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Abstract 
 

Lead-based piezoelectric materials have been widely used in electrical and electronic 

devices. However, the usage of toxic lead causes severe human health and 

environmental concerns. Utilizing lead-based materials for commercial applications will 

be prohibited in many countries, once the lead-free alternatives become available. In 

this project, attempts have been made to develop high performance lead-free 

0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 (BNBT)-based piezoelectric thin films by Pulsed 

Laser Deposition (PLD) and Laser Molecular Beam Epitaxy (MBE).  

 

The growth of BNBT-based thin films has shown high sensitivity to the processing 

conditions, which lead to substantially different physical properties. In this work, thin 

films of 0.5 mol% Mn-doped BNBT were deposited on SrRuO3 coated SrTiO3 (001) 

substrates by PLD. The effects of oxygen partial pressure and substrate temperature on 

the properties of samples were studied. It is found that the film deposited at 200 mTorr 

and 700 °C rendered the highest remnant polarization of 33.0 μC/cm2, and the largest 

piezoelectric coefficient of 120.0 pm/V. 

 

The physical properties of BNBT thin film can be enhanced through site engineering. 

By depositing x mol% Fe-doped BNBT thin films (x = 0, 0.5, 1.0, 1.5, 2.0) on SrRuO3 

electroded SrTiO3 (001) substrates by PLD. The sample at the composition of x = 1.5 

has shown better physical properties than the films with other Fe doping levels, 

indicating the effectiveness of Fe doping. 

 



II 
 

The efficacy of site engineering was further evaluated by comparing the performance of 

undoped, 0.5 mol% Mn-doped, 1.0 mol% Sm-doped, and 1.5 mol% Fe-doped BNBT 

thin films grown on La0.7Sr0.3MnO3 buffered SrTiO3 (001) substrates by Laser MBE. 

The Fe-doped BNBT thin film exhibited the highest remnant polarization of 37.0 

μC/cm2, whereas the Mn-doped sample showed the largest piezoelectric coefficient of 

112.5 pm/V. 

 

The ferroelectric and piezoelectric properties of our BNBT-based thin films presented in 

this thesis were found to be comparable to those of the lead-based counterparts, and 

much better than some of the widely studied lead-free piezoelectric thin films up to date. 

Our results demonstrated the success in developing high performance lead-free BNBT-

based thin films, and their potential applications in ferroelectric memory and 

piezoelectric micro-sensors and actuators applications, etc. 
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Chapter 1 – Introduction and Background 

 

The lattice structure determines the crystallographic symmetry of a crystal. Of all the 

crystals in nature, there are only thirty-two symmetry types (point groups) that have 

been recognized in macroscopic terms. Those point groups can be further classified into 

two categories:1 (a) eleven point groups belong to the centrosymmetry type with a 

center of symmetry, and (b) the rest of the twenty-one point groups have no 

centrosymmetry, a crystal belongs to this category exhibits one or more crystallographic 

unique direction axes. The physical properties of the crystal are correlated to its 

crystallographic symmetry,2 and this brings out the concept of piezoelectricity. 

 

 

1.1 Concept of Piezoelectricity 
 

All point groups with no centrosymmetry, except for the cubic 432 point group, possess 

piezoelectric effect along a unique direction axes.1 Piezoelectricity was discovered by 

the Nobel laureates Curie brothers – Jacques Curie and Pierre Curie as early as in 1880.3 

It is by definition the ability of a material to generate an electric charge that is directly 

proportional to the applied mechanical stress.  
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Figure 1.1 Schematic diagram of piezoelectric effect. 

 

 

The concept of piezoelectric effect is illustrated in Figure 1.1. The Material is originally 

at its normal state which possesses one or more crystallographically direction axes. 

