0
0
1
�  𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1
0
0
�× �

0
1
−𝛿𝛿

� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
0
𝛿𝛿
1
�  𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�

0
𝛿𝛿
1
� 

𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �
0
0
1
�× �

1
0
0
� ≈ 𝑐𝑐𝑚𝑚𝑏𝑏𝑚𝑚 �

0
1
0
�  𝐵𝐵�⃗ = 1

𝑎𝑎𝑚𝑚
�

0
1
0
� 

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �
0
1
−𝛿𝛿

�× �
0
0
1
� ≈ 𝑎𝑎𝑚𝑚𝑐𝑐𝑚𝑚 �

1
0
0
�  𝐴𝐴 = 1

𝑏𝑏𝑚𝑚
�

1
0
0
� 

𝐺⃗𝐺(101) = 𝐴𝐴 + 𝐶𝐶 = (101)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚
δ 𝑐𝑐𝑚𝑚⁄
1/𝑐𝑐𝑚𝑚

� 

𝐺⃗𝐺(111) = 𝐴𝐴 + 𝐵𝐵�⃗ + 𝐶𝐶 = (111)𝑚𝑚𝑚𝑚𝑚𝑚 = �
1/𝑏𝑏𝑚𝑚

1 𝑎𝑎𝑚𝑚⁄ + δ/𝑐𝑐𝑚𝑚
1 𝑐𝑐𝑚𝑚⁄

� 

Figure 3.8. The calculated RSMs of tilted Mc poly-domain pattern for the reciprocal 
planes (101) and (111) 
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3.4. Monoclinic symmetry (A-type) 

Figure 3.9. The four possibilities of vector (101) in real MA thin films, respectively. The 
green arrow represents the polarisation orientation in (110) plane. The red arrows are 
MA lattice co-ordination axis. The notations P1, P2, P3 and P4 represent the possibilities 
for the [101] reciprocal vector. 
 
P1 : 
Monoclinic unit cell vectors in cubic coordinates 
𝑐𝑐𝑚𝑚-vector is tilted over angle β from the z-axis in the 𝑎⃗𝑎𝑚𝑚 direction, thus x and y-
coordinate of this vector are 𝑐𝑐𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠δ≈𝑐𝑐𝑚𝑚δ  with and z-coordinate is 𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐δ≈𝑐𝑐𝑚𝑚 
in lowest order in δ. 

𝑎⃗𝑎 = 𝑎𝑎𝑚𝑚 �
1 √2⁄
1 √2⁄

0
�, 𝑏𝑏�⃗ = 𝑏𝑏𝑚𝑚 �

−1 √2⁄
1 √2⁄

0
�, 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝑚𝑚 �

𝛿𝛿
𝛿𝛿
1
� 𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

Now construct the (monoclinic)reciprocal lattice vectors 𝐴𝐴  etc from the cross-
products in lowest order in δ 

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
1 √2⁄
1 √2⁄

0
�× �

− √2⁄
1 √2⁄

0
� ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �

0
0
1
�   
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𝑐𝑐 ×  𝑎⃗𝑎 = 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �
𝛿𝛿
𝛿𝛿
1
� × �

1 √2⁄
1 √2⁄

0
� ≈ 𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 �

−1 √2⁄
1 √2⁄

0
�   

𝑏𝑏�⃗ × 𝑐𝑐 = 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �
−1 √2⁄

1 √2⁄
0

�× �
𝛿𝛿
𝛿𝛿
1
� ≈ 𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚 �

1 √2⁄
1 √2⁄

−2𝛿𝛿 √2⁄
�  

𝐶𝐶 = 𝑎𝑎�⃗ × 𝑏𝑏�⃗

𝑉𝑉
= 1

𝑐𝑐𝑚𝑚
�

0
0
1
� 𝐴𝐴 = 1

𝑎𝑎𝑚𝑚
�

1 √2⁄
1 √2⁄
−√2𝛿𝛿

� 𝐵𝐵�⃗ = 1
𝑏𝑏𝑚𝑚
�
−1 √2⁄

1 √2⁄
0

� 

𝐺⃗𝐺(201)𝑐𝑐 = �𝐴𝐴 − 𝐵𝐵�⃗ + 𝐶𝐶�𝑚𝑚 = (111)𝑚𝑚𝑚𝑚 = �
1/√2𝑎𝑎𝑚𝑚 + 1/√2𝑏𝑏𝑚𝑚

0
−√2𝛿𝛿 𝑎𝑎𝑚𝑚� + 1/𝑐𝑐𝑚𝑚

� ≈ �
2/𝑎𝑎𝑝𝑝𝑝𝑝

0
−𝛿𝛿 𝑎𝑎𝑝𝑝𝑝𝑝⁄ + 1/𝑎𝑎𝑝𝑝𝑝𝑝

� 

assuming 𝑎𝑎𝑚𝑚 ≈ 𝑏𝑏𝑚𝑚 ≈ √2𝑎𝑎𝑝𝑝𝑝𝑝 ≈ √2𝑐𝑐𝑚𝑚. 

𝐺⃗𝐺(112)𝑐𝑐 = 2�𝐴𝐴 + 𝐶𝐶�𝑚𝑚 = (202)𝑚𝑚𝑚𝑚 = 2�
1/√2𝑎𝑎𝑚𝑚
1/√2𝑎𝑎𝑚𝑚

−√2𝛿𝛿 𝑎𝑎𝑚𝑚� + 1/𝑐𝑐𝑚𝑚

� ≈ �
1/𝑎𝑎𝑝𝑝𝑝𝑝
1/𝑎𝑎𝑝𝑝𝑝𝑝

−2𝛿𝛿 𝑎𝑎𝑝𝑝𝑝𝑝⁄ + 2/𝑎𝑎𝑝𝑝𝑝𝑝
� 

Thus in Qx-Qy plane the reflection is at half the Q-values of the (111) reflection of 
the substrate 
P2 :  

𝑎⃗𝑎 = 𝑎𝑎𝑚𝑚 �
−1 √2⁄
1 √2⁄

0
�, 𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚 �

−1 √2⁄
−1 √2⁄

0
�, 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝑚𝑚 �

−𝛿𝛿
𝛿𝛿
1
� 𝑉𝑉𝑚𝑚 ≈ 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚𝑐𝑐𝑚𝑚  

Now the (monoclinic)reciprocal lattice vectors 𝐴𝐴 etc can be constructed from the 
cross-products in lowest order in δ 

𝑎⃗𝑎 ×  𝑏𝑏�⃗ = 𝑎𝑎𝑚𝑚𝑏𝑏𝑚𝑚 �
−1 √2⁄
1 √2⁄

0
� × �
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Figure 3.10. The calculated RSMs of tilted MA poly-domain pattern in reciprocal plane 
(101) and (111) 

3.5. Conclusion 

To summarise, we established the mathematical expressions to predict the RSMs 
pattern of poly-domain thin films. Tetragonal symmetry with a/b/c domains, 
rhombohedral symmetry, monoclinic symmetry c-type and a-type are calculated and 
presented. Furthermore, reciprocal space maps of asymmetrical planes (101) and 
(111) are given. The calculated RSM patten results fit reported RSMs, such as 
tetragonal BiFeO3 in a phase transition, rhombohedral LaNiO3 with great 
compressive strain, rhombohedral BiFeO3, monoclinic c-type BiFeO3, monoclinic 
a-type BiFeO3 and monoclinic c-type VO2.[2-7] Moreover, this description system 
also should be the simple than other reciprocal space mathematical description, such 
as Niggli cell and Bravais lattice conversion, which involves a 6-dimensional 
Euclidean space. Hence this approach is potentially helpful as a guide to determine 
the symmetry from RSMs measurements.[8] 
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Chapter 4  Substrate induced thermal strain-enhanced 
piezoelectricity in PbZr0.6Ti0.4O3 piezoelectric 

Lead based bulk piezoelectrical materials, e.g. PbZrxTi1-xO3(PZT) in sensors and 
transducers nowadays are widely used in electromechanical applications, for which 
optimally performing thin films are needed. Several theoretical reports were 
published on the influence of thermal strain on the piezoelectric properties (d33) in 
PZT thin films, also predicting significant enhancement of this property.{Groenen, 
2016 #63} In this work, we successfully demonstrate the applicability of these 
models for PZT(x=0.6) thin films grown on CaF2, SrTiO3(STO) and 70% 
PbMg1/3Nb2/3O3-30%PbTiO3(PMN-PT) substrates by pulsed laser deposition. The 
different substrates provide different thermal misfit strains, leading to 
experimentally observed and theoretically predicted d33 values of 32 pm/V, 140 
pm/V and 81 pm/V, respectively. We characterised the PZT films with temperature 
dependent X-ray reciprocal space mapping (RSM) and grazing incidence diffraction 
(GI-XRD), transmission electron microscopy (TEM) in bright field (BF) and dark 
field (DF) modes as well as selected area diffraction (SEAD) convergent beam 
electron diffraction (CBED) and piezoresponse force microscopy (PFM). The Zr/Ti 
ratio has been confirmed by Rutherford Backscattering Spectrometry (RBS). The 
PZT(x=0.6) film which in bulk has a rhombohedral lattice symmetry, is at room 
temperature on STO in a relaxed monoclinic phase, which has been observed for the 
first time for this composition. With this research we demonstrate that the thermal 
misfit strain has a significant effect on the structural and piezoelectric properties of 
PZT films. 

4.1. Introduction 

PZT is one of the most used ferroelectric and piezoelectric solid solution materials 
because of the high values of its room temperature polarisation and piezo-electric 
coefficients, as compared to other ferroelectric materials, as for example BaTiO3, 
and piezoelectric materials such as quartz. A successful strategy to improve the 
piezoelectric response of bulk PZT is to use the Zr/Ti composition ratio at the 
morphotropic phase boundary (MPB) in the PZT phase diagram.[1] Both the 
polarisation rotation mechanism[2, 3] and easy domain wall motions[4] attribute to 
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the enhancement of the piezoelectricity of this composition. The easy polarisation 
rotation in the (1-10) plane benefits from a lower energy barrier between two stable 
symmetries. It was about two decades ago when the stable monoclinic symmetry 
was first predicted and then found to be present at the MPB at low temperatures.[3] 
This discovery gave insight in the complex nature of the phase transition from the 
Zr-rich rhombohedral phase to the Ti-rich tetragonal side in the phase diagram.[5-7] 
Furthermore, it helped to deepen the understanding of the structural properties at the 
MPB and assisted the development of a phenomenological theory.  

