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Abstract 

Lead-based piezoelectric materials, such as PbZrxTi1-xO3 (PZT), have attracted 
considerable attention and have been widely used in actuators, sensors and 
transducers due to their excellent electric properties. However, considering the 
toxicity of lead and its oxides, environmentally friendly lead-free piezoelectric 
materials are attracting more attention as potential replacements for PZT. 
Among them, Bi0.5Na0.5TiO3 (BNT)-based materials exhibit good electrical 
properties and electromechanical coupling response. In this work, the 
0.97Bi0.5Na0.5TiO3-0.03BiAlO3 (BNTBA) thin films (~120 nm thickness) were 
successfully prepared using the pulsed laser deposition (PLD) method on 
Pt/TiO2/SiO2/Si substrates. The effects of substrate temperature, oxygen 
pressure, laser repetition rate, and post-annealing treatment were investigated. 
X-ray diffraction (XRD) and scanning electron microscope (SEM) are used to 
study the structure of the films and the ferroelectric and dielectric properties 
are measured. The results show that it is necessary to introduce excess sodium 
and bismuth to compensate for their evaporation in further thermal treatment. 
The values of remnant polarization increase from 8.7 μC/cm2 to 12.3 μC/cm2 
with the introduction BiAlO3. The dielectric constant increases from 600-550 
to 710-600 and the dielectric loss increases from 4.2% to 6.7% at higher 
frequency when the oxygen pressure increases from 20 Pa to 30 Pa. 
 
 
Keywords: PLD method; piezoelectric thin film; electrical 
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Abstract 

Blybaserade piezoelektriska material, såsom PbZrxTi1-xO3 (PZT), har väckt stor 
uppmärksamhet och har använts i stor utsträckning på grund av deras 
utmärkta elektriska egenskaper. Men med tanke på toxiciteten hos bly och dess 
oxider lockar miljövänliga blyfria piezoelektriska material mer uppmärksamhet 
från forskare som potentiella utbyten för PZT. Bland dem uppvisar 
Bi0.5Na0.5TiO3 (BNT) -baserade material bra elektriska egenskaper och 
elektromekanisk kopplingssvar. I detta arbete framställdes 0,97Bi0.5Na0.5TiO3-
0.03BiAlO3 (BNTBA) tunna filmer (~ 120 nm tjocklek) med användning av 
pulserad laseravsättningsmetod på Pt / TiO2 / SiO2 / Si-substrat. Effekterna av 
substrattemperatur, syretryck, laserrepetitionshastighet och efterglödande 
behandling undersöktes. Röntgendiffraktions (XRD) och 
skanningelektronmikroskop (SEM) används för att studera filmens struktur 
och de ferroelektriska och dielektriska egenskaperna mäts. Resultaten visar att 
det är nödvändigt att införa överskott av natrium och vismut för att kompensera 
för deras avdunstning vid vidare termisk behandling. Värdena för återstående 
polarisation ökar från 8,7 μC / cm2 till 12,3 μC / cm2 med introduktionen 
BiAlO3. Den dielektriska konstanten ökar från 600-550 till 710-600 och den 
dielektriska förlusten ökar från 4,2% till 6,7% vid högre frekvens när syretrycket 
ökar från 20 Pa till 30 Pa. 
 
 
Nyckelord: PLD-metoden; piezoelektrisk tunnfilm; elektriska 
egenskaper 
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1 Introduction  

Lead-based piezoelectric materials, including PbZrxTi1-xO3 (PZT), have 
attracted considerable attention and have been widely used in 
microelectromechanical systems [1] because of their good electrical properties.  
 
Considering the toxicity of lead and its oxides, environmentally friendly lead-
free piezoelectric materials have gained increasing attention as replacements 
for PZT. The main lead-free piezoelectric material systems are the perovskite-
type (ABO3) materials including BaTiO3 (BT), K0.5Na0.5NbO3 (KNN) and 
Bi0.5Na0.5TiO3 (BNT). In this thesis project, piezoelectric BNT-based thin films 
were prepared on Pt/TiO2/SiO2/Si substrates by pulsed laser deposition (PLD) 
method using a KrF excimer laser. The influences of the PLD instrument 
parameters were investigated. Besides, the ferroelectric and dielectric 
properties of the films were evaluated.   

1.1 Background 

The piezoelectric effect is a reversible process that connects the mechanical 
properties with the electrical properties of the materials [2]. The direct 
piezoelectric effect can be understood as occurring in crystalline materials with 
no inversion symmetry that can create electricity when subjected to mechanical 
force. Conversely, the reverse piezoelectric effect refers to the generation of a 
mechanical strain by the applied electric field. 
 
The phenomenon of the direct piezoelectric effect was first discovered by the 
brothers Pierre and Jacques Curie in 1880. A year later, the reverse effect was 
deduced from thermodynamics by Gabriel Lippmann. Curies proved the 
reverse effect and went on to prove the linear and reversible nature of the 
piezoelectric effect. 
 
The piezoelectric effect was first used in the sonar technology during the First 
World War. By submerging the device and applying a voltage according to the 
mechanism of the reverse piezoelectric effect, the depth of the ultrasonic 
submarine can be obtained since the detector was able to emit a high-frequency 
pulse from the transducer and timing the return echo [3]. 

1.2 Problem 

In this work, the high-quality target bodies 0.97Bi0.5Na0.5TiO3-0.03BiAlO3 

(BNTBA) and Bi0.5Na0.5TiO3 (BNT) were prepared by the conventional ceramic 
route. The BNT-based thin films will be prepared by PLD method and several 
measurements will be carried out to measure the ferroelectric and dielectric 
properties of the BNT-based thin films.  
 
Although BNT has been considered as one of the candidate lead-free materials, 
there are also a number of problems relating to its use. Firstly, it has a relatively 
high coercive field (Ec=73 kV/cm). Secondly, it has a high leakage current 
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density [4]. Thirdly, its chemical stability is poor. The drawbacks make the pure 
BNT difficult to be poled and get real applications. 
 