When an external tensile stress is applied, an electric charge is produced on the surface 

of the material. The observed electric charge can be reversed if the applied stress is 

changed from tensile to compressive. In addition, the piezoelectric effect is a reversible 

process, i.e., a mechanical deformation is observed when the material is subjected to an 

electric field. The direction of the mechanical strain (elongation or contraction) can be 

changed by reversing the applied electric field. The concept of converse piezoelectric 

effect is shown in Figure 1.2. 
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Figure 1.2 Schematic diagram of converse piezoelectric effect. 

 

 

1.2 Concept of Ferroelectricity 
 

Among the twenty point groups which exhibit the piezoelectric effect, ten of them are 

pyroelectric point groups that present only one unique direction axis, including 1, 2, m, 

mm2, 4, 4mm, 3, 3m, 6, and 6mm.1 Such polar crystals are considered to be 

ferroelectrics (a subgroup of pyroelectrics) if the spontaneous polarization, Ps, can be 

reversed as a result of a sufficiently high external electric field.  

 

Ferroelectric materials are also piezoelectrics, the concept was firstly outlined in 1921 

by J. Valasek in Rochelle salt.4 There are various structurally different ferroelectric 

materials,5 among them, the most technologically important ones are the oxides with a 

perovskite structure.6 An important characteristic of ferroelectric material is that the 

spontaneous polarization vanishes above a certain temperature, which is known as the 

Curie temperature, Tc. The crystallographic structure of a ferroelectric material becomes 

cubic above Tc. A typical cubic structure of a perovskite-type unit cell with the chemical 
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composition of ABO3 is given in Figure 1.3, in which A is the larger cation occupies the 

corner of the cube, B is the smaller cation at the centre of the unit cell, and Oxygen 

anions are located at the face centres. The perovskite structure is deformed below the 

Curie temperature, the displacement of A and B cations with respect to the Oxygen 

anion create a dipole moment, and hence the spontaneous polarization, known as the 

dipole moment per unit volume, is displayed.6, 7 

 

 

 

 

Figure 1.3 A cubic perovskite unit cell with a general formula of ABO3. 

 

 

The electric dipoles are uniformly aligned in certain region of a ferroelectric material, 

while they may orient in different directions in other regions. Ferroelectric domains are 

defined to be such regions with uniform polarizations, the interface between two 

ferroelectric domains is called the domain wall.7 The easiest way to confirm the 

ferroelectric behaviour in a material is to observe the Polarization – Electric Field (P-E) 

hysteresis loop, as shown in Figure 1.4. 
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Figure 1.4 Schematic diagram of a typical ferroelectric P-E hysteresis loop. 

 

 

The P-E hysteresis loop (Closed loop ABCA) can be divided into three sections. (1) 

Domain walls split the ferroelectric domains into different regions, the polarizations are 

randomly oriented at the initial state (Point O). As the strength of electric field gradually 

increases, the polarization is increased from the initial state to saturation polarization, Ps 

(Point A), the domains which have the polarizations opposite to the electric field 

direction will be switched over and lined up along the direction of electric field. (2) 

When the electric field is reduced from maximum to zero, the polarizations in the 

domains still remain aligned and point in nearly the same direction, and hence a 

remnant polarization, Pr, is observed. The Pr is reduced to zero when the electric field 

reaches a certain negative value (Point B). The polarization is completely aligned in the 

opposite direction (Point C) if the strength of electric field in the opposite direction is 

sufficiently high. (3) Reverse the electric field direction once again form a closed P-E 
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hysteresis loop, the coercive field, Ec, is defined as the required electric field strength to 

bring the polarization back to zero. 