The Landau-Ginzburg-Devonshire (LGD) thermodynamic model of ferroelectric 
materials presents a tool to successfully analyse ferroelectric phase transitions and 
domain pattern formation in bulk material, especially in well-ordered single crystals. 
In ferroelectric thin films, multiple extrinsic effects play an important role that have 
been neglected in the general LGD equation. Limiting the discussion to epitaxially 
grown films, the ferroelectric structure consists of multiple domains, separated by 
domain walls; the film is usually under substrate induced thermal strain, and domain 
wall motion under influence of an applied field contributes significantly to the 
ferroelectric and piezoelectric properties of the film. Houwman et al. developed a 
what was called a ‘three-domain model’ (on the basis of earlier work by Khukar, 
Pertsev et al. of, what might be called a ‘two-domain’ model.[8-11] The boundary 
conditions applied to the formalism of Khukar et al. and which led to the three-
domain model, were believed to be more realistic.) Early experimental work on films 
with tetragonal composition (PZT(x=0.4) supported the applicability of the 
model.[8] The present experimental study serves also as further support of the model. 
The three-domain model connects domain wall motion, external elastic and electric 
field to intrinsic ferroelectric and piezoelectric properties of a clamped films.[8] 
Using this model, Vergeer produced a series of predictions of the piezoelectric 
behaviour and crystal symmetry transition as function of the substrate misfit strain 
due to thermal expansion mismatch for different compositions.[12] Different from 
the well-known epitaxial misfit strain,[13, 14] the influence of thermal expansion 
misfit strain has not been discussed extensively in literature. The difference is that 
for thermal expansion misfit strain one assumes that the bulk of the film is fully 
relaxed at deposition temperature and the strain built up during cooling down to 
room temperature. Because the film is thick, the stress build up with varying 
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temperature, can be relaxed by domain formation in the bulk of the film. For epitaxial 
misfit strain one assumes that the film grows cube on cube to the substrate and the 
in-plane lattice constants of the film follow that of the substrate with varying 
temperature. The model calculations by Vergeer indicate that the thermal misfit 
strain is able to induce a stable monoclinic phase for x = 0.6 PZT at room 
temperature,[12] in contrast to the rhombohedral symmetry of the bulk phase 
diagram.[15] By changing the substrate Thermal expansion Coefficient (CTE), a 
different phase of PZT is expected. Here, it is shown that a tetragonal phase is 
expected when the film is grown on CaF2; a monoclinic phase for STO and a 
rhombohedral phase for growth on PMN-PT. Especially for the monoclinic phase, 
one expects enhanced ferroelectric and piezoelectric properties, in analogy with the 
properties of PZT with a MPB composition. It is for this strong change in 
piezoelectric properties that we chose to study the PZT (x=0.6) composition. In this 
work, we show that the thermal expansion misfit strain influences the structural 
phases observed in PZT thin films. In addition, we show that one can use the thermal 
expansion misfit strain as an effective manipulation mechanism to enhance 
piezoelectric properties.  

Pulsed laser deposition was applied to fabricate (001)-oriented, 1μm thick PZT 
(x=0.6) films, with a 40 nm bottom electrode SrRuO3 (SRO) on single crystal 
substrates of CaF2(001) (named PZT-C), on STO (001) (named PZT-S) and on 
PMN-PT (001) (named PZT-P), respectively. No top electrode is deposited. The 
thickness of 1 μm is deliberately chosen to ensure that the PZT is close to be free 
from the influence of epitaxial strain from the substrate. Cubic STO has a cubic 
lattice constant of 3.905Å at room temperature, with an almost constant CTE of 
11×10-6 K-1 down to -163℃.[16] The used rhombohedral PMN70-PT30 substrate 
material exhibits a paraelectric-ferroelectric phase transition when cooling through 
the Curie point of 125℃.[17] The CTE is highly temperature dependent and changes 
to 3.1×10-6 K-1 at room temperature in the rhombohedral phase (lattice constants are 
a = 4.019Å, with α = 89.91° at 25℃), [18] to 10.7×10-6 K-1 in the cubic phase(a = 
4.020 Å, α = 90° approximately 300℃). [19, 20] Cubic CaF2 has a cubic lattice 
structure with lattice parameter a = b = 5.45 Å at room temperature, and a constant 
CTE of 18×10-6 K-1. The topographic information on the sample surface was obtained 
by atomic force microscopy (AFM) and, in addition, the ferroelectric domain pattern 
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was studied using piezoresponse force microscopy (PFM). The film thickness and 
quality of the films crystallisation were examined by X-ray diffraction (XRD). 
Temperature dependant reciprocal space maps (RSMs) were used to define the 
lattice strain and symmetry at different temperatures.  

4.2. Results and Discussion 

4.2.1. Phenomenological Approach and Phase Diagram 

 

Figure 4.1. Simulated and experimental strain-paths (𝑆𝑆𝑚𝑚0 (𝑇𝑇) ) drawn in the theoretical 
phase diagram of PZT(x=0.6), derived from the three-domain model from Houwman and 
Vergeer et al.[8, 12] the model predicts a tetragonal single (out-of-plane oriented) 
domain c-phase for compressive thermal misfit strain larger than 0.005; The central 
region for stress around 𝑆𝑆𝑚𝑚0 = 0 is predicted to have a rhombohedral symmetry, and for 
𝑆𝑆𝑚𝑚0  > 0.005 a tetragonal (in-plane) a/b domain and b domain. The intermediate regions 
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are marked as region A and region B are predicted as mixture phase of tetragonal a/b/c 
and forming bridges between the rhombohedral and tetragonal phases. At high 
temperatures above Tc the PZT is in the cubic phase. The blue, red and purple paths stand 
for the temperature PZT misfit strain of PZT grown on CaF2, STO and PMN-PT 
substrates at a deposition temperature of 600℃, respectively. The dashed lines indicate 
the simulated paths, the solid lines with data points are obtained from experimental data. 
Theoretical d33 as function of the room temperature strains of the three samples. Crosses 
stand for the predicted piezoelectric response upon each substrate, while the circles 
strand for the experimental d33 values. The plot is reused with permission[12].  

In order to be able to interpret our experimental results in terms of the three-domain 
model, an estimate of the substrate induced thermal misfit strain as function of 
temperature, 𝑆𝑆𝑚𝑚0 (𝑇𝑇). In the supplementary information we summarize the analysis 
of Houwman et al. on how to calculate 𝑆𝑆𝑚𝑚0 (𝑇𝑇), including the effect of unit cell 
expansion due to the paraelectric-ferroelectric phase transition when cooling down 
through the Curie temperature. 

We evaluated the thermal strain of PZT(x=0.6) at all temperatures between 
deposition temperature and room temperature for the used substrates and plotted this 
𝑆𝑆𝑚𝑚0 (𝑇𝑇) path in the phase diagram evaluated by Vergeer. The different paths in the 
phase diagram are shown in Figure 4.1. [12] 

In addition, Vergeer gives the piezoelectric response (d33) as function of the thermal 
misfit strain for this PZT composition. The d33 (𝑆𝑆𝑚𝑚0 ) dependence shows large and 
stepwise changes of d33 as function of the strain in the strain range that is accessible 
with substrates on which PZT can be grown heteroepitaxially (𝑆𝑆𝑚𝑚0  can in practice be 
varied from about -0.01 to 0.005). The composition PZT (x = 0.6) was chosen for 
this reason. The calculations based on the three-domain model indicate that 
compositions with larger Ti-content show no variation in d33 in this strain range.[8] 

The phase diagram indicates that, when using a STO substrate, on cooling from the 
deposition temperature at 600℃ down to room temperature the film changes from 
the paraelectric cubic phase into a single domain, tetragonal c-domain (long axis 
perpendicular to the substrate) near 400℃. On further cooling, the film enters the 
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rhombohedral phase at approximately 300℃. The thermal misfit strain path ends on 
the phase boundary between the tetragonal a/b/c region and the rhombohedral phase. 
With the PMN-PT substrate, the PZT-P thermal misfit strain follows another path. 
The cubic phase to tetragonal c-phase transition is at a slightly higher temperature. 
The path ends at room temperature deep in the rhombohedral phase region with a 
small tensile strain. The strong curvature in the path is due to the strong temperature 
dependence of the CTE of the PMN-PT substrate. The model predicts that both PZT-
S and PZT-P show an intermediate tetragonal c-phase before the structure becomes 
rhombohedral, which is very different from the well-know PZT phase diagram[15], 
in which there is no such intermediate tetragonal phase in the 300℃-400℃ 
temperature range for PZT at x = 0.6 composition, neither the existence of a mixture 
tetragonal a/b/c phase. The phase diagram also shows a compressive thermal misfit 
strain path if using CaF2 substrate. The 𝑆𝑆𝑚𝑚0 (𝑇𝑇)  path is from cubic phase into 
tetragonal c phase during the cooling at about 437℃, the then ends with a 0.0075 
compressive thermal misfit strain at room temperature. The composition PZT(x=0.6) 
was particularly selected due to its highest d33 in the phase diagram prediction. 

4.2.2. Experimental results and discussions 

4.2.2.1. PZT on PMN-PT substrate (PZT-P) 
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The PZT on PMN-PT substrate is denoted as PZT-P here, the PZT film quality is 
characterised by XRD and PFM. From the PZT bulk phase diagram, we expect this 
(x=0.6) composition to be rhombohedral. With Figure 4.2.a top panel, XRD at room 
temperature shows a PMN-PT substrate around diffraction (002) peak at 45o, which 
is characterised by, unlike most single crystal substrates, a relatively broader full 
width at half maximum of about 0.2°. The large FWHM of the PMN-PT is copied in 
the large peak widths of the pseudocubic (220) peak of SrRuO3(SRO) bottom 
electrode layer at 46.4o and the PZT-P layer at 44.0o. The broad XRD diffraction 
peaks of the substrate in PZT and Fig. 4.2.a top panel also indicate a rhombohedral 
symmetry and a poly-domain situation, similar to the case reported by Frano et al. 
for epitaxial LaNiO3 thin film layer.[21] The observation that also the PZT-P layer 
shows a broad diffraction peak suggest that also these layers have a rhombohedral, 
polydomain structure, as is predicted by the position of the end point of the 𝑆𝑆𝑚𝑚0 (𝑇𝑇) 
path in the phase diagram ending in the rhombohedral phase at room temperature. 