What are the optimal parameters of the PLD setup for preparing BNT-based 
thin films? And how do the ferroelectric and dielectric properties of the 
obtained films compare with films derived under different experimental 
conditions? 

1.3 Purpose 

The purpose of the thesis is to determine the optimal experimental conditions 
and to obtain high-quality polycrystalline BNT-based thin films by PLD method. 
Good electrical properties can indicate that environmentally friendly BNT-
based materials have the potential to replace PZT ceramics. 

1.4 Goal 

The goal of the investigation is to explore lead-free BNT-based materials to 
meet the increasing demand for global environmental protection. 

1.4.1 Benefits, Ethics and Sustainability 

RoHS refers to the Restriction of Hazardous Substances Directive adopted in 
2003 by The European Union limiting the use of certain substances in 
consumer electronic products [5]. Lead is one of the limited hazardous 
substances. Thus, environmentally friendly lead-free piezoelectric materials 
have the potentially wide application. 

1.5 Methodology / Methods 

The target material, BNT itself will be obtained by the conventional ceramic 
process. X-ray diffraction (XRD) is used to check the phase structure if thin 
films and scanning electron microscope (SEM) is regarded as an effective tool 
to examine surface/cross-section morphology of BNT-based thin films. Besides, 
the ferroelectric measurements will be performed using ferroelectric analyser 
while the dielectric properties will be measured by the dielectric frequency 
relation measurement system.  

1.6 Delimitations 

Actually, it is hard to obtain high-quality BNT-based thin films using the PLD 
method. All of the experimental conditions such as the gas pressure and the 
substrate temperature can influence the performance of the thin films 
significantly. In addition, the electrical properties of BNT-based thin films can 
be enhanced, for example, by doping method [6].  

1.7 Outline 

This report consists of six chapters summarizing the entire master’s thesis 
project as well as the suggested future research and preparation improvements. 
 
The second chapter provides the background theory to understand the work 
including the piezoceramics and some thin film growth technologies. 
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The third chapter briefly describes the measurements used in this work. 
 
The fourth chapter introduces the whole thesis work in detail: how the target 
materials were obtained by the conventional solid-state method, how the BNT-
based thin films were prepared by PLD and the process of measurement of the 
ferroelectric and dielectric properties. 
 
The fifth chapter gives the results of the experiments and the discussion. 
 
The last chapter presents the conclusions of this work and some possible 
improvements. 
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2 Theory 

In the search for alternatives to currently used lead-based materials for 
applications in actuators, sensors and transducers [1], bismuth sodium titanate 
(BNT) is an environmentally friendly lead-free piezoelectric material. This work 
is driven by the fact that the RoHS limits the use of ten hazardous materials in 
the manufacture of electrical and electronic equipment, including lead, mercury 
and cadmium [5]. 
 
Bismuth sodium titanate Bi0.5Na0.5TiO3 is one of the lead-free piezoelectric 
materials and was discovered by Smolensky et al. [7]. It has a remnant 
polarization (Pr) of 38 μC/cm2, Curie temperature (Tc) of 320°C and coercive 
field (Ec) of 73 kV/cm [8]. 
 
Structurally speaking, BNT, among the family of perovskite-type materials with 
complicated phase transitions, is an example for which the substitution of A-
sites results in a higher saturated polarization and lower remnant polarization.  
 
The common methods used for the preparation of BNT-based thin films are as 
follows: sol-gel method, pulsed laser deposition (PLD) method and radio-
frequency (RF) magnetron sputtering method. The sol-gel method is widely 
used due to the advantage of its low cost, facility of stoichiometry control and 
simple fabrication equipment.  

2.1 Crystalline structure 

Solid materials can be classified as crystalline or amorphous according to the 
degree of order of the atoms. For example, diamond, metal and graphite are 
common crystalline materials while paraffin and rosin are amorphous 
materials. In general, crystalline materials have a stable melting point and 
regular appearance, but amorphous materials do not have these kinds of 
properties. Crystalline materials can be further divided as monocrystalline and 
polycrystalline. 

2.1.1 Periodicity of crystalline structure 

The regularity of the crystals indicates the regularity of the atoms. An X-ray 
diffraction method is used to verify that the spatial arrangement of the atoms 
inside the crystalline material is periodic, an arrangement which can be 
described as a space lattice. Thus, all crystalline materials can be classified into 
32 point groups (also known as the crystal classes) as shown in Table 1. 
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Table 1. Representations of 32 point groups [9]. 

Class 
Non-centrosymmetric 

point groups 
Centrosymmetric point 

groups 

Cubic 23, 432, 4
_

3m m3, m3m 

Hexagonal 6, 6
_

, 622, 6mm, 6
_

m2 6/m, 6/mmm 

Trigonal 3, 32, 3m 3
_

, 3
_

m 

Tetragonal 4, 4
_

, 422, 4mm, 4
_

2m 4/m, 4/mmm 

Orthorhombic 222, 2mm mmm 

Monoclinic 2, m 2/m 

Triclinic 4 1 

2.1.2 The internal structure of crystalline 

Among all the 32 crystal classes, 20 reveal piezoelectric properties since they 
are not centrosymmetric. Piezoelectricity can be defined as the relationship 
between the applied mechanical stress and the electrical charge/voltage. 
Besides, 10 point groups in the subgroup of the piezoelectric materials are 
called pyroelectric materials. These materials have a single polar axis and show 
spontaneous polarization without an externally applied electric field or 
mechanical stress. Finally, ferroelectric materials are these class of materials 
for which this spontaneous polarization can be switched by applying an 
electrical field (see Figure 1). 
 

 
Figure 1. Classification of crystalline materials due to their electrical response. 
 