 

 

1.3 Application of Piezoelectric Materials 
 

Piezoelectric material based components are essential in a wide range of devices, 

including atomic force microscopy probes,8 ultrasonic micromotors9 and transducers,10 

micromachined sensors and actuators,11 memories,12 pumps,13 and so on. It has been 

reported by Innovative Research and Products (iRAP) Inc. that the global market size 

for piezoelectric devices was estimated to be over U.S. $21 billion in 2012, and a 

dramatic and healthy growth is expected in the next few years to reach U.S. $38.4 

billion by 2017.14 The largest application market is in the industrial & manufacturing, 

followed by the automotive industry, the strong increasing demand for piezoelectric 

devices in the information & telecommunication segment, and medical instruments have 

gained increased notice worldwide.15 The innovations in piezoelectric materials and 

their derivatives would facilitate the development of new research areas, and it may also 

initiate new area of application in devices. A breakdown of the market share based on 

product type for piezoelectric devices is given in Figure 1.5. In the following sections, 

two of the most important application fields of piezoelectric materials are reviewed, 

including the piezoelectric sensor and actuator applications, as well as the ferroelectric 

random access memory applications. 
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Figure 1.5 An overview of global market size for piezoelectric devices.14 

 

 

1.3.1 Piezoelectric Sensor and Actuator 
 

The principle of piezoelectric sensor is based on the direct piezoelectric effect. It has 

been widely used to detect stress, σj, by measuring the dielectric displacement, Di. The 

relationship between the two coefficients can be interpreted by the following equation:16 

 

                                                                   Di = dijσj                                                    (1.1) 
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where dij is the piezoelectric constant of the sensor material, which often refers to as d33. 

In comparison, a piezoelectric actuator is operated based on the converse piezoelectric 

effect, which produces mechanical strain, Si, when subject to an electric field, Ej. The 

fundamental relationship is given by:16 

 

                                                                   Si = dijEj                                                     (1.2) 

 

Piezoelectric sensors and actuators are involved in numerous practical applications. To 

name a few, Morten et al17 designed a resonant piezoelectric sensor for gas-pressure 

measurement. A good sensitivity and thermal stability of the device can be achieved if 

an adequate operating frequency is chosen. Uchino18 reviewed the application in 

photostrictive actuator, which are of interest in the development of a wireless remote 

control piezoelectric device. The principle is based on the photovoltaic and converse 

piezoelectric effects of the material. Given that some of the piezoelectric sensors and 

actuators are designed and implemented separately, but it is not surprisingly to find that 

the principle of these two kinds of devices can be integrated into a single piezoelectric 

device, in order to deliver the best user experiences. One example for that is the 

damping system developed by Toyota Electronic Modulated Suspension,19 the built-in 

piezoelectric elements are sensing the roughness of the road while helping to smooth the 

ride as an actuator. In general, the advantages of incorporating piezoelectric materials 

into sensor and actuator designs are their high mechanical precision and stability, high 

speed of operation, wide range of operating temperature, low power consumption, and 

wide frequency range of operation, etc.20-23 
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1.3.2 Ferroelectric Random Access Memory (FRAM) 
 

One of the main applications based on the ferroelectric property of a material is 

ferroelectric random access memory (FRAM). FRAM uses a ferroelectric thin film as a 

capacitor to store data. The ferroelectric compound is polarized when an electric field is 

applied across. This polarization remains at one of the two stable positions, namely the 

positive or negative remnant polarization state (Pr and –Pr as shown in Figure 1.4), even 

after the electric field is removed, i.e., non-volatile memory device. These two stable 

positions then translate to data storage for binary “0” and “1” in the ferroelectric 

memory structure.21  

 

A ferroelectric thin film with larger remnant polarization and lower coercive field is 

generally desired to be used in the construction of FRAM. Other characteristics, 

including longer fatigue-free switching cycles, longer retention time, and smaller 

imprint effect, are all important factors in determining the quality of FRAM.24 In 

contrast to the Flash Memory and Electrically Erasable Programmable Read-Only 

Memory (EEPROM), FRAM offers advantages, including25-28 faster write and read 

speed, higher endurance for more read and write cycles, higher security, lower power 

consumption, and higher tolerance for radiation, which is especially important in the 

medical and pharmaceutical field. 