 

Figure 4.2. (a) The XRD 2-theta (002) scan of PZT-P (top panel) and PZT-S (bottom panel). 
PFM vertical phase information of PZT-P (b) and PZT-S (d) after lithograph writing with upward 
oriented polarisation (inner dark square) and downward oriented polarisation (outer bright 
square loop), individually. The PFM amplitude of PZT-P (c) and of PZT-S. (e).  
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Figure 4.3. Top panel: (103) RSMs of PZT-P at 25℃, 285℃, 315℃ and 330℃ elevated 
temperatures, respectively. The black dotted circles stand for the position of the fitted 
domain peaks. Two domain PZT domain peaks are visible at 25℃ in the first plot on the 
right, and two peaks move closer to each other at 285℃, then become single domain 
peak above 315℃. The middle panel: RSMs of the PZT-S (-204) reflection on STO 
substrate at 25℃, 200℃, 330℃ and 415℃ elevated temperatures, respectively. The 
black circles stand for domain peaks. Four PZT domain peaks are at 25℃ in the first 
plot on the right, four peaks move closer to each other at 200℃, then become a single 
domain peak above 330℃. The cash circle circles and lines indicate STO substrate 
diffraction peak at varies temperature. And the bottom panel is (113) RSMs of PZT-C at 
100℃, 200℃, 300℃ and 400℃. 
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PMN-PT single crystal is rhombohedral at room temperature and converts in the 
tetragonal phase at around 200℃, then becomes cubic at 250℃.[18, 20] The 
rhombohedral PZT is not directly imprinted from the rhombohedral PMN-PT 
substrate as in Figure 4.3. top panel. It is demonstrated that at 285℃, PZT still has 
a rhombohedral phase, whereas the PMN-PT substrate is cubic. It is therefore the 
rhombohedral is PZT intrinsic symmetry when the thermal misfit strain in PZT is 
0.0025.  

Figure 4.2.b and 4.2.c depict PFM results, where in a central square aera PZT is 
switched down by +7 V, whereas the surrounding square is poled up by a direct 
current (DC) bias of -7 V. The difference between the two phases is 180°. 
Surrounding nanoscale average domain size is around 130 nm. In the supporting 
materials, a AFM scan over the same area as showing in Figure 4.2.b and 4.2.c. The 
inserted surface roughness profile shows a height difference within 1nm in top 
surface topography. The hundred nanometres size of domains in Figure 4.2.a are 
PMN-PT substrate domains, which are easily distinguished from PZT domains 
regarding their respective domains sizes. Since the PZT is rhombohedral, an 
inevitable in-plane PFM signal was detected as shown in Figure 4.2. b. 

RSMs of the PZT-P pseudocubic (103) at different temperatures were measured and 
plotted in the top row of panels of Figure 4.3.. It shows that the out-of-plane lattice 
component slightly decreases with increasing temperature (increasing Qz), but 
secondly and more interestingly is that below about 300℃ a double peak is observed. 
The double peak (103) RSMs correspond to a mechanically relaxed PZT which 
would show 4-symmetry domain peaks in H-L plane[21]. However, due to the 
overlap in the projection plane, only two peaks can be seen. Above 300℃ there is a 
single diffraction as expected for a single domain tetragonal film. This corresponds 
with the strain-path for PZT-P in the model phase diagram. In the supplementary 
information the in-plane and out-of-plane lattice parameters and rhombohedral 
angles derived from RSMs of the PZT-P samples are shown as function of 
temperature in Figure S4.1. right panel. 

The piezoelectric out-of-plane displacement-electric field hysteresis loops of PZT-P 
films, has been given in Figure 4.1. and Figure 4.8. Note that a series of tip 
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mechanical calibrations on a Periodically Poled Lithium Niobate (PPLN) standard 
sample with a known d33 value were used to quantify the PFM measurements. PZT-
P shows a d33 is 81.9 pm/V which is lower than Vergeer’s calculations. 

The rhombohedral symmetry not only explains the appearance of an in-plane signal 
in the PFM scan in Figure S4.2. b, but also clarifies why the signal is relatively weak. 
The PZT rhombohedral angle α is smaller compared to the typical one for BiFeO3, 
α only differs less than 0.5o from 90o. The small angle gives to small sub vector in-
plane components and leading to barely observable in-plane domains information. 
The domain peaks have been converted into lattice parameters at various temperature 
and plotted in Figure S4.1 right panel. The c/a ratio is 1.003 and the α is 89.95° at 
415℃. All pervious measured results for PZT-P show agreements with the 
temperature v.s. thermal misfit phase diagram predicted in Figure 4.1. 

4.2.2.2. PZT on CaF2 substrate (PZT-C) 

To further explore the effects of huge compressive thermal strain in PZT, CaF2 
substrate was chosen by its experimental CTE is 20.5×10-6 K-1, which is slightly 
larger than the principle number mentioned previously. In Figure 4.4. a XRD 
confirms that the PZT on CaF2 substrate (denoted as PZT-C) is well-ordered 
epitaxial film. The diffraction has been chosen since it is close to the (004) diffraction 
of the substrate, the bottom electrode SrRuO3 cannot be seen in this scan range. A 
twinned crystal in CaF2 substrate resulted in a splitting in its (004) diffraction peak. 
The PZT shows one single domain peak in Figure 4.3. middle panel at various 
temperatures, suggesting that the film is in a single domain state at all temperatures, 
excludes the influence of the twinned substrate. Figure 4.4. a phi-scan shows a 45o 
difference between CaF2 (220) and PZT (110), hence a 45o cubic lattice in-plane 
lattice rotation can be deduced in Figure 4.3. b. From the Figure 4.3. d middle panel 
are temperature dependent RSMs of PZT-C the PZT 113 diffraction peaks indicate 
a tetragonal single domain symmetry. The lattice constants as described in Figure 
4.5., α = β = γ = 90° at all temperatures, and a = b = 4.046 Å and c = 4.148 Å at room 
temperature, giving the c/a ratio is 1.025 at room temperature. The c/a value 
decreased along the temperature arising, became to 1.006 at 400℃. The paraelectric-
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ferroelectric phase transition temperature is therefore expected to be higher than for 
PZT-S and PZT-P.  

Figure 4.4. (a) Phi-scan for (220) diffraction peak substrate CaF2 and the (110) 
diffraction peak of PZT film, the difference between CaF2 (220) and PZT (110) is 45°. (b) 
the schematic of PZT has a 45 ° in-plane rotation on CaF2. (c) The XRD 2-theta 004 
diffraction peak of CaF2 and 003 diffraction peak of PZT, associate with the scans at 
varied temperatures.  

The PFM in Figure 4.4. c shows a single domain out-plane phase image. No in-plane 
domain information was measured indicates there is no a/b in-plane tetragonal 
domains. The d33 piezoelectric coefficient in PZT-C is presented in Figure 4.3. 
middle panel, the lowest value 32.4 pm/V among three samples is characterised.  
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Figure 4.5. CaF2 (204), (024) and (0-24) RSMs of PZT-C in the right, middle and left 
panel, separately. PZT (113) single domain diffraction peak can also be seen at bottom 
of each panel. CaF2 (113) RSMs at altered temperatures 100℃, 200℃, 300℃ and 400℃, 
respectively. Bottom right panel is the PZT-C out-plane(top) and in-plane(bottom) lattice 
constants abstracted from the RSMs. Bottom right is calculated c/a ratio, the value 
decreased against the temperature increased. 

4.2.2.3. PZT on SrTiO3 substrate (PZT-S) 

STO shows a CTE value between CaF2 and PMN-PT, therefore an intermediate 
thermal misfit strain is expected in PZT film on STO substrate (denoted as PZT-S). 
In Figure 4.2. bottom panel XRD confirms that the PZT grown on the STO substrate 
is a well-ordered epitaxial film. The diffraction peak of the bottom electrode SrRuO3 
(002) peak with Laue fringes is observed around 46o. Compared to the PZT 
diffraction peak of PZT-P in Figure 4.2. top panel, PZT in PZT-S shows a much 
sharper diffraction peak at 2-theta of 43.91o. The topography in the Figure 4.2.d 
AFM image shows a peak-to-peak roughness of 1nm, demonstrating a very smooth 
surface. Contrary to PZT-P in Figure 4.3. top panel, where only two peaks are visible, 
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in PZT-S, all four closely spaced domain peaks are identical, although the peak 
intensities are not equal.  

Figure 4.7. SAED diffraction tilt series of the rhombohedral PZT-P grown on PMN-PT 
substrate. 

Figure 4.6. Grazing incidence XRD patterns at (200) peaks of PZT and STO, dashed line 
indicates the 2q of PZT (200) when incident angle αin is 2.1° and dashed dots line gives 
the diffraction peak positions of STO. 
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Figure 4.8. Monoclinic PZT-S grown on STO and Phase loop and amplitude measured 
by PFM for PZT-P (right-top panel), PZT-S (right-middle panel) and PZT-C (right-
bottom panel), respectively. The measured d33 value is inserted at the top right. 

Figure 4.3. bottom panel demonstrates an entirely different epitaxial strain level 
between substrate and deposited films at higher temperatures, in contrasts to the 
misfit strain at room temperature. The results are not conclusively showing a 
tetragonal c-phase at 330℃, α is deviating from 90°, nevertheless, a notable change 
is observed compared to room temperature, and it is clear that a single domain phase 
is achieved. For PZT-S at 415℃, a, b and c are all equal, and α is closer to 90°, but 
not exactly 90°. Near the phase boundaries, phenomenological calculations have 
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difficulty in dealing with the slight Gibbs free energy differences between the two 
symmetries, and this may lead to an uncertainty of the exact location of the phase 
boundary in the phase diagram.    

In order to deepen our understanding of the relaxation of the strain in the PZT-S film 
as a function of the distance from the substrate-film interface, grazing incidence 
XRD (GI-XRD) was utilised for investigating the (200) in-plane diffraction peaks, 
see Figure 4.6.. With increasing the X-ray incident angle αin, the beam penetrates 
deeper into the sample. For the STO substrate, the critical α angle is 0.23°. Note that 
the intensities of substrate peaks slightly rise with α increasing, suggests a higher 
contribution from the substrate. For α = 2.1°, the PZT diffraction peak is at 44.272°, 
and for α = 0°, the PZT diffraction peak is at 44.322°. This peak shift corresponds to 
an increase of the PZT in-plane lattice constant by about 0.004 Å, indicating slow 
stress relaxation over the thickness. The data will be discussed in the discussion 
section.  

Figure 4.2. e and f depict PFM measurements for PZT-S. For the central solid square 
area -7 V was applied and for its surrounding square +7 V was applied. The phase 
difference between these two aeras is 180o. Outside the switched aera, the average 
diameter of the PZT domains is about 200 nm. No up or down oriented domains are 
observed as the majority in the phase channel image, neither 45o or 180o oriented 
domains are observed. The piezoelectric response is measured and shows in Figure 
4.8. bottom panel, the PZT gives the highest d33 142.5 pm/V among three PZT 
samples.  