 
 
 
 
 
 

All crystalline materials 

Piezoelectric materials 

Pyroelectric materials 

Ferroelectric materials 
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2.2 Piezoelectric materials 

The direct piezoelectric effect correlates with the induced electricity when 
subjected to an applied force, whereas the converse piezoelectric effect refers to 
the expansion or shrinkage of the ceramic sample in response to applied electric 
field as shown in Figure 2. 
 

                                
 
Figure 2. Schematic diagram of (a) direct piezoelectric effect: polarization P 
caused by applied stress F. (b) reverse piezoelectric effect: applied electric field 
E results in a small displacement △l. 

2.2.1 Spontaneous polarization 

The current, most widely used piezoelectric ceramics have a perovskite 
structure and include BaTiO3, PbTiO3, PbZrxTi1-xO3 and KxNa1-xNbO3, which 
have the same common characteristics. Firstly, they can be written using the 
same chemical formula ABO3. Secondly, the corresponding ions are arranged 
in the same positions in a crystal cell. As shown in Figure 3, type A atoms (Pb2+, 
Ba2+ or K+) sit at cube corner positions and type B atoms (Ti4+, Zr4+ or Nb5+) sit 
at the body-centre positions. 
 
The crystal structure of piezo materials is not invariable, and it can be affected 
by temperature. When the temperature is above Tc, a piezo material shows no 
piezoelectric effect if it is a cubic crystal system while the piezoelectric effect 
appears, for a tetragonal crystal system, below the temperature Tc, where Tc is 
called the Curie temperature. The side lengths of a crystalline hexahedron can 
be represented by a, b or c. Since the asymmetry of the tetragonal crystal system 
(a=b<c) results in the electric polarization without an applied electric field 
when compared with the cubic system (a=b=c), spontaneous polarization is due 
to the internal structure of the crystal itself. 
 

F 

P 

E △l 

(a) (b) 
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Figure 3. Schematic illustration of the ideal perovskite structure [10]. 

2.2.2 Ferroelectricity 

Ferroelectric materials are a special case of piezo-material behaviour. 
Ferroelectricity is a characteristic of piezo-materials if the spontaneous 
polarization can be switched when applying an electric field. 
 
A typical ferroelectric hysteresis loop is shown in Figure 4. The relationship 
between the polarization and the external electric field is non-linear, and the 
polarization is reversed when the external electric field is reversed. Polarization 
inversion is the result of domain inversion, so the hysteresis loop indicates the 
presence of electric domains in the materials. An electric domain is a small 
region in which the direction of spontaneous polarization is uniform. Besides, 
the boundary between the domains is called the domain wall. In general, 
ferroelectric crystals do not spontaneously form single domain structures, but 
it occurs by the application of a strong external electric field.  
 
If the direction of the polarization is parallel or nearly parallel to the orientation 
of the external electric field, the electric domain will rapidly expand due to the 
formation of the new domain nucleus and the movement of the domain walls. 
Conversely, the domains in other directions will decrease and then disappear, 
turning the entire crystal into the single domain structure.  
 
The electric domain reversal process refers to the formation of new domain 
nucleation and the movement of the wall when applying an electric field. This 
reversal has some hysteresis characteristics, so the ferroelectric materials 
exhibit a hysteresis loop, as shown in Figure 4, where Ec is called coercive field,  
Ps means spontaneous polarization and Pr refers to remanent polarization 

http://www.globalsino.com/EM/page1803.html
http://www.globalsino.com/EM/page2380.html
http://www.globalsino.com/EM/page1802.html
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Figure 4. Typical hysteresis loop of a ferroelectric material [11]. 

2.2.3 Dielectricity 

Generally, dielectrics are non-conductive insulator materials which can be 
polarized by an applied electric field and the piezo- ferroelectric crystal is a 
dielectric material. Two of the important parameters of the material describing 
its polarization properties are the dielectric constant and loss.  
 
The dielectric constant represents the response of the material polarization to 
the external electric field. Typical crystalline materials are anisotropic, that is, 
the physical properties are different for different crystal orientations. The 
dielectric constant depends on this anisotropy, which is different due to the 
crystal symmetry of various crystal systems. The relationship between the 
dielectric constant ε, capacitance C, electrode area A and the distance between 
electrodes d can be described by equation 1:  
 

C=εA/d                                                         (1) 
 
where ε=κε0, κ is the relative dielectric constant which has no units and ε0 is the 
vacuum permittivity. 
 
Piezoelectric elements generate heat during use, showing that there is always a 
part of the electrical energy converted into thermal energy.  Generally, the 
electric energy transformed into heat per unit time is called the dielectric loss, 
one of the important quality indicators of dielectric materials.  
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2.3 Thin film technologies 

Physical vapour deposition (PVD), chemical vapour deposition (CVD) and 
chemical solution deposition (CSD) are the three main thin film deposition 
techniques. Literally speaking, Source gases and energy are introduced into a 
reaction chamber by CVD methods, resulting in the reaction of the chemicals to 
form the film. CSD is also known as the sol-gel method. PVD processes are 
sputtering and evaporation mostly. A comparison of these methods can be seen 
in Table 2. 
 

Table 2. Comparisons between the main three film technologies. 

Methods Advantages Disadvantages 
 

 

PVD 

High-quality High costs 

Safe Vacuum 

Compatible with 

integrated industry 

High deposition 

temperature 

 
 

 

CVD 
 

High deposition rate Impurities 

Well controlled Expensive raw material 

Compatible with 

integrated industry 

High deposition 

temperature 

 
 

 

CSD 

Well controlled Difficult to form the 

large area thin film 

Low demand in 

equipment 

Hard to become 

industrialized 

Various shapes of 

substrate 

Poor quality of thin film 

crystallization 

 

2.3.1 Physical vapour deposition 

Physical vapour deposition means the process in which a target material goes 
from a solid phase into a vapour phase and then deposited on substrates 
without any chemical reactions. 
PLD is one of the PVD techniques in which a high-energy laser is focused to 
excite the target surface inside the ultrahigh vacuum chamber with the presence 
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of a background gas. As shown in Figure 5, the target material absorbs the 
energy and the atoms/molecules ablated from the surface then form a plasma 
plume. The plasma is deposited onto a substrate forming the film. 
 