 

 

1.4 Lead-based Piezoelectric Compound – Pb(Zr,Ti)O3 
 

Lead-based perovskite compounds are the most widely used piezoelectric materials with 

many commercialized products in various applications primarily due to their superior 
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piezoelectric properties and relatively low processing costs. A typical model system is 

Lead Zirconate Titanate, Pb(Zr,Ti)O3, (PZT). The intrinsic nature of high piezoelectric 

and ferroelectric properties of PZT is attributed to the existence of a morphotropic phase 

boundary (MPB),29 which is known as a compositional driven structural phase transition 

that separates the regions of tetragonal and rhombohedral phases in the piezoelectrics.30, 

31 It is believed that the polarizability of a piezoelectric compound can be enhanced with 

a composition in the vicinity of MPB, mainly due to the coupling between the tetragonal 

and rhombohedral energy states. This allows the optimum domain reorientation during 

the poling process.32 The phase diagram of PZT is given in Figure 1.6.  

 

 

 

 

Figure 1.6 Phase diagram of PZT system.32, 33 
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The binary solid solution of PZT with chemical formula xPbZrO3-(1-x)PbTiO3 (0 < x < 

100) is formed when Ti4+ in PbTiO3 are partially substituted by Zr4+ in PbZrO3 with a 

molar ratio x. As the molar ratio of PbZrO3 increases, the MPB is observed at a specific 

temperature, which divides the ferroelectric phase region into the Ti-rich tetragonal 

phase region and Zr-rich rhombohedral phase region. The boundary is located at the 

point Zr/Ti = 52/48, at room temperature.34 It should be noted that the MPB in PZT is 

nearly straight and almost temperature independent, this important feature makes PZT 

especially suitable for applications requiring a broad operating temperature range.  

 

 

1.5 Motivation for Developing Lead-free Piezoelectric Compounds 
 

As the world develops and the innovation cycle for new product becomes shorter, the 

amount of electrical and electronic equipment (EEE) wastes is growing rapidly. The 

contained hazardous substances in those EEE can cause major health and environmental 

concerns. Therefore, European Parliament has adopted the Waste Electrical and 

Electronic Equipment (WEEE) directive,35 together with the Restriction of the use of 

certain Hazardous Substances in electrical and electronic equipment (RoHS) directive.36 

The main purpose is to encourage the member states to incorporate the health and 

environmental issues into new EEE designs and productions by developing and using 

safe or safer alternatives. In addition, the member states are also encouraged to set up 

the WEEE collection systems separately and apply the best treatment and recovery 

techniques to recover or recycle the WEEE for reuse. 
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Because of the high toxicity and the high volatility nature of lead oxide, PbO (the major 

component used to form lead-based piezoelectrics), the processing of PZT-based 

compounds would pose severe risks to the human health and environment. As a result, 

lead has been considered as one of the hazardous substances in the RoHS. However, 

some categories of EEE are excluded, such as the active implantable medical devices 

and equipment designed to be sent into space, etc. Hence, it is scientifically 

impracticable to completely eliminate the usage of lead containing piezoelectric devices 

in the European Union (EU) at this stage, but they will be prohibited as soon as the 

practicable lead-free alternatives become available.  

 

Regulations similar to the EU-RoHS have been established in countries all over the 

world,16, 37 including Switzerland, Norway, China, Japan, South Korea, etc. The 

legislation certainly pushes the researchers to investigate alternative materials, in both 

thin film and bulk forms, to replace the lead-based compounds. This is also the 

motivation of our project to develop the high performance environmentally friendly 

lead-free piezoelectric systems. 
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Chapter 2 – Literature Review 

 

2.1 Introduction 
 

To circumvent the legislated restrictions on use of toxic lead for the applications in 

electrical and electronic devices in the near future, lead-free piezoelectric materials have 

been extensively investigated to explore the potential candidates with physical 

properties comparable to their lead-based counterparts. The good ferroelectric and 

piezoelectric properties of the lead containing compounds are believed to be originated 

from the high polarizability (large ion radius and high effective number of electrons)38 

and the possession of a lone electron pair in an outer shell of Pb ions,39 as well as the 

existence of MPB compositions. With respect to the electronic structure and the non-

toxicity nature of bismuth40, 41 to the human health and environment, bismuth-based 

compounds seem to be the most likely successor to replace the lead-based systems in 

piezoelectric applications.42 Among those studied bismuth-based compositions, the 

most promising properties were found in bismuth sodium barium titanate-based 

perovskite piezoelectrics. 