Thus far, this section has shown the PFM, XRD and piezoelectric response 
experimental data for PZT-P, PZT-C and PZT-S. PZT-P, PZT-C and PZT-S show 
their microstructures, symmetries, phase transition temperatures and properties are 
in agreement with the predicted phase diagram in Figure 4.1. We will discuss the 
connections behind these data in the followed section. 

4.3. Discussion 

The structural symmetry and properties are discussed in the following section.  
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Regarding the symmetry of PZT, For PZT-P, Figure 4.3. gives a series of asymmetric 
RSMs at 25℃, 285℃, 315℃ and 330℃, respectively. A typical rhombohedral 
symmetry (103) at room temperature as previously described, shows a α angle 
around 86.31°. At 285℃, two domain peaks are still visible, however, they start to 
merge into one peak. At both 315℃ and 330℃ only one single domain peak is seen. 
In this temperature range, the c/a ratio slightly decreases from 1.001 to 1.000, 
pointing to the fact that the thermal strain brings the PZT close to or at the phase 
boundary at cubic, tetragonal c and rhombohedral triple point.  

In contrast, the situation for PZT-S is much more complicated compared to PZT-P. 
The four monoclinic polydomain peaks merges into one high intensity peak at 330℃, 
where α equals 89.61°, c = 4.1057Å and a = b = 4.1055Å in bottom panel of Figure 
4.3. At 415℃, c/a is was reduced to 1, α was increased to 89.88° as can be seen in 
the right panel of Figure S4.1.. Figure 4.3. bottem panel also shows the linear 
expansion of STO substrate with a decreasing Qz value. More data details of PZT 
lattice constants can be found in Figure S4.1. right panel.  

PZT-C has a single domain tetragonal symmetry at room temperature. A greater in-
plane compressive thermal misfit strain forces the B site ions displacing further in c 
direction, gives rise a bigger c/a ratio in PZT-C as comparing with PZT-S and PZT-
P. Single c-oriented domain also faces higher free energy barrier between the cubic 
phase and the tetragonal phase, resulting in the highest phase transition temperature 
among these three PZT samples.  

Figure 4.3. bottom panel PZT-S [-204] asymmetric RSMs display a very interesting 
domain pattern, which is different from the PZT-P and PZT-C films. Based on the 
location of the four domain peaks, it can be interpreted as monoclinic c type (denoted 
as Mc), which is the polarisation orientation is landed in 100 plane, whereas c > a. 
Figure 4.9. shows the schematic stacks of PZT sample. The ωit stands for the angle 
of Mc c-axis deviated from the normal of the substrate surface. As the PZT thickness 
increases, the plane of the Mc 110 plane is no longer parallel to the substrate surface 
due to the relaxation. The angle ωot stands for the tilting angle between PZT 001 
plane and substrate 001 plane, give rises a disequilibrium four domain peaks in HL 
plane.  
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Figure 4.9. Illustrations of Mc explaining the domain peak pattern and the possible 
observed intensity variations. (a) The schematic Mc in cubic mode, shows the polarisation 
as red arrow P and labels the sub-vector in [100] as am, the sub-vector in [010] direction 
is bm and the sub-vector along [001] monoclinic lattice unit cell is cm; (b) Four possible 
real space lattice vectors for monoclinic c-type are labelled as P1, P2, P3 and P4, separately. 
The ωit stands for the angle of Mc c-axis deviates from the normal of the substrate surface. 
All lattice vectors are given in front-view (top), side-view (middle) and top-view (bottom); 
(f) shows a gradually relaxation with PZT, the lattice close to PZT/SRO interface is 
labelled as Mc and the lattice away from the PZT/SRO interface is labelled as Mc*; (e) 
shows the expected RSM of Mc. 1/am (black dots line) is the middle value for P1 and P3 in 
[H00], and 1/bm (red dots line) is the [H00] value for P2 and P4. P2 is out and above (H0L) 
plane, labelled with solid blue dot. P4 is below (H0L) plane, labelled by a green dash circle. 
1/cm is the projection value in [00L] direction for P1, P2, P3 and P4; (d) is experimentally 
RSM for PZT-S in (204), can be achieved by a tilting of the angle ωot as showing in (c). 
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For the piezoelectric behaviour, Figure 4.1. bottom panel also represents the 
calculated piezoelectric response d33 versus the level of thermal misfit strain of the 
substrate. The red solid line shows the profile of d33 for PZT (x = 0.6), with a steep 
enhancement of the piezoelectric coefficient around 140 pm/V at the Sm value 
marked by the light blue line in Figure 4.1. right panel. Different from bulk ceramic, 
sol-gel and single crystal PZT (x = 0.6), this extraordinary high d33 has not been 
reported for this thin film thickness range before. On the other hand, PZT (x = 0.6) 
d33 is around 110 pm/V at the Sm marked by the orange arrow, which in this case 
denotes the thermal misfit strain between the PZT and PMN-PT. The calculated d33 
value of PZT-P is in agreement with previous studies[22] [23].  

There are a number of similarities between the PZT (x = 0.52) bulk ceramic and the 
PZT-S (x = 0.6) thin film. First, the monoclinic phase has first been reported for the 
low temperature side PZT(x = 0.52) phase boundary on the low temperature side[6], 
and both compositions the monoclinic phase is c type. The monoclinic symmetry has 
been very well classified and studied in the many other ferroelectric materials[24, 
25]. For instance, with the aid of epitaxial strain engineering, BiFeO3 thin films were 
reported to be MB phase on a PrScO3 substrate under a tensile strain[26], and Mc and 
MA  phases coexists on LaSrAlO4 substrate under a compressive strain[27]. In 
another report, a 400nm BiFeO3 film showed a notable rotation of the intrinsic 
spontaneous polarisation (Ps) from the MA to the MB phase induced by in-plain 
strain[28]. In addition, a BiFeO3 phase transition was observed from the lower-
temperature Mc phase to a tetragonal phase at higher-temperature via a MA phase[29]. 
In should be noted here that several researchers refer to the distorted monoclinic as 
a triclinic phase[30, 31] [31] or simplified it to a distorted rhombohedral 
symmetry[32] [33]. In this work, the monoclinic PZT is in-plane partially relaxed 
from the thermal misfit strain and shows shear distortions[34] and could be regarded 
as an intermediate phase towards to a rhombohedral phase for thicker films. Strong 
PZT lattice rotation and tilting in the entire film, associated with tilted twin domain 
walls, lead to a four-fold symmetric poly domain peak, which differs from thinner 
Mc films. Figure 4.6. the GI-XRD illustrates the slight in-plane relaxation of the PZT 
near the top of the layer versus the PZT near the bottom interface. The figure also 
proves the transition from Mc towards the rhombohedral phase, which can give rise 
to an in-plane lattice constant which is decreased at the PZT film top surface. These 
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distortions are a consequence of the thermal misfit strain of STO substrate, in 
comparison to the PZT-P and other rhombohedral symmetry observed in PZT 
films[35]. In addition, one interesting assumption is that a monoclinic A-type phase 
may exist between the Mc and rhombohedral phase, due to lower Gibbs free energy 
and similar polarisation orientation, which demands for a further investigation.  

One criticism of the previous interpretation of the XRD analysis on the PZT-S 
sample in terms of the monoclinic phase is that XRD gives the average information 
over the whole film, so that impurity phases may contribute[6, 36]. We therefore 
decided to perform transmission electron microscopy imaging (TEM) in bright field 
(BF) and dark field (DF) modes as well as selected area diffraction (SEAD) and 
convergent beam electron diffraction (CBED) to investigate the symmetry 
differences between the specimen grown on STO (PZT-S) and the one grown on 
PMN-PT (PZT-P). Furthermore, scanning transmission electron microscopy energy 
dispersive x-ray spectroscopy (STEM-EDX) was performed to rule-out composition 
difference to be the source of the difference in physical properties observed between 
the two films. 

High similarities are observed in both Bright Field (BF) images of PZT-S and PZT-
P, taken along the [110] direction, as seen on Figure S4.4 a and c respectively. For 
both samples, a columnar structure is observed with column widths between 50 and 
100nm. Dark Field (DF) using the (1-11) reflection, as displayed on panels b and d 
of Figure 4.7., reveals similar domain structure for both films. FiguresS4.4e and f 
show respectively an overlap of a selected area diffraction patterns taking from a 50 
nm monodomain region of PZT-S (blue) and from the PZT-P (orange). Diffraction 
patterns were taken along the [100] and [110] zone axis respectively.  Comparison 
of diffraction patterns shows almost no differences between the two films. 
Furthermore, as shown in panel Figure S4.5.-S4.6., no major chemical composition 
difference is seen between the two films as shown by overlapping the EDX spectra 
of both films. The signals from Cu and Mo are a typical artefact usually observed 
due to the FIB grid and a spacer, which are made of copper and molybdenum 
respectively. 
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To gain insight on the crystal structure of PZT-S and PZT-P, a more detailed 
diffraction analysis was performed. Since the main difference between the 
monoclinic PZT(x=0.52) phase and the rhombohedral PZT(x=0.60) phase is the 
symmetry of the unit cell, a tilt series of SAED patterns were acquired. Diffraction 
patterns were taken from the same grain of the film by careful tracking its positions 
during the sample rotation. For each diffraction pattern, the experimental angles of 
a double tilt holder were recorded, which later were compared those calculated for 
two PZT phases. Calculation of the angles between the zone axis was performed 
using the ALPHABETA software[37]. Figure S4.4. (a-c) shows a series of 
diffraction patterns for varying tilt angles, when rotating around the [01-4] direction 
of PZT-S film. A comparison of experimental and calculated angles between the 
zone axis showed good agreement for the rhombohedral structure (Table S4.1.). 
However, due to the symmetry of the rhombohedral unit cell, there are several 
possible (crystallographically equivalent) solutions to index the diffraction patterns, 
but they are all confirming the rhombohedral structure (a list of other zone axis can 
be found in Supplementary Materials). Similar procedure was applied for the 
diffraction patterns of PZT-S that rotated around the [110] direction (Figure. 4.6. d-
f). A good agreement was found for the monoclinic structure (Table S4.2.).  