 
Figure 5. Schematic diagram of typical pulsed laser deposition [12]. 

 
PLD method exhibits practical advantages. Firstly, the PLD method can 
stoichiometrically transfer the target material from its solid phase to deposit 
the film [13]. Secondly, the laser is outside of the vacuum chamber, thus 
minimizing any impurities caused by the energy source. Thirdly, it is easy to 
control the thickness of the thin film and form a multilayer film by changing the 
laser repetition time, deposition time and rotating the target holders. The 
thickness of the film is linear with the growth time under ideal conditions.  
 
In spite of the above advantages of the PLD method, one of the major challenges 
of the approach is the defects or particulate concentrations caused by the 
surface boiling, which may occur in the process of nucleation and growth of the 
film and thereby affect its electrical properties. 

2.3.2 Chemical vapour deposition 

The CVD method refers to the technique by which thin films can be obtained by 
chemical reactions inside the chamber when energy is applied. Typically, a 
reaction chamber, a gas delivery system and an energy supplier are needed in a 
CVD apparatus.  
 
The process of CVD can generally be divided into three stages. Firstly, the 
coating material is sent to the reaction chamber before energy is applied to 
reach a certain temperature. Then, the resource gases are introduced and react 
on the surface of the substrate. Finally, the suspended material begins to settle 
down onto the substrate and waste gases are removed from the chamber. 
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2.3.3 Chemical solution deposition 

CSD is also known as the sol-gel method. It is a relatively low cost, simple 
process that produces stoichiometrically accurate samples. Inorganic 
substances or metal alkoxides are dissolved in a solvent and used as precursors. 
After the reactions of hydrolytic polymerization, a stable and transparent sol-
gel system is obtained in the solution. Finally, these solutions are deposited 
onto the substrate uniformly by spin coating or other techniques, forming the 
desired thin films after proper heat treatment. 
 
Compared with other solid phase reactions, the chemical reaction in a liquid 
phase will be easy to carry out, and a lower synthesis temperature is required 
since it is commonly believed that the diffusion of the components in the CSD 
method is in the range of nanometres. However, CSD also has some 
disadvantages. For example, the raw material is expensive; the organic solvent 
is considered harmful to humans; the entire sol-gel process takes a long time; 
small holes may be generated in the film. 

2.4 The development of BNT-based thin films 

Pure BNT materials have a number of obstacles that have caused problems. It 
has relatively high coercive field (Ec=73 kV/cm), a high leakage current density 
[4] and its chemical stability is poor due to the volatility of sodium and bismuth 
at higher temperatures. It was reported that sodium and bismuth evaporate 
easily at around 100-500°C when the pressure is reduced down to 10-3-10-4 Pa 
[14]. 
 
Hence, pure BNT needs to be modified and many efforts have focused on 
modifying the electrical properties of BNT, for example by adding titanates or 
niobates, forming a new solid solution [6].  
 
The boundary separating the two phases is called the morphotropic phase 
boundary (MPB) in a phase diagram. The polarization of ferroelectric ceramics 
near the MPB is relatively easier and its electrical properties are improved. The 
introduction of the second or third components to form a new solid solution 
means that the new MPB needs to be determined, which is the principle of the 
modification. 
 
Modification by doping is another method [6]. An element having a similar 
ionic radius is doped into the ceramic system, thereby partially replacing a 
certain ion to form a solid solution, affecting the performance of the ceramics. 
 
Table 3 listed below shows some reports concerning about BNT or BNT-based 
thin films in recent years. In comparison, only few reports are concerned with 
the preparation of BNT-based thin films by the PLD method. 
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Table 3. The electric properties of BNT-based thin films in recent years. 

Composition 
Pr 

(µC/cm2) 
Ec(kV/cm) 

Dielectric 
constant/loss 

Thickness Method 

BNT 

10 70 430(12 kHz) 0.07 350 nm CSD [15] 

9 90 425(12 kHz) 0.07 350 nm CSD [16] 

11.9 37.9 500(10 kHz) 0.05 170 nm PVD [17] 

11.9 37.9 480(10 kHz) 0.24 170 nm PVD [18] 

0.975BNT-0.025BC 10 74 500(1 kHz) 0.22 745 nm PVD [19] 

BNKLT 13.9 102     350 nm PVD [20] 

xBNT-(1-
x)BT 

0.94BNBT 12 87     200 nm CSD [21] 

0.92BNBT 22 120 820(100 kHz) 0.13 530 nm PVD [22] 

0.94BNBT-Rb 28.9   681(100 kHz)   150 nm CSD [6] 

0.94BNBT-Mn 33 125     250 nm PVD [23] 

0.938BNBT-
Mn 

22 91 800(1 kHz) 0.05 300 nm PVD [24] 

0.935BNBT-
Mn 

11.3 65     380 nm PVD [25] 

BNT-BKT 

NKBT 12.5   628(100 Hz) 0.036 
500 nm CSD [26] 

NKBT/LNO 14.6   290(100 Hz) 0.018 

0.9BNT-
0.1BKT 

    1200(10 kHz) 0.02 300 nm CSD [27] 

NKBT 
13.6 104.8 406(100 kHz) 0.064 270 nm CSD [28] 

38       700 nm CSD [29] 

0.97BNT-0.03BA 
16.5   385(100 kHz) 0.029 660 nm CSD [30] 

19   422(100 kHz) 0.039 600 nm CSD [31] 
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3 Measurement methods 

This section describes the measurements used in this master’s thesis work, 
namely the X-ray diffraction (XRD) tool, scanning electron microscope (SEM) 
and electric testing system. 