 

In this chapter, the lead-free bismuth sodium barium titanate-based solid solutions in 

ceramic and thin film forms are reviewed. And then, brief introductions on other lead-

free compounds are given, followed by an overview of this project.  
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2.2 Lead-free Piezoelectric Compound – (Bi,Na)TiO3-BaTiO3 
 

2.2.1 Ceramic 
 

Being one of the most successful lead-free piezoelectrics, perovskite structured 

(Bi0.5Na0.5)TiO3 (BNT) has been highlighted by several research reviews,32, 43, 44 and 

several patents have been filed, indicating the potential of BNT-based compounds for 

industrial application.45, 46 BNT ceramic was found to be an excellent ferroelectric and 

piezoelectric material with high remnant polarization Pr of 38 µC/cm2 and piezoelectric 

coefficient d33 of 64 pC/N.43, 47 However, the high conductivity of BNT has led to 

difficulties in the poling process,48 which limits the evaluation of its electrical properties.  

 

Great efforts have been made to improve the electrical properties of BNT through 

forming binary or ternary solid solutions. Among them, A-site complex perovskite solid 

solution (1-x)(Bi0.5Na0.5)TiO3-xBaTiO3 (BNBT) with compositions in the vicinity of 

MPB has been recognised as one of the promising candidates due to its relatively high 

remanent polarization and large piezoelectric coefficients.32, 43, 49 The phase diagram of 

BNBT reported by Takenaka et al49 is given in Figure 2.1. It shows the phase 

relationship among BNT and BaTiO3 (BT) in the BNBT solid solution, which exhibits a 

rhombohedral (Fα)-tetragonal (Fβ) MPB at the composition of x = 0.06 with highly 

enhanced piezoelectric constant of 125 pC/N. 
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Figure 2.1 Phase diagram of BNBT system (where Fα is ferroelectric rhombohedral 

phase, Fβ is ferroelectric tetragonal phase, AF is antiferroelectric phase, and P is 

paraelectric phase).49 

 

 

After the discovery of MPB in the BNBT, experiments were carried out to study the 

phase diagrams in other BNT-based systems, some of which may show similar MPB 

behaviour to BNBT. Sasaki et al50 studied the (Bi0.5Na0.5)TiO3-(Bi0.5K0.5)TiO3 system, 

and reported an enhancement on dielectric and piezoelectric properties at an MPB 

region with 0.16-0.2 mol% (Bi0.5K0.5)TiO3 incorporation. Hiruma et al51 confirmed the 

presence of an MPB in the ternary solid solution of x(Bi0.5Na0.5)TiO3-y(Bi0.5K0.5)TiO3-
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zBaTiO3 [x + y + z = 1, y : z = 2 : 1] at x = 0.94. The x(Bi0.5Na0.5)TiO3-y(Bi0.5Li0.5)TiO3-

z(Bi0.5K0.5)TiO3 [x + y + z = 1] ternary system has been investigated by the same group52 

one year later, and revealed a maximum piezoelectric coefficient at the MPB 

composition of x = 0.72, y = 0.08, and z = 0.20. In addition, Kounga et al53 found an 

MPB composition in 0.93Bi0.5Na0.5TiO3–0.07K0.5Na0.5NbO3, which showed the largest 

piezoelectric coefficient across different concentration of K0.5Na0.5NbO3 substitution.  