Second, both monoclinic phases in PZT-S and PZT(x=0.52) exist at the 
rhombohedral and tetragonal phase boundary, which is also as known as the 
morphotropic phase boundary. These monoclinic low symmetry phases mentioned 
previously of BiFeO3, are interpreted as a structural transition between 
rhombohedral and tetragonal, and contribute to an enhanced piezoelectric response 
due to the ease of polarisation rotation[38][39]. In Vergeer’s calculations, the d33 
profile for PZT (x = 0.6) in Figure 4.1. have also demonstrated how this low 
symmetry can result into the enhanced piezoelectric property. Here one has realised 
that for these simulations only single domain piezoelectric response was considered. 
That is why PFM is the best approach of verifying the d33 expectations, since the 
probe tip radius size is only 25 nm, far smaller than one single domain of the PZT. 
It was already noted that PZT-S satisfies the expectations while PZT-C and PZT-P 
shows a much lower d33 value. One possible explanation is the PZT film was still 
clamped by the substrate, the substrate intends to restore the unit cell distortion and 
compensate the polarised interface between the film and substrate. 
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In this work, the monoclinic c-type observed for PZT(x = 0.6) is quite different from 
the monoclinic phase known from the temperature-composition phase diagram.[15] 
To be really sure, it would be necessary to verify the Zr/Ti composition ratio in the 
deposited film. Figure 4.3. describes a RBS measurement, confirming the Zr/Ti 
composition ratio in the film to be 60/40.  

4.4. Conclusion 

In conclusion, we have looked into the thermal misfit strain effect of PZT (x=0.6) 
thin films using different CTE substrates. Using PLD deposition at high temperature, 
PZT-C, PZT-S and PZT-P samples were prepared then characterised by AFM and 
XRD, showing a crystalline and phase pure structure. The different symmetries 
observed in the RSMs of these three samples, taken at room temperature, give a clear 
picture of the major role of thermal misfit strain in the resulting phases that can occur 
in clamped thin films. Moreover, the phase transitions seen as a function of 
temperature also matched the theoretical predictions obtained from calculations. 
These important discoveries are crucial to materials developments and film devices 
design toward a fundamental understanding, which is that in epitaxial films grown 
by PLD, not only the mechanical clamping strain effects should be considered, but 
also the thermal strain. 

4.5. Experimental Section  

The experiments of PZT and SrRuO3 films were carried out on CaF2, SrTiO3 and 
PMN-PT substrates by pulsed laser deposition (PLD). 0.1° miscut SrTiO3 substrate 
from CrysTec GmbH were etched by the buffered HF, left single TiO2 termination 
with well-defined terrace features. The PMN-PT substrates were from SurfaceNet 
GmbH with typical surface features of 10-20 nm height differences caused by its 
domains structures. The films were deposited at 600℃, under a pressure of 0.13mbar 
oxygen pressure. A pulsed KrF excimer laser with a 248nm wavelength was focused 
on at SrRuO3 and PZT polycrystalline ceramic targets at a repetition rate of 4 Hz and 
10 Hz, respectively. The fluences of laser measured on the targets was 2.5 J/mm2. 
The crystallisation of the films was checked by θ-2θ scan, obtained by a Panalytical 
X’pert MRD lab system. Asymmetry RSMs were both taken by Panalytical X’pert 
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MRD with an Aton Paar DHS 900 module and Rigaku Smartlab 9 kW, individually. 
The AFM and PFM were conducted by a Bruker Icon atom force microscope using 
a Cr/Pt conductive coating. Square substrate of periodically-poled lithium niobite 
(PPLN) from Bruker is used as a standard PFM sample for calibration purposes. 

Supporting Information  

the following expression is derived 

𝑆𝑆𝑚𝑚0 (𝑇𝑇) ≡ �
𝑎𝑎𝑠𝑠∗ − 𝑎𝑎0
𝑎𝑎0

�
𝑇𝑇
≈ �𝛼𝛼𝑓𝑓 − 𝛼𝛼𝑠𝑠(𝑇𝑇)�(𝑇𝑇𝑑𝑑 − 𝑇𝑇) + 𝑄𝑄∗𝑃𝑃𝑆𝑆2(𝑇𝑇) 

𝑆𝑆𝑚𝑚0 (𝑇𝑇) is defined as the strain of a film with an equivalent cubic lattice parameter 
𝑎𝑎0 (which can be read as the lattice parameter at temperature T without paraelectric-
ferroelectric phase transition) on a substrate with effective lattice parameter 𝑎𝑎𝑠𝑠∗ at 
temperature T. 𝛼𝛼𝑓𝑓 and 𝛼𝛼𝑠𝑠(𝑇𝑇) are the constant, respectively temperature dependent 
CTE’s of film and substrate. 𝑇𝑇𝑑𝑑 is the deposition temperature (in our experiments 
600 °C). The additional term 𝑄𝑄∗𝑃𝑃𝑆𝑆2(𝑇𝑇) arises from the volume increase of the unit 
cell (and thus the pseudocubic lattice parameter) when going over from the 
paraelectric to the ferroelectric phase. The effective electrostriction constant 𝑄𝑄∗ ≈
(𝑄𝑄11 + 2𝑄𝑄12) 3⁄ = 0.0011 for PZT (x = 0.6). This term is temperature dependent 
through its dependence on the polarization and is here approximated by the LDG-
approximation, 𝑃𝑃𝑆𝑆2(𝑇𝑇) ≈ 𝑃𝑃𝑆𝑆2(0)(1− 𝑇𝑇 𝑇𝑇𝐶𝐶⁄ ), with 𝑇𝑇𝐶𝐶 the Curie temperature of the 
film [note in ref. Strictly speaking 𝑃𝑃𝑆𝑆2(0) and 𝑇𝑇𝐶𝐶 also depend on the strain in the 
film, but the changes are small and can be neglected for the present calculations.] 
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Figure S4.1. Lattice parameters of PZT-P at varies temperature. The α is PZT lattice 
angle between c axis (110) plane, the β is also between c and (001), but 90° differs from 
α in the (001) plane. α and β are not equal. The α and β started to equal above 300℃ 
and only one domain has been left. c/a ratio is not 1 until 400℃. PZT-S lattice constants 
at varied temperatures. The α is PZT lattice angle between c axis (110) plane, the β is 
also between c and (001), but 90° differs from α in the (001) plane. α and β are not equal 
demonstrates an asymmetry relaxation along the polarisation direction in (110) plane. 
The α and β started to equal above 300℃ and only one domain has been left. c/a ratio 
is not 1 until 400℃. The topographic and in-plane PFM phase image of PZT-P.  
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Figure S4.2. (a) The dark and highlighted domains in micrometres scale are attributed 
by the PMN-PT substrate. The PZT in-plane nano domains is scanned with 500 mV DC 
in (b), darken regions are corresponded with out-plane domains, indicating the PFM in-
plane signals were generated from a ferroelectric domain, that the domain contains two 
sub polarisation vectors. The topographic and in-plane PFM phase image of PZT-S. (a) 
The inserted profile is the PZT-S surface roughness. The PZT in-plane nano domains is 
scanned with 500 mV DC, there was only noise detected for PFM in-plane scan in (b). 

Figure S4.3. MeV He-RBS spectrum of the PZT-S and compared to the simulation. The 
composition ratio among lead, Zr and Ti were labelled in the plot. The noted Zr : Ti = 
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0.67 : 0.33 which was fitted the expected composition from the deposition process. 

Figure S4.4. TEM images of the full film grown on STO and on PMN-PT, a) and c) are 
BF-TEM of a lamella of the sample showing similar contrast for the two specimens. b) 
and d) are Dark Field (DF-TEM) images using the (1-11) reflection showing similar 
domain structure and columnar growth for both films. Panels e) and f) are overlay of an 
SAED pattern of the PZT-S in blue and PZT-P in orange taken in both the [100] and the 
[110] zone axis showing almost no differences between the two films. g) EDX spectra of 
the two films showing a similar average composition in cations. 

SAED Phase identification  

As was mentioned in the main text of the paper, a careful calculation of the angle 
between each two-zone axis was performed using the ALPHABETA software [1]. 
This software allows to calculated the angle based on the alpha and beta tilt of the 
double-tilt holder. The results of experimental angles are given in the Table S1 and 
S2 for films grown on STO and PMN-PT substrates. As can be seen from the data, a 
good agreement was found for several solutions of the rhombohedral PZT structure 
and one solution for the monoclinic PZT structure. All six solutions of rhombohedral 
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structure are crystallography equivalent. A slight discrepancy between the 
experimental and calculated angles can be explained by the imperfection of the 
double-tilt holder and possible distortions of the crystal. 

 

Table S4.1. Comparison of experimental and calculated angles between the zone axis of 

Experiment 

 

Solution 1 

 

Solution 2 

ZA 1 ZA 2 23.48 

 

[2, 4, 1] [4, 4, 1] 25.16 

 

[2, 4, 1] [0, 4, 1] 25.16 

ZA 2 ZA 3 11.05 

 

[4, 4, 1] [5, 4, 1] 10.01 

 

[0, 4, 1] [-1, 4, 1] 10.01 

ZA 1 ZA 3 34.44 

 

[2, 4, 1] [5, 4, 1] 35.17 

 

[2, 4, 1] [-1, 4, 1] 35.17 

   
     

   

Solution 3 

 

Solution 4 

 

Solution 5 

[-4, -2, 

1] 

[-4, -

4, 1] 
25.16 

 

[-4, -2, 

1] 
[-4, 0, 1] 25.16 

 

[2, -2, 1] [4, 0, 1] 25.16 

[-4, -4, 

1] 

[-4, -

5, 1] 
10.01 

 

[-4, 0, 1] [-4, 1, 1] 10.01 

 

[4, 0, 1] [5, 1, 1] 10.01 

[-4, -2, 

1] 

[-4, -

5, 1] 
35.17 

 

[-4, -2, 

1] 
[-4, 1, 1] 35.17 

 

[2, -2, 1] [5, 1, 1] 35.17 

   
     

   

Solution 6 

     

   

[2, -2, 1] [0, -4, 1] 25.16 

     

   

[0, -4, 1] [-1, -5, 1] 10.01 

     

   

[2, -2, 1] [-1, -5, 1] 35.17 
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diffraction tilt series shown in fig. 4.7. a-c of the main text. 

 

Table S4.2. Comparison of experimental and calculated angles between the zone axis of 
diffraction tilt series shown in fig. 4.7. d-f of the main text. 