3.1 X-Ray Diffraction (XRD)  

X-ray diffraction is a method for determining the crystal structure and 
orientation of a material. As shown in Figure 6, light waves numbered 1, 2, 3 
with the same wavelength can either reinforce or cancel each other when 
travelling in the same direction. Then, the beams are deflected by the crystal 
planes, and the deflected waves will not be in phase unless nλ = 2d sinθ, where 
n is an integer, λ is the wavelength, d is the spacing between the parallel crystal 
planes and θ is the incident angle. 

 
Figure 6. Schematic diagram of Bragg’s law [32]. 

 
Bragg’s law describes that constructive interference occurs when they have a 
phase difference of nλ, while completely destructive interference occurs when 
they have a phase difference of nλ/2. The XRD measurement starts at a low 
angle and sweeps to a higher angle at a certain rate, measuring the intensity of 
the reflected X-rays. Constructive interference can be detected when matches 
the predicted angles and the peaks in the intensity are available in the plot. 

3.2 Scanning electron microscope (SEM) 

SEM is used to acquire high-resolution images of a sample’s surface or a cross-
section. Figure 7 shows the most common SEM mode in which the secondary 
electrons emitted by the sample are detected. A focused beam of electrons 
produced by the electron gun interact with atoms on the surface, producing 
different kinds of signals (backscattered electrons and secondary electrons) that 
contain information about the surface topography and its components if the 
SEM tool is combined with energy disperse spectroscopy (EDS). 
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Figure 7. Schematic diagram of a scanning electron microscope [33]. 

3.3 Ferroelectric and dielectric testing system 

Top Au electrodes are sputtered on the surface of the thin film before the 
electric measurements. The TF Analyzer 2000 measurement system (TF-2000, 
aixACCT, Germany) can be used to measure the polarization-electric field 
hysteresis loops with an FE module as shown in Figure 8 while the dielectric 
constant and dielectric losses of the thin film are measured using an impedance 
analyser (4294A, Agilent Technologies, USA). 
 

 
Figure 8. TF Analyzer 2000 measurement system. 
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The TF Analyzer 2000 is the most widely used analyser for ferroelectric 
ceramics. The machine itself is based on the FE module concept, which can be 
used for hysteresis measurement and leakage current measurement. 
 
An impedance analyser is used to measure the material properties at lower 
frequencies, from 10 to 108 Hz. Figure 9 shows the setup of testing system. The 
actual voltage across the sample is monitored simultaneously by measuring its 
capacitance and dissipation since the term “dielectric” describes the ability to 
store energy. 
 
 
 
 
 
 
 
 
Figure 9. Schematic diagram of manipulation platform for both ferroelectric 
and dielectric testing system. 

Substrate 

Thin film 

Ferroelectric/dielectric testing system 

Au top electrode 
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4 Experimental procedures 

This section introduces the experimental processes using in the whole master’s 
thesis consisting in the preparation of target ceramic materials (Bi0.5Na0.5TiO3, 
0.97Bi0.5Na0.5TiO3-0.03BiAlO3 and 0.97Bi0.5Na0.5TiO3-0.03BiAlO3 with excess 
20 mol% sodium and bismuth, PLD experiments, and characterization of the 
target materials and thin film samples (morphologies and electrical properties). 

4.1 Preparation of the target material 

It was reported that BNT-based thin films can be obtained by PLD method with 
20mol% excess sodium and bismuth for compensation of the volatility during 
the heating treatment [19]. We take 0.97Bi0.5Na0.5TiO3-0.03BiAlO3 with excess 
20 mol% sodium and bismuth as an example. Ceramic samples were prepared 
by the conventional solid-state reaction method. 
 
The raw materials, NaHCO3(99.5%, 30.747g), Bi2O3(99.99%, 90.102g), 
TiO2(99.8%, 48.570g), and Al2O3(99%, 0.966g), were used as reagent-grade 
metal oxides. After weighing the raw materials, the powders were mixed 
through ball milling with a certain ratio (raw materials: ball: ethanol=1: 2: 0.8) 
for 24 hours. The slurry was dried in a drying oven and then calcined at 850°C 
for 2 hours. The calcined powders were reground under the conditions of the 
ratio of the raw materials: ball: ethanol=1: 2: 0.6 and the polyvinyl alcohol (PVA) 
was used as a binder for granulation after drying. Then, the powders were 
pressed into a disk with a diameter of about 30 mm and a thickness of about 3 
mm as the target material for PLD method. The adhesive was burned at 700°C, 
and the ceramics were finally sintered at 1140°C for 2 hours. To minimize the 
volatilization of sodium and bismuth, the ceramic samples were embedded in 
the powder of each composition. 

4.2 Preparation of BNT-based thin films 

The BNT-based thin films were deposited on Pt/TiO2/SiO2/Si substrates by 
PLD (see Figure 10) method using a KrF excimer laser (Lambda Physik 
COMPex205) with a wavelength of 248 nm. The experimental conditions of this 
work are listed in Table 4.  

 
Figure 10. The setup of the PLD system. 
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A control variable method was used to investigate the effects of the substrate 
temperature, oxygen pressure, laser frequency, and the target itself when 
performing the PLD experiments. In addition, the duration time was controlled 
so that all thin films can be generated using the same number of total pulses. 
 
The distance between the target and the substrate was  around 5 cm and the 
laser energy was 300 mJ. Firstly, the target material and substrate were fixed 
in the chamber. Secondly, the substrate temperature was raised when the 
pressure inside the chamber was about 10-4 Pa. Thirdly, the KrF laser system 
was activated when the temperature reached a certain value and the oxygen 
partial pressure was kept at 10 Pa, 20 Pa or 30 Pa during the deposition process. 
The thin films were naturally cooled to room temperature after deposition. If a 
post-annealing treatment was used, then oxygen gas was inlet (at about half 
standard atmospheric pressure) after the deposition for thermal insulation for 
30 minutes before natural cooling. 
 