 

Even though the physical properties of a piezoelectric solid solution are superior at its 

MPB region, this MPB composition may not suitable for all applications. In case of 

BNBT, the depolarization temperature, Td, is approximately 105 °C at MPB due to the 

formation of an antiferroelectric phase.54 As a result, the rhombohedral composition 

with higher Td is preferred for the high-power application.55 On the other hand, the 

tetragonal composition is desired for actuator and ultrasonic applications if both higher 

Td and larger piezoelectric coefficient are considered as important factors.56 

 

Another great advantage of BNBT lies in its high solubility for various elements.44 

Therefore, some of its critical properties can be further improved through element 

doping and substitution, in order to match the stringent requirements for specific 

applications. Table 2.1 shows the properties of some BNBT-based piezoelectric 

ceramics. It clearly demonstrated that the remnant polarization and piezoelectric 

coefficient are improved by appropriate system modifications at room temperature. 
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Table 2.1 Properties of some BNBT-based ceramics. 
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2.2.2 Thin Film 
 

Piezoelectric thin films have growing importance over the past few decades, because of 

several reasons,64-68 but not limited to (1) Miniaturization of electronic components has 

become the trend. This leads to the development of thin film devices that possess 

similar or better electronic functions to ceramics and single crystals. (2) Thin films 

sustain higher dielectric strengths, and hence higher energy densities are achievable. (3) 

Thin films provide designing advantages, i.e., smaller volume, and they are less 

expensive to be produced than ceramics and single crystals, which make them 

economically viable. (4) New areas of application will be identified. Some of them may 

be unique to piezoelectric thin films. 

 

In contrast to the numerous reports on the ceramics, the study of BNT-based thin films 

has been lagging far behind.69-71 The lack of progress may be attributed to the 

challenges associated with the deposition of high-quality thin films. Nevertheless, the 

development of lead-free BNT-based thin films is progressing steadily.  

 

Various techniques have been employed to deposit BNT-based thin films, including 

pulsed laser deposition (PLD),72 radio-frequency magnetron sputtering,73 and sol-gel,67 

etc. Compare to other methods, PLD offers a number of advantages for the preparation 

of high quality ferroelectric thin films.74, 75 It is simple to use and with few deposition 

parameters to optimize, reproduction of target stoichiometry especially useful for 

perovkites with complex compositions, high deposition rate, the thickness of the as-

deposited film can be controlled precisely, which is suitable for growing multi-layer 

film structures.  
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The PLD processing parameters for growing high quality thin film can be critically 

affected by the ceramic target composition. This is a particularly important issue for 

BNT-based systems as they contain the highly volatile Bi3+ species. It is highly likely 

that the volatile species in the ceramic target may be lost during laser ablations. As a 

result, one method that has been used to attain the correct stoichiometry in the as-

deposited thin film is to compensate the loss of highly volatile species by adding an 

excess amount of those components to the ceramic target. This method is adopted by 

many research groups to deposit the high quality BNT-based thin films,73, 76 and has 

been considered as the easiest way to compensate for the bismuth loss. It should be 

noted that the same method has been used in the deposition of PZT thin films by adding 

PbO excess in the PZT ceramic target.77, 78 

 

Similar to ceramics, the electrical properties of BNT thin films can be improved through 

forming BNBT binary solid solutions with BT. Zhou et al79 have deposited 

(Na0.5Bi0.5)TiO3 thin film on Pt/Ti/SiO2/Si substrate by radio-frequency magnetron 

sputtering, and reported a remnant polarization of 11.9 μC/cm2. By forming the BNBT 

binary system, Acharya et al80 deposited 0.94(Na0.5Bi0.5)TiO3-0.06BaTiO3 thin film 

with composition in the vicinity of MPB on Pt/Ti/SiO2/Si substrate by metal-organic 

solution deposition, and observed a larger remnant polarization of 21.5 μC/cm2. 