 

 

 

Figure S4.5. EDX analysis of the sample on PMN-PT 

Experiment 
 

Solution 1 

ZA 1 ZA 2 17.2 
 

[0, 0, 1] [1, -1, 6] 18.05 

ZA 2 ZA 3 8.05 
 

[1, -1, 6] [1, -1, 4] 8.02 

ZA 1 ZA 3 25.25 
 

[0, 0, 1] [1, -1, 4] 26.07 
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Figure S4.6. EDX analysis of the sample on STO 
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Chapter 5  Reversible polarisation switching in leaky ferroelectrics through 
“Cut and Stick” ionic gel induced electrostatic field effect 

In this chapter, a transparent and free-standing ionic gel as the dielectric layer for 
polarisation switching in leaky ferroelectric thin films is reported. While typically 
ionic liquids are used in electrical field gating experiments to probe fundamental 
properties of materials, here it is used to circumvent electronic transport through the 
leaky ferroelectric thin films. The association of an electrical double layer (EDL) 
with depolarisation at the solid-liquid interface contributes to the successful 
reversible switching in PbZrxTi1-xO3 (PZT). For mechanical stability reasons, we 
used an ionic gel instead of a liquid. Using such ionic gels, the anisotropic 
ferroelastic switching from mono c-domain towards a-domain is studied in PZT 
grown on CaF2 substrates. Our results demonstrate that an electrostatic field, induced 
by the free-standing ionic gel is an effective and promising way to investigate leaky 
ferroelectrics. 

5.1. Introduction 

Perovskite ferroelectric thin films, such as PZT, have drawn a lot attention in both 
research with focus on the physics as well as applications due to their spontaneous 
polarisations, which can be reversed switched by external fields, such as an electrical 
field, optical fields, or mechanical strain and so forth.[1-10] The fundamental 
understanding of both the polarisation switching process and the functional control 
mechanisms for switching are the main topics when investigating ferroelectrics 
devices.[11, 12] Switching by an electrical field is mainly used in these 
investigations, and one of the primary obstacles is the potential electrical 
conductivity that can occur in ferroelectric thin films caused by structural defects 
such as vacancies. This has significantly hampered the investigation of ultra-thin 
ferroelectric films or high voltage transistors.[13, 14] Contrary to the electric field 
effect, one can use an ionic liquid as the gated dielectrics for the electrostatic field 
modulation, and obtain a charge accumulation or depletion layer at the interface of 
the functional thin films.[15-18] The merits of this method include effective electron 
confinements, high ionic conductivity and excellent electrochemical stability.[19] 
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Lately, the successes in electrostatic modulation of correlated electron behaviours in 
“iontronics” was used to study gated high capacitance ferroelectric transistors.[20-
23] Here we have studied this methodology to switch ferroelectric thin films. 

In order to attach the electrolyte layer on PZT surface during a vertical alignment in 
XRD, in this work, an ionic gel (IG) was made. It contains a three-dimensional 
organic network, immersed with an ionic liquid matrix.[24-26] When a gating 
voltage is applied, over the IG, the cations and the anions are separated, mobilised, 
and charge accumulates at the surface of the gate electrode and the surface of the 
ferroelectrics.[27] While an electric double layer (EDL) is formed inside the IG to 
screen the charges at those interfaces, the polarisation can be switched in the 
ferroelectric film to compensate for the surface charges.[28] The IG with pre-
deposited metal electrodes can be cut into a suitable size and placed on the 
ferroelectric thin films surface to form a device.[29] In this way, a large area of the 
ferroelectric layer can be reversibly and uniformly switched. The top surface of the 
ferroelectric film can also be studied after switching and upon removal of the IG 
without any etching damage. As a side note, the IG shares the benefits of an ionic 
liquid, and also shows the unique tensile strength as a free-standing polymer film. 
These advantages make IG gated ferroelectric transistor suitable for a comprehensive 
study of ferroelectric switching in leaky capacitors. 

In this work, we successfully demonstrated the fabrication of a transparent free-
standing IG, composed of poly(vinylidene fluoride-co-hexafluoropropylene) 
(P(VDF-HFP)) and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([EMI][TFSI]) on a Si wafer substrate with sputtered gold electrodes. The IG was 
subsequently cut and laminated on a pulsed laser deposited PZT thin film and used 
for reversible polarisation switching experiments. Finally, the gel was peeled off 
from the PZT surface enabling the study of ferroelectric domains by piezoelectric 
force microscopy (PFM). The PFM results showed remarkable contrast among 
regions of pristine nano-scale ferroelectric domains, switched up-ward domains and 
reversibly switched down-ward domains in one scan image. In a separate experiment, 
the IG gated capacitor resistance was tested at high voltage and ferroelectric 
switching dynamics were studied. In order to achieve this, an IG covered tetragonal 
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monodomain PZT thin film was poled up to 20V and measured in-situ using X-ray 
diffraction (XRD) and reciprocal space mapping (RSM).  

5.2. Experimental methods 

P(VDF-HFP) (CAS: 9011-17-0) average molecular weight 400,000 and [EMI][TFSI] 
(CAS: 174899-82-2) purchased from Merck are both mixed in acetone solvent with 
weight ratio in 1:4:7, respectively. The solution was stirred at 50℃ for 1h to achieve 
a proper viscosity for spin coating and vacuumed for 1h in order to remove air 
bubbles. An 8-inch radius Si wafer was used as a substrate. 4000 rpm for spinning 
was employed to acquire a uniform gel thickness, which thickness of the gel was 
then measured by atomic force microscopy (AFM). The gel was placed into a DC 
sputter deposition tool to create 400 nm thick patterned gold electrodes. Afterwards 
the gel was placed in a vacuum oven at 60℃ for 24h to remove residual solvent and 
absorbed water. After fabrication, the gel was stored in the atmospheric pressure 
oven at 80℃, in order to prevent absorption of water from the air.  

The poly-domain monoclinic PZT and single-domain tetragonal PZT samples used 
in this chapter were made as described in Chapter 4. The gel was cut and placed on 
the PZT surface; the top gold electrodes were connected to the voltage supply 
Keithley 2400 through copper wires while the SrRuO3 layers were grounded by 
silver paste.  

The ferroelectric properties of the PZT films were studied by switching the 
polarisation electrostatically using an IG as described in steps in Fig. 5.2 e-g. A 
negative 1 V was applied to the top gold electrode, separating the cations and anions 
leading to a poled PZT. Then the gel was peeled off as shown in Fig. 5.1c, followed 
by direct measurement of the PZT top surface using PFM. Subsequently, the gel was 
placed back on the PZT surface at a slightly different position, followed by the 
application of a positive 1V on the IG. The polarisation PZT was measured by PFM 
upon removal of the gel once more.  

In a separate experiment, we characterised the PZT domain switching using the gel 
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by measuring the changes in tetragonal mono c-domain performing 2theta-omega 
scans on a Malvern Panalytical's X'Pert³ MRD as a function of the IG gate voltage. 
Voltages ranging from positive 20 V to negative 20 V were applied and from the 
PZT reflections, the lattice parameters were extracted. RSM was used to identify the 
in-plane a-domain.  

5.3. Experimental results 

Figure 5.1. (a) - (b) the schematics of organic molecular cross-linked in the transparent 
gel; (c) is the moment when ionic gel is peeled off from the PZT surface for PFM 
characterisation;  
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Figure 5.2. (a) - (c) stand for the procedures for IG gated polarisation switching and the 
PFM; (d) – (g) present the results measured by AFM and PFM. (d) is the PFM phase in 
20μm size image. a series of zoomed in scan is showed as topography in (e), the PFM 
phase in (f) and amplitude in (g), respectively. The inserted profile in the phase image (f) 
describes the phase difference before switching is less than 180°, which fits the features 
of Mc in our previous work. The phase difference after switching is 180°. 

Fig. 5.2 a-c show the measurements by AFM and PFM. In Fig. 5.2d the PFM phase 
image shows three different regions of 20μm size. Also, a series of zoomed-in scans 
are shown with topography in e, the PFM phase in f and the amplitude in g, 
respectively. Fig. 5.2e shows a smooth surface of PZT after peeling off the gel and 
cleaning with ethanol; The magnified phase image f shows on the left side a region 
consisting of pristine 100-200 nm PZT domains without any switching, while the 
middle a bright region shows up-ward switched polarisation by the first poling, and 
the right dark region on the right side represents the down-ward reversibly switched 
polarisation by a second poling. The inserted profile in the phase image describes 
the phase information of Mc is same as our previous work in Chapter 4. The phase 
difference after switching is 180° proving a full electrostatic switching that was 
induced by the IG. It is noteworthy that there are several nano-scale dark areas visible 
in the centre up-wards polarised region, indicating that those regions (denoted as 
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PZT-a) are different in their ferroelectric behaviour, which will be discussed in the 
next section.  

Summarizing, the topography indicates that the original PZT surface can be restored 
after peeling off the gel and any residual particles could be removed by wiping with 
ethanol. The PFM amplitude channel shows that the domain boundaries are the result 
of the intrinsic signal without any cross-talk from PFM phase channel. In addition, 
the reversible switching in the down-wards region shows no boundaries indicating a 
large sized mono domain being formed by switching. 

Figure 5.3. (a) – (b) are the PZT film [002] 2theta-omega reflexes against the changing 
voltage form 20V to -20V; (a) particularly points to the maximum 002 peak shifting at -
20V; (c) shows the RSMs of PZT primary peak (c-domain) and the secondary peak (a-
domain) in (103) plane; (d) gives the calculated results of piezoelectric coefficient 
contributed by c-domain and a-domain, respectively.  

The mono-domain tetragonal c PZT thin film polarisation switching was measured 
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in-situ by XRD. Fig. 5.3a and b show the contours of PZT of the (002) reflections 
in 2theta-omega scan. Here it can be seen that the PZT (002) diffraction peak slightly 
changed from 43.522° to 43.436° during the switching. It is noteworthy that a 
secondary peak (PZT-se) at approximate 44.25° appears in Fig. 5.3b while a 
negative voltage is applied. The latter was not reversible, at least during the 
measurement time of about 2h. The primary PZT peak (PZT-pr) however showed a 
reversible change when changing the voltage from +20V to -20V. For better 
understanding of the nature of primary and secondary reflections, the RSM 
measurements were performed see Fig. 5.3c. From these measurements, the PZT 
lattice constants at -20V state in contrast with the original PZT lattice constant before 
poling were extracted as following in Table 1: 

Table 5.1. the tetragonal c PZT lattice constants before and after polling 

a (Å) b (Å) c (Å) Volume (Å3) 

Original 4.04(6) 4.04(6) 4.14(8) 67.90(3) 

PZT-pr 4.11(6) 4.06(1) 4.16(5) 69.61(8) 

PZT-se 4.20(1) 4.06(1) 4.09(7) 67.89(6) 

The out-plane piezoelectric coefficient d33 was calculated and separated into 
contributions from c-domains and a-domains, respectively, (PZT-se) as plotted in 
Fig. 5.3d. The amount of a-domain fraction was unclear and therefore the exact 
number of d33 linked to a-domain is not given. These observations by PFM and XRD 
will be thoroughly discussed in the following section. 