Table 4. The list of BNT-based thin films under different conditions 

No. Composition Temperature/℃ 
Oxygen 

Pressure/Pa 
Frequency/Hz Duration/mins Comments 

1 

97BNT-3BA  
excess 20 

mol% Bi/Na 

600 30 5 30 

/ 

2 650 30 5 30 

3 700 30 5 30 

4 750 30 5 30 

5 750 20 5 30 

6 750 10 5 30 

7 600 30 2 75 

8 750 30 2 75 

9 750 20 2 75 

10 750 10 2 75 

11 

BNT 

750 

30 5 30 

12 10 5 30 

13 30 2 75 

14 10 2 75 

15 
97BNT-3BA 

30 5 30 

16 30 2 75 

17 
97BNT-3BA  

excess 20 
mol% Bi/Na 

20 2 75 

Post-
annealing 
treatment 

18 30 2 75 

19 97BNT-3BA 30 2 75 

20 BNT 20 2 75 
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4.3 Characterizations of thin films 

The crystallographic structures of BNT-based thin films were analysed by XRD 
at a grazing incidence of 1° at a rate of 6°/min using a D/max-2550V 
diffractometer (Rigaku, Japan). The surface and cross-section topographies of 
the samples were investigated by a field emission scanning electron microscope 
(FESEM) JSM-6700F (JEOL, Japan).  
 
As for the electrical properties, the Au top electrodes were firstly deposited on 
the surface of the BNT-based thin films by sputtering with a diameter of 0.2 
mm as shown in Figure 11. The ferroelectric properties were measured by the 
TF Analyzer 2000 measurement system (aixACCT, Germany) with an FE 
module. The dielectric properties of the thin film were measured using an 
impedance analyser Model 4294A (Agilent Technologies, USA). 
 

 
Figure 11. (left) Au top electrodes were deposited on the surface of BNT-based 
thin films; (right) Manipulation platform for electrical properties 
measurements. 
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5 Results and discussion 

This section describes the results of the XRD and SEM measurements 
indicating the structure of the thin films. The effects of the substrate 
temperature, oxygen pressure, laser repetition rate, and post-annealing 
treatment are briefly discussed. 

5.1 Characterizations of target materials 

The XRD patterns of 0.97Bi0.5Na0.5TiO3-0.03BiAlO3 and Bi0.5Na0.5TiO3 target 
materials are given in Figure 12. The materials are well crystallized and show a 
perovskite structure. The relative intensities of the patterns agree well with PDF 
card No. 89-3109. There is no significant difference between the normal 
stoichiometric ratio and the excess ratio. 

 
Figure 12. XRD patterns of (a) BNT (b) BNTBA target materials. 

(a) 

(b) 
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Taking the 0.97Bi0.5Na0.5TiO3-0.03BiAlO3 (excess 20 mol% Bi and Na) target 
material as an example, Figure 13 shows the surface morphology and cross-
section graphs. The results show that the samples possess a homogeneous 
microstructure. 
 

 

 
Figure 13. SEM micrographs of BNTBA ceramics (excess 20 mol% Bi and Na): 
(a) surface image and (b) cross-section image. 
 

5.2 Characterizations of BNT-based thin films 

It is well known that the structure of the thin films and their performance are 
sensitive to many experimental parameters during the whole process. Therefore, 
as shown in Table 4, several samples were prepared to investigate the influences 
of substrate temperature, oxygen pressure, laser repetition rate, and post-
annealing treatment in terms of the thin film growth. 

(a) 

(b) 



21 
 
 
 
 

5.2.1 The effects of substrate temperature. 

Figure 14 shows the XRD patterns of BNTBA thin films deposited at 600°C, 
650°C, 700°C and 750°C without a post-annealing treatment. The oxygen 
pressure was kept at 30 Pa for 30 minutes. The laser energy and repetition rate 
were 300 mJ and 5 Hz respectively. The thin film annealed at 750°C was 
composed of a perovskite phase while the films annealed below 700°C show 
some pyrochlore phases, exhibiting worse crystallinity. Due to the limitation of 
the PLD system, the highest temperature that could be set was 750°C. 

 
Figure 14. XRD patterns of BNTBA thin films (excess 20 mol% Bi and Na) 
deposited at different temperatures. 
 
The process of the PLD method can be divided into four steps including the 
laser absorption on the target generating a plasma, dynamics of the plasma in 
the vacuum chamber, deposition of the ablation material on the heated 
substrate and finally the nucleation and growth of the films. Thus, a high 
deposition temperature can increase the mobility of the atoms on the surface of 
the substrate and further raise the crystallization rate, thereby benefiting the 
growth and nucleation processes. However, the higher temperature may change 
the lattice, causing a misfit between the film and the substrate, causing a 
diffusion reaction or even burning of the substrates. Sometimes, the same 
substrate temperature could result in different microstructures and 
orientations. Therefore, the substrate temperature is a significant factor in 
determining the quality of the films. 
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5.2.2 The effects of oxygen pressure 

Although one of the advantages of the PLD method is that it can 
stoichiometrically transfer the target material from the solid phase to deposit 
the film, the high energy laser can result in implantation and produce 
disruption of the film crystallinity. Thus, the introduction of oxygen gas for 
oxide thin films is needed in order to lower the energy values via collisional 
processes. Figures 15 and 16 show the effects of the background gas according 
to the results of the XRD and FESEM. Comparing these different experimental 
conditions indicates that an oxygen pressure of 20~30 Pa results in a dense and 
uniform microstructure, finer grains and good crystallization. Cracks and pores 
were easily found if the partial pressure of the oxygen is low. 