 

BNBT-based thin films are the main focus in this project. A Substrate/Bottom 

Electrode/BNBT-based Thin Film/Gold (Top Electrode) capacitor structure will be 

made, in order to gather the information on the electrical properties of BNBT-based thin 

films. Each component in the capacitor structure may have a strong impact on the 

characteristics of our samples.  
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In contrast to the polycrystalline ferroelectric thin films, the single crystal ones usually 

show better physical properties. Abazari et al72 have epitaxially deposited 

0.88(Bi0.5Na0.5)TiO3-0.08(Bi0.5K0.5)TiO3-0.04BaTiO3 thin film on SrRuO3 coated 

SrTiO3 (001) single crystal substrate by PLD, and reported a large remnant polarization 

of 30 μC/cm2, and a transverse piezoelectric coefficient e31,f of -2.2 C/m2. A lower 

remnant polarization of 27 μC/cm2 was discovered by Acharya et al81 on polycrystalline 

0.884(Bi0.5Na0.5)TiO3-0.08(Bi0.5K0.5)TiO3-0.036BaTiO3 thin film deposited on 

Pt/Ti/SiO2/Si substrate by metal-organic solution deposition. In addition, Jeon et al82 

has reported a lower remnant polarization of 6 μC/cm2 on polycrystalline 

0.85(Bi0.5Na0.5)TiO3-0.10(Bi0.5K0.5)TiO3-0.05BaTiO3 thin film synthesized on 

Pt/TiOx/SiO2/Si substrate via chemical solution deposition.  

 

For the epitaxial growth of BNBT-based thin films, perovskite-structured SrTiO3 (STO) 

(001) single crystal substrates are used in this work, due to the close lattice match 

between STO (cubic, a = 3.905 Å) substrate and BNBT thin film (rhombohedral, a = 

3.893 Å). 

 

The appropriate selection of bottom electrodes is important in determining the physical 

properties of BNBT-based thin films. Jin et al83 deposited Mn-doped 

0.935(Bi0.5Na0.5)TiO3-0.065BaTiO3 thin film on Pt/Ti/SiO2/Si substrate by PLD, a 

remnant polarization of 11.3 μC/cm2 was obtained for the polycrystalline thin film with 

highly (100) orientation. By introducing a buffer layer of (La0.7Ca0.3)MnO3 in between 

Mn-doped 0.935(Bi0.5Na0.5)TiO3-0.065BaTiO3 thin film and Pt/Ti/SiO2/Si substrate by 

the same group,84 the polycrystalline thin film with highly (110) orientation was 
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promoted instead of the highly (100)-oriented one, and an improved remnant 

polarization of 20 μC/cm2 was observed.  

 

SrRuO3 (SRO) has been considered as a good conductive perovskite-structured template 

layer for the growth of ferroelectric thin films.85 It is found to be chemically and 

thermally stable up to quite high temperatures,86, 87 making it suitable for various 

applications. More importantly, SRO (pseudo-cubic, a = 3.930 Å) is structurally similar 

to the STO single crystal substrate with a small lattice mismatch of 0.64%.88 It serves as 

a good buffer layer between STO and BNBT-based thin film, facilitating the epitaxial 

growth. Another perovskite oxide, La0.7Sr0.3MnO3 (LSMO) has been widely studied as 

an optimal material for spintronic devices, due to its high Curie temperature, high 

carrier spin-polarization, and low carrier density.89 Because the lattice mismatch 

between LSMO (pseudo-cubic, a = 3.873 Å) and STO is only 0.82%,90 LSMO will 

work as a good buffer layer to deposit epitaxial BNBT-based thin film on the STO 

single crystal substrate. 