In a short summary: 

• PFM observed a phase changed after IG poling;
• 2theta-omega scans showed changing against gate voltage;
• A PZT secondary peak appears in the RSMs.

5.4. Discussion 

The PFM results demonstrate that reversible switching in a leaky ferroelectric thin 
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film can be successfully controlled by an IG induced electrostatic field placed. The 
phase channel showed phase contrasts, representing 100-200 nm sized up-ward and 
down-ward domains. These results are in agreement with our previously reported 
monoclinic c-type PZT on STO substrate. (Chapter 4) The observation of the up-
wards and down-wards switching proves that reversible switching is possible by a 
1V external field. This differs from the approximate +/-2V switching voltage that 
was reported in the past, which is enabled by the contribution from the interfacial 
electrostatic component. The voltage mobilises ions and causes a new arrangement 
in the IG, the accumulation of ionic potential at interface could much higher than 
1V.[18, 23] Meantime, the depolarisation field at the interface of the ferroelectric 
film could also play a role in here. In generally the depolarisation field can be 
neglected for a 400 nm thick film. Such thickness of PZT film in principle is also 
difficult to be switched by electrostatic effects. But in case of the electrostatically 
controlled solid-liquid interface, the depolarisation field also contributes to 
polarisation switching.[30] It has been reported that a 87nm thick ferroelectric layer 
was switched, when the depolarisation field orientation is in the switching direction.  

Now we continue with the dark regions (PZT-a) in the up-ward region. In the study 
of high-resolution transmission electron microscopy (HR-TEM), the dark field 
images showed there are threading dislocations through the whole thickness of the 
PZT thin film as shown in Fig. 5.4a. In the plane-view image, the point burgers 
vector of these dislocations can be confirmed using Fourier transformation, see the 
insert of Fig. 5.4b. The dislocations are distributed non-uniformly. Some of the 
distances are smaller than 10 nm, which is within the typical strain influence radius 
from the threading dislocation.[31, 32] It is logical to assume the crystal planes 
between these two threading dislocations are locally strained and distorted. There is 
maximum 20% volume of PZT-a in overall PZT could be the result of the part of the 
PZT that surrounds this accumulated line defects. The strain level could be entirely 
different from the matrix of the PZT and could lead to differences in the structure as 
well as the local ferroelectric behaviour. The phase difference between PZT-a and 
the poled up-ward matrix PZT is 180°, suggests the PZT-a preferential polarisation 
orientations may be down-wards.  
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Figure 5.4. (a) is the cross-section TEM bright field image for PZT growth on STO, the 
dark lines are thread dislocations through the entire PZT film; (b) is planar-view TEM 
image, the small inserted FFT image for one of the point defect shows a single burger 
vector, confirming the defects type is thread dislocation; With a smaller scale image in 
planar-view, (c) indicates the relative distances between the thread dislocations; the 
dislocations within each other affect radius may create an abnormal PZT regions (PZT-
a) and PZT-a may be responsible for the unswitchable regions in (d), the inserted profile 
shows the phase difference between the switched up-wards PZT and the unswitchable 
PZT-a regions.   

As an additional demonstration of IG, for mono c-domain PZT, the appearance of 
secondary reflections at a negative voltage correspond to a-domains, with an  
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elongated a-axis. This is probably because of a ferroelastic process occurring during 
the c-domain 180° switching. A 90° domain wall is formed to reduce the free energy 
in the overall system and therefore a metastable poly-domain thin film could form. 
It is interesting to mention that only one a-domain was measured in the RSMs. This 
anisotropic in-plane ferro-elasticity switching has been seen for PZT(x=0.2) growth 
on GdScO3 (110) and DyScO3 (110) substrates.[33, 34] However, there should be 
no anisotropy arising from the CaF2 cubic substrate, leaving the possibility that 
anisotropy comes from a relaxed SRO layer. (SRO a = 5.567Å; b = 5.530Å)[35] 
Meanwhile, the formation of a-domain shows a lower piezoelectric coefficient, 
which means the more c-domain transforms to a-domain, the lower overall d33 value 
should be measured, which leads to a significant d33 dropping around -/+2 V.  

As a final consideration, as the external voltage was increased, electrochemical 
effects may dominate the interface reaction instead of electrostatic effects.[16, 36, 
37] Many reports suggested the organic anions and cations may decompose and 
cause H+ and O2- immigration or ions doping cross the thin films underline a high 
electrical field modulation. Lately in 2017, Nianpeng et al. used D2O and O18 to 
successfully demonstrated that the H+ and O2- originated from the residual water 
absorbed by the ionic liquid.[38] This ionic doping can change the lattice constants 
dramatically and it is not desired for “iontronics” in this situation. Note that, when 
IG of -/+ 20V was used, no significant changes in the PZT unit cell were seen. This 
could be caused by the fact that a dense, low defect perovskite ABO3 is not as prone 
to defect migration as for example a material like SrCoO2.5 that tolerates ions 
migration with a voltage lower than 20V.

In a brief summary: 

• We discussed the demonstration of ferroelectric switching by IG;
• The polarisation switching by electrostatic effect is reversible;
• The tested maximum gating voltage without break-down is 20V;
• A ferroelastic switching was observed as a step of tetragonal c-domain went

through a 180° polarisation switching;
• Only one direction in-plane domain was observed, it is proposed that it was due

to the anisotropic strain from SrRuO3 layer.
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5.5. Conclusion 

In this chapter, the polarisation switching was investigated in leaky ferroelectric thin 
films. because of the high electronic conductivity of the ferroelectric, electrostatic 
fields applied by a flexible IG was used for studying the switching behaviour of 
monoclinic c-type PZT grown on SrTiO3.  

PFM measurements revealed regions within the PZT that could not be switched 
using the IG gating and a mechanism is proposed to link the existence of threading 
dislocations through the whole film to these regions. Moreover, an anisotropic 
ferroelastic switching was studied in this work by IG gated mono c-domain PZT on 
CaF2 as an additional demonstration. The assumption is that this single a-domain 
could be attributed to a potential anisotropy of the bottom electrode SrRuO3 layer. 
The SrRuO3 layer should be studied in more detail to confirm this hypothesis. 
Furthermore, a full cycle switching may be interesting to perform with the purpose 
of understanding the next ferroelastic switching, from in-plane a-domain to complete 
180° switching. The electrostatic potential also requires more detailed study to 
understand the interaction between the DEL and ferroelectric depolarisation field at 
different external voltages. Finally, we would like to point out that with our proof of 
principle of the usage of the transparent and flexible IG to be functional to 
ferroelectric polarisation switching, the elegant and simple cut and stick dielectric 
IG shows great potential for research in ultra-thin, leaky film transistors.  
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Supplementary materials 

Figure S5.1. (a) is the topography of the IG scanned by AFM; (b) and (c) selected two 
different locations and measured the thickness of the IG is given inside the images; (e) 
gives an example of the transparent IG with gold top electrode; (f) – (h) indicate the “cut 
and stick” process and from this series of image. 
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Chapter 6 Summary and outlook 

6.1. Research summary 

The aim of this thesis is to experimentally verify a phenomenological three-domain 
model for clamped ferroelectric thin films, along with its piezoelectric properties 
extensions specified in PbZrxTi1-xO3(PZT) thin films under different boundary 
conditions (strains, temperature or electrical field). The thin film samples are 
produced by pulsed laser deposition (PLD), and the effect of thermal misfit strain 
induced during the cooling process after deposition was studied. In contrast with the 
epitaxial strain in thin films (less than 50nm thick), thin films with typical device 
device thickness are frequently dominated by the thermal strain. The three-domain 
model results show an enhancement in piezoelectric properties of thermal strained 
PZT (composition x=0.6) in compared with its bulk properties. Two strategies were 
followed to validate the three-domain model and the predicted properties. Moreover, 
I was able to derive a PZT film phase diagram. 

First an introduction and experimental section, describe the details of the three-
domain model and the most important model results, as well as tests of the 
experimental strategy. The PZT film was deposited on a Si wafer and made into a 
cantilever for a 4-points bending test. By applying a longitudinal tensile strain, the 
measured accumulated polar surface charges enabled to derive the transversal 
piezoelectric coefficient e31. However, bending calculations and finite element 
analysis (FEA) simulations show that the desired tensile strain can not be reached 
using a Si substrate. Under all tested circumstances, the Si yielded before PZT film 
showing any changes for e31 as was predicted by three-domain model. The details of 
the calculations and simulations setups are presented in Chapter 2. 

The experimental evidence presented in Chapter 4, RSMs showed a definitive 
confirmation of the PZT symmetry. However, for relaxed thin films, the 
interpretation of the RSMs should be different for the case of epitaxially strained 
films. In Chapter 3, a mathematical description for relaxed thin films was 
established with a significant contribution from Dr. E. Houwman. It includes the 
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tetragonal phase, the rhombohedral phase and the A-type, C-type monoclinic phase. 
The calculations allowed me to explain the RSMs measurements in Chapter 4, and 
most interestingly pointed at a distorted C-type monoclinic symmetry for PZT-S. 
Furthermore, this description shows universal applications for all RSM 
interpretation, as the results are in agreement with other publications.  

In the alternative strategy presented in Chapter 4, temperature dependent reciprocal 
space mapping (RSM) was used to identify the crystal symmetry of a PZT (x=0.6) 
film grown on a 70% PbMg1/3Nb2/3O3-30%PbTiO3 (PMN-PT) substrate, a SrTiO3 
substrate and a CaF2 substrate. Due to the thermal strain, at room temperature, the 
PZT on PMN-PT (PZT-P) has the rhombohedral symmetry, while the PZT on STO 
(PZT-S) is monoclinic and the PZT on CaF2 (PZT-C) is single domain tetragonal. 
The paraelectric phase to ferroelectric phase transitions for each sample take place 
as predicted by the calculated phase diagram when tracing the thermal misfit strain 
path during the cooling. Moreover, the piezoelectric component for each sample was 
measured using piezoelectric force microscopy (PFM) with a reference sample. 
Qualitatively, the trend of found for the d33 values agree with the model, the 
quantitative differences can be explained by the limitations of measurement method. 
It was concluded that I successfully proved the validity of the three-domain model. 
However, based on the obtained results of the experiments, I propose further 
refinements of the phase diagram. The meta-stable, monoclinic phase for PZT-S was 
measured instead of the predicted tetragonal a/b/c phase. 