 

 
Figure 15. XRD patterns of BNTBA thin films (excess 20 mol% Bi and Na) 
deposited at 750°C in different oxygen pressures without post-annealing 
treatment: (a) fast laser repetition rate ~5 Hz and (b) slow laser repetition rate 
~2 Hz 

(a) 

(b) 
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Figure 16. FESEM images of BNTBA thin films (excess 20 mol% Bi and Na) 
deposited at 750°C (5 Hz) in different oxygen pressures without post-
annealing treatment: (a) 10 Pa, (b) 20 Pa and (c) 30 Pa 

(a) 

(b) 

(c) 
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The introduction of oxygen gas reduces all of the plasma species’ kinetic 
energies and therefore affects the absorption and diffusion of atoms on the 
substrate surface. From Figure 15 we can see that if the partial pressure of the 
oxygen gas is too low (~10 Pa), impure peaks are detected because the films 
grow off stoichiometry. It was reported that a low oxygen pressure leads to a 
highly energetic species, which can further cause the bombardment of the 
film. So, the compressive stress can be found in the film [34].  
 
While if the applied oxygen gas pressure is too high (~30 Pa), the velocities of 
all of the energetic species in the plasma will be reduced because of collisions 
with a large number of oxygen molecules, which will affect the nucleation and 
growth of the films. In other words, finding an optimal oxygen pressure is 
necessary to obtain high-quality thin films. We can conclude that the optimal 
oxygen gas pressure range is from 20 Pa to 30 Pa in this PLD setup. 
 

5.2.3 The effects of laser repetition rate 

The laser itself is also a critical factor controlling the stoichiometry. The 
comparisons between different laser frequencies are shown in Figures 17 and 
18. It can be clearly seen that the slow rate yields the higher quality thin films. 
Figure 19 shows that the thickness of the thin film is about 120 nm. 

 
Figure 17. XRD patterns of BNTBA thin films (excess 20 mol% Bi and Na) 
deposited at 750°C with different laser repetition rate (no post-annealing 
treatment). 
 
The higher the substrate temperature, the larger the size of the critical core 
that needs to be formed, and the higher the critical free energy barrier of 
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nucleation. At low temperatures, the critical nucleation free energy decreases, 
and the number of nuclei formed increases, which facilitates the formation of 
fine and continuous thin film structures. The increase of the deposition rate 
caused by the faster laser repetition rate will result in a decrease in the critical 
nucleus size and nucleation free energy. To some extent, this equivalently 
lowers the substrate temperature, which will refine the grain size of the film 
structure. To obtain high-quality thin films, it is essential to appropriately 
increase the deposition temperature and to reduce the deposition rate. 
 

 

 
Figure 18. FESEM images of BNTBA thin films (excess 20 mol% Bi and Na) 
deposited at 750°C with different laser repetition rate (no post-annealing 
treatment): (a) 30 Pa-5 Hz and (b) 30 Pa -2 Hz. 
 

(b) 

(a) 
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Figure 19. FESEM cross-section images of BNTBA thin films (excess 20 mol% 
Bi and Na) deposited at 750°C (3o Pa-2 Hz, no post-annealing treatment). 
 

5.2.4 The effects of post-annealing treatment 

Post-annealing treatment in this experiment means that the oxygen gas was 
inlet (at about half standard atmospheric pressure) after the deposition for 
thermal insulation for 30 minutes before natural cooling. 

 
Figure 20. XRD patterns of BNTBA thin films (excess 20 mol% Bi and Na) 
deposited at 750°C (20 Pa-2 Hz). 
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Annealing in a vacuum environment results in oxygen vacancies in complex 
oxide thin films and enlarges the lattice constant [35]. From Figure 20, we see 
that only the oxygen-annealed thin film is well crystallized. The peak positions 
are shifted slightly after post-annealing treatment which may be due to the 
increase in the oxygen content and the decrease in the number of oxygen 
vacancies. Annealing in an oxygen atmosphere for a while after deposition will 
insert oxygen molecules into the film and reduce the lattice constant, affecting 
the microstructure of the thin films [36].  
 
From Figure 20 we can see that the treatment made some small but 
significant changes to the phase structure and Figure 21 demonstrates that the 
BNT-based films possess a homogeneous microstructure while cluster 
aggregation can be observed before the post-annealing treatment. 
 

 
Figure 21. FESEM images of BNTBA thin films (excess 20 mol% Bi and Na) 
deposited at 750°C-30 Pa- 2 Hz (a) without post-annealing treatment and (b) 
with post-annealing treatment. 

(a) 

(b) 
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5.2.5 Summary 

Above all, although the PLD setup is simple, the mechanism of thin film growth 
and the operation principle are complex since the quality of thin films is 
sensitive to fundamental parameters including the substrate temperature, 
presence of oxygen gas, laser repetition rate and post-annealing treatment. The 
optimal experimental conditions are as follows: 750°C, 20~30 Pa, 2 Hz and use 
of a post-annealing treatment. 

5.3 Electrical properties of BNT-based thin films 

This section describes the measurement of the ferroelectric and dielectric 
properties of BNT-based thin films in this work. 

5.3.1 The ferroelectric properties of BNT-based thin films 

The results of XRD and SEM indicate that high-quality BNT-BA thin films can 
be obtained when the substrate temperature is 750°C, oxygen pressure is 
20~30 Pa and the laser repetition rate is 2 Hz with a post-annealing treatment 
by PLD method. Figure 22 below shows the differences between the No. 17 and 
No. 20 samples in Table 4. 
 
It is also observed that the values of the remnant polarization increase from 8.7 
μC/cm2 to 12.3 μC/cm2 with the introduction of BiAlO3. The ferroelectricity is 
weak, and it is difficult for the hysteresis loop to reach saturation, indicating the 
presence of oxygen vacancies inside both films, resulting in a large leakage 
current. 

 
Figure 22. P-E hysteresis loops of BNT-based thin films heated at 750°C-20 Pa-
2 Hz with post-annealing treatment. 
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5.3.2 The dielectric properties of BNT-based thin films 

The frequency dependence of dielectric properties of the pure BNTBA thin films 
at room temperature from 1 k to 100 kHz is displayed in Figure 23, showing the 
results where the evaporation of sodium and bismuth was not taken into 
consideration. The dielectric constant of a pure BNTBA thin film ranges from 
600 to 400, and the dielectric loss is not normal (>1). The bad crystallinity of 
the BNTBA thin film results in a larger dielectric loss when compared with 
previous work [29, 30].  
 
The frequency dependence of dielectric properties of the BNTBA thin films 
(excess 20 mol% Bi and Na) at room temperature from 1 k to 100 kHz is shown 
in Figure 24. When increasing the partial oxygen gas pressure from 20 Pa to 30 
Pa, the dielectric constant increases from 600-550 to 710-600 and the dielectric 
loss increases from 4.2% to 6.7% at the higher frequency. It should be noted 
that the dielectric properties of the films are not sufficiently good, a fact which 
may due to the large leakage conductance and the space charge polarization in 
the films [21]. 
 
The dielectric constant decreases with increasing frequency from 1 k to 100 kHz, 
which is due to the reduced contribution of space charge under the high 
frequency condition [24], while the dielectric loss shows a decreasing trend 
since it is mainly derived from the leakage current [27]. 
 

 
Figure 23. Frequency dependence of dielectric properties of the pure BNTBA 
thin film (750°C-30 Pa-2 Hz, post-annealing treatment). 
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Figure 24. Frequency dependence of dielectric properties of BNTBA thin film 
with excess 20 mol% Bi and Na  (750°C-20 Pa/30 Pa-2 Hz, post-annealing 
treatment). 
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6 Conclusions and suggestions 

6.1 Conclusions 

The 0.97Bi0.5Na0.5TiO3-0.03BiAlO3 thin films were successfully prepared by a 
pulsed laser deposition method on Pt-coated silicon Pt/TiO2/SiO2/Si substrates. 
It is of great importance to consider the evaporation of sodium and bismuth 
during the thermal treatments including rubber discharging, synthesizing, 
sintering and laser ablation. It is still very difficult to obtain high-quality thin 
films by the PLD method since the quality is sensitive to PLD experimental 
parameters. The crystalline structure and electric properties of the thin films 
are sensitive to a number of fundamental parameters such as substrate 
temperature, partial oxygen gas pressure, laser repetition rate and the post-
annealing treatment, which could be the reason only a small number of reports 
are concerned with the PLD method for preparing thin films. The optimal 
experimental conditions in this work are as follows: 750°C, 20~30 Pa, 2 Hz and 
the use of a post-annealing treatment. It was also found that the ferroelectric 
and dielectric properties of the BNTBA thin films are not good enough, which 
may due to the large leakage conductance.  
 
Serval point should be considered to obtain high-quality BNT-based thin films. 
Firstly, 20 mol% excess sodium and bismuth added in the solid solution may 
not be the best choice. Secondly, the Pt/TiO2/SiO2/Si substrate itself can 
contribute to the quality of thin films because of lattice misfit. A good lattice 
match can minimize the interface energy between the substrate and the film 
since a positive lattice fit indicates that the film is under compression onto the 
substrate while a negative lattice fit demonstrates that the film is stretched in 
tension. Thirdly, the laser energy and the duration time are two significant 
factors affecting the microstructure and thickness of the films, which can also 
affect their performance and quality. Further, the introduction of a seed layer 
can also minimize the side effects of lattice match. Fourthly, the values of 
substrate temperature mentioned above are all the set values, which means the 
temperature of the substrate surface is lower than the set one. Last but not least, 
computer simulation technology can be used to evaluate the process of thin film 
growth from a microcosmic point of view. 
 

6.2 Suggested future research 

6.2.1 Future research 

Firstly, BNT-based target ceramics with different excess contents of Bi/Na can 
be prepared to investigate the effects of the amount of Bi and Na. Secondly, it is 
also important to obtain the relationship between the actual substrate 
temperature and the set substrate temperature. Thirdly, it is possible to use 
single crystal substrate (for example, SrTiO3 substrate) so that highly oriented 
thin films can be obtained. Additionally, a LaSrCoO3 buffer layer can be used to 
minimize the effects of lattice mismatch. Fourthly, thin films with different 
thicknesses can be prepared since there are a small number of reports about the 
thickness dependent electrical properties of BNT-based thin films. In addition, 
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it is better to measure the piezoelectric properties of BNTBA thin films using a  
double-beam laser interferometer (DBLI) as an important complement to the 
whole BNT-based piezo-material system. 
 
Lastly, there are three main film-forming models, namely Volmer-Weber model, 
Frank-Vander Merwe model and Stranski- Krastanov model. Computer 
simulation software can be used as an effective and assistive tool to study the 
effects of some experimental parameters and mechanism behind the models at 
a deeper level.  
 

6.2.2 Applications 

Active noise absorption is an effective way to solve the low frequency noise. As 
one kind of smart materials which can convert the energy between force and 
electric, piezoelectric ceramic is widely researched and applied in the field of 
noise and vibration control. Thus, piezoelectric thin films have the great 
prospect in military and civil application. 
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Appendix A 

Abbreviation Explanation 

PZT PbZrxTi1-xO3 

BNT Bi0.5Na0.5TiO3 

BNTBA Bi0.5Na0.5TiO3- BiAlO3 

KNN K0.5Na0.5NbO3 

BNBT Bi0.5Na0.5TiO3- BaTiO3 

NKBT Bi0.5Na0.5TiO3- K0.5Bi0.5O3 

BNTBC Bi0.5Na0.5TiO3- BiCoO3 

MPB Morphotropic Phase Boundary 

RF Radio-frequency 

RoHS Restriction of Hazardous Substances 

PVD Physical Vapour Deposition 

CVD Chemical Vapour Deposition 

CSD Chemical Solution Deposition 

MBE Molecular Beam Epitaxy 

PLD Pulsed Laser Deposition 

XRD X-Ray Diffraction 

EDS Energy Disperse Spectroscopy 

SEM Scanning Electron Microscope 

FESEM 
Field Emission Scanning Electron 
Microscope 

DBLI Double-beam Laser Interferometer 

PVA Polyvinyl Alcohol 
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