As for the measurements of the properties, the threading dislocations in PZT films 
that are possibly created by misfit strain, limited the direct DC electrical field 
strength due to a high leakiness of the capacitors. Therefore, an ionic gel (IG) was 
used to induce an electrostatic field. The IG shows benefits such as being effectively 
an electronic insulator, but with a high ionic conductivity, and additionally a strong 
mechanical strength and transparency. A free-standing IG was prepared with 
sputtered gold as a top electrode, subsequently cut and stuck onto a functional film 
to complete the transistor, known as “cut and stick” process. The PZT-S was 
successfully reversibly switched by this method as was verified by PFM. Moreover, 
the IG poled PZT-C was in-situ measured by X-ray diffraction (XRD) under 
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application of a variable voltage to be able to determine the out-of-plane 
piezoelectric coefficient. A maximum of 20V was applied without observing any 
leakage, and the ferroelastic switching from c-domain to a-domain was discovered. 
Since the CaF2 substrate itself is cubic, the observation of a single a-domain was 
speculated to be linked to the anisotropic in-plane strain induced by bottom SrRuO3 
layer. These results in Chapter 5 demonstrated the merits using an IG and its 
potential applications in leaky ferroelectric transistors or flexible wearable devices.  

6.2. Outlook 

It is an achievement that this thesis fulfils its project subject with solid experimental 
evidence and several discoveries. However, some problems require further study. 
First of all, the three-domain model should be tested for other secondary order phase 
transitions of clamped thin films. In Chapter 4, the thermal strain applied was mostly 
compressive, a 0.005 tensile thermal strain is desired due to its larger predicted 
enhancement in piezoelectric response compares with PZT-S. Secondly, the origin 
of the threading dislocations remains unclear, but no near nucleation point was 
observed at the PZT/SRO interface. Thirdly, in Chapter 5 the motion of ions inside 
IG while applying a gating voltage is not clear. A series of impedance measurements 
are required to understand the underlying mechanisms. Besides, as the PZT-C was 
not fully switched, it remains a question on how a-domains switch to c-domains, 
although, some studies suggest that a b-domain would appear if the gating voltage is 
increased and finally both a-domain and b-domain become to c-domain. Last but not 
least, the possible anisotropy induced from the SrRuO3 is worth studying.  
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Hoofdstuk 6 Samenvatting en vooruitzichten 

6.1. Onderzoekssamenvatting 

Het doel van deze thesis is om experimenteel een fenomenologisch 3-domeinmodel 

voor geklemde, ferro-elektrische dunne films te verifiëren, samen met de 

bijbehorende piëzo-elektrische eigenschappen van PbZrxTi1-xO3 (PZT) dunne films 

bij verschillende omstandigheden (rek, temperatuur of elektrisch veld). De 

dunnefilmmonsters zijn geproduceerd met gepulseerde laser depositie (PLD), en het 

effect van de thermische rek door verschillende roosterconstanten, geïnduceerd 

tijdens het afkoelproces na depositie is bestudeerd. In tegenstelling tot de dunne 

films (minder dan 50 nm dik) met epitaxiale rek, speelt bij monsters met typische 

toepassingsafmetingen thermische rek meestal een dominante rol. De resultaten van 

het 3-domeinmodel laten een verhoging van de piëzo-elektrische eigenschappen van 

thermisch gerekte PZT (compositie x=0.6) zien, vergeleken met bulk eigenschappen. 

Er zijn twee strategieën gevolgd om het 3-domeinmodel en de voorspelde 

eigenschappen te valideren. Daarbij is het gelukt om een PZT-film fasediagram op 

te stellen. 

Ten eerste worden de details van het 3-domeinmodel en de belangrijkste resultaten 

van het model beschreven in de introductie en experimentele sectie. Hierbij worden 

ook de tests beschreven die gedaan zijn om de experimentele strategie te bepalen. 

De PZT-films zijn gedeponeerd op siliciumwafels en omgevormd tot een 

vrijdragende balk om een vierpuntsbuigtest te kunnen doen. Door longitudinale rek 

aan te brengen maken de gemeten polaire oppervlakteladingen het mogelijk om de 

transversale piëzo-elektrische coëfficiënt e31 af te leiden. Echter, buigberekeningen 

en eindige-elementenanalyse (FEA) simulaties laten zien dat de gewenste rek niet 

bereikt kan worden door gebruik van een silicium (Si) substraat. Bij alle geteste 

omstandigheden begaf het Si het voordat de PZT-film enige verandering in de e31 
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liet zien, zoals voorspeld door het 3-domeinmodel. De details van de berekeningen 

en simulaties zijn te lezen in Hoofdstuk 2.  

In deze thesis zijn röntgendiffractiemetingen gebruikt om de PZT-symmetrie te 

bevestigen. Echter, voor gerelaxeerde dunne films is de interpretatie van 

röntgendiffractie anders dan voor epitaxiaal gerekte films. In Hoofdstuk 3 wordt een 

wiskundige beschrijving gegeven voor gerelaxeerde films. Mede dankzij een grote 

bijdrage van dr. E. Houwman. Deze beschrijving behelst de tetragonale, 

rhombohedrische en de type-A en -C monokliene fases. De berekeningen maakten 

het mogelijk de röntgendiffractiemetingen te verklaren, zoals beschreven in 

Hoofdstuk 4, en wezen in de richting van een vervormde type-C monokliene 

symmetrie voor PZT gedeponeerd op SrTiO3 (STO) substraten. Daarbij is deze 

beschrijving universeel toe te passen op de interpretatie van 

röntgendiffractiemetingen, aangezien de resultaten in overeenstemming zijn met 

andere publicaties.  

Bij de alternatieve strategie in Hoofdstuk 4 zijn temperatuurafhankelijke 

röntgendiffractiemetingen gebruikt om de kristalsymmetrie van PZT (x=0.6) films 

te achterhalen. Deze films zijn gegroeid op een 70%PbMg1/3Nb2/3O3-30%PbTiO3 

(PMN-PT) substraat, een SrTiO3 substraat en een CaF2 substraat. Door de 

thermische rek op kamertemperatuur heeft de PZT op PMN-PT (PZT-P) een 

rhombohedrische symmetrie, terwijl de PZT op STO (PZT-S) een monokliene 

symmetrie heeft en de PZT op CaF2 (PZT-C) een tetragonale symmetrie. De 

faseovergang van para-elektrisch naar ferro-elektrisch vindt voor elk monster plaats 

zoals voorspeld werd door het berekende fasediagram, bij het volgen van de 

thermische rek tijdens het afkoelen. Daarbij is de piëzo-elektrische component 

gemeten voor elk monster doormiddel van piëzoresponskrachtmicroscopie (PFM) 

en een referentiemonster. Kwalitatief klopt de gevonden trend voor de d33-waarden 

met het model. The kwantitatieve verschillen kunnen verklaard worden door de 
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limiet van de gebruikte meetmethode. Al met al kan er geconcludeerd worden dat 

het 3-domeinmodel succesvol is bewezen. Echter, gebaseerd op de gevonden 

resultaten is het aan te raden om het PZT fasediagram verder te verfijnen. De 

metastabiele, monokliene fase van PZT-S is tegenstrijdig met de voorspelde 

tetragonale a/b/c-fase. 

Het meten van de eigenschappen werd gelimiteerd door  schroefdislocaties in de 

PZT dunne films. Deze dislocaties zijn mogelijk ontstaan door de grote rek in de 

PZT films. Hierdoor is de DC elektrische veldsterkte sterk gelimiteerd, aangezien de 

gemaakte structuren een hoge lekstroom hadden. Daarom is gebruik gemaakt van 

een ionische gel (IG) om een elektrostatisch veld te induceren. De IG is effectief een 

isolator, maar heeft wel een hoge ionische geleiding en daarbij een hoge 

mechanische sterkte en transparantie. Een vrijstaande IG is gemaakt met gesputterd 

goud als topelektrode. Vervolgens is de gel gesneden en op een functionele film 

aangebracht om een transistor te maken. De PZT-S is op deze manier reversibel 

omgeschakeld en dit is bevestigd door PFM. Bovendien is de IG-gepoolde PZT-C 

in-situ gemeten met röntgendiffractie terwijl er een variabel voltage aangelegd werd 

over het monster. Hiermee is de piëzo-elektrische coëfficiënt achterhaald. Bij het 

aanleggen van maximaal 20 V, zonder dat er enige lekstroom gemeten is, is de ferro-

elastische omschakeling van c-domeinen naar a-domeinen ontdekt. Aangezien het 

CaF2 substraat kubisch is, is de observatie van een enkel a-domein wellicht 

veroorzaakt door de anisotropische rek geïnduceerd in de SrRuO3 laag. Deze 

resultaten in Hoofdstuk 5 demonstreren het voordeel van het gebruik van IGs en de 

potentiële toepassingen in flexibele, draagbare apparaten of ferro-elektrische 

transistoren met een hoge lekstroom.  

6.2. Vooruitzichten 

Het experimentele bewijs en verschillende ontdekkingen in deze thesis hebben het 
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project tot een goed einde gebracht. Echter zijn er nog een paar zaken die verdere 

studie vereisen. Ten eerste zou het 3-domeinmodel verder getest moeten worden 

voor andere geklemde, dunne films met tweede-orde-faseovergangen. In Hoofdstuk 

4 is de toegepaste thermische rek samendrukkend, terwijl een 0.005 uitrekkende 

thermische rek gewenst is, vanwege de grotere voorspelde verhoging van de piëzo-

elektrische respons vergeleken met PZT-S. Ten tweede is de origine van de 

schroefdislocaties onduidelijk. Aangezien er geen deeltjes of moleculen zijn 

waargenomen bij het PZT/SRO grensvlak, is het mogelijk dat de dislocaties 

veroorzaakt worden door een rekeffect. Ten derde is er in Hoofdstuk 5 nog 

onduidelijkheid over de beweging van de ionen in de IG, terwijl er een gatespanning 

aangelegd wordt. Impedantiemetingen zijn nodig om de onderliggende mechanismes 

te begrijpen. Daarbij, aangezien de PZT-C niet compleet omgeschakeld is, is het nog 

steeds de vraag hoe a-domeinen omschakelen tot c-domeinen. Sommige studies 

suggereren dat b-domeinen ontstaan als de gatespanning genoeg opgehoogd wordt, 

waarna uiteindelijk zowel a- als b-domeinen veranderen in c-domeinen. Tot slot is 

de anisotropie die door het SrRuO3 geïnduceerd is nog nooit gerapporteerd en dit 

zou verder bestudeerd kunnen worden.   
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