 

The electrical properties of BNBT-based thin films can be further enhanced by 

introducing appropriate dopants. Acharya et al91 deposited 0.94(Bi0.5Na0.5)TiO3-

0.06BaTiO3 thin films with x mol% Rb (x = 0, 2.5, 5.0, 7.5, 10) doping on Pt/Ti/SiO2/Si 

substrate by metal-organic solution deposition. The film with 5.0 mol% Rb doping 

exhibited the highest remnant polarization of 28.9 μC/cm2, and the largest effective 

piezoelectric coefficient of 86 pm/V. Moreover, x mol% Li-doped 0.94(Bi0.5Na0.5)TiO3-

0.06BaTiO3 thin films (x = 0, 5, 10, 15, 20) were grown on Pt/Ti/SiO2/Si substrates via 

the metal-organic solution deposition by Acharya et al.92 The film with 10 mol% Li 
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doping outperformed others in terms of ferroelectric (Pr = 23.9 μC/cm2) and 

piezoelectric (d33 = 57.3 pm/V) properties.  

 

In this project, 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 thin films will be doped by Mn, Fe, 

and Sm ions, the reasons for selecting each dopant will be explained in Chapters 4, 6 

and 7, respectively.  

 

 

2.3 Other Lead-free Piezoelectric Systems 
 

Besides the bismuth sodium titanate-based systems, other perovskite-type solid 

solutions, such as potassium niobate-based and barium titanate-based compounds, have 

also attracted attentions due to their relatively large ferroelectric and piezoelectric 

responses. 

 

 

2.3.1 Potassium Niobate-based: (K,Na)NbO3 

 

Being discovered by Matthias in the 1950s,93 potassium niobate (KNbO3) was found to 

be ferroelectric and possess a high curie temperature of 435 °C. However, the very weak 

piezoelectric effect has limited its applications.94 A binary solid solution of (1-

x)KNbO3-xNaNbO3 (KNN) is formed by partially replacing the K+ in KNbO3 by Na+,95 

and a high piezoelectric coefficient of 160 pC/N96 was reported at the MPB with x = 0.5. 

Unlike the BNBT system, the MPB in KNN separates two ferroelectric orthorhombic 

phases at lower temperature and two ferroelectric tetragonal phases at higher 
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temperature.97 Another important feature of KNN is the existence of a polymorphic 

phase transition (PPT), which is a temperature driven structural phase transition that 

separates the tetragonal and orthorhombic phases. It is believed that both MPB and PPT 

lead to the good piezoelectric properties in KNN.16 The phase diagram of KNN is given 

in Figure 2.2.  

 

 

 

 

Figure 2.2 Phase diagram of KNN system.32 

 

 

Following the pioneering work on KNN-based ceramics,98 a number of research has 

been done to modify the KNN composition. Zhang et al99 observed a high piezoelectric 

coefficient of 265 pC/N in LiSbO3 modified KNN ceramic. Hollenstein et al100 found 
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that the Li+ and Ta5+ dual dopants can effectively enhance the piezoelectric coefficient 

of KNN ceramic to be over 300 pC/N. 

 

KNN-based thin films have also been studied to discover their potential to be used in 

ferroelectric and piezoelectric applications. Wu and Wang101 deposited KNN thin film 

on SRO coated STO (100) single crystal substrate by off-axis radio-frequency 

magnetron sputtering, and demonstrated a remnant polarization of 12.05 μC/cm2 in the 

sample. Lai et al102 grew 0.06 mol% Li+ doped KNN thin film on Pt/Ti/SiO2/Si 

substrate by sol-gel technique, and observed a remnant polarization of 9.7 μC/cm2 and a 

piezoelectric coefficient of 192 pm/V. Wang et al103 fabricated (Li, Ta) co-substituted 

KNN thin film on Pt/Ti/SiO2/Si substrate by PLD, and reported the remnant polarization 

and piezoelectric coefficient to be 11.3 μC/cm2 and 49 pm/V, respectively. In addition, 

the ternary composition of KNN-based thin film has also been investigated. Abazari et 

al104 used PLD to deposit 1.0 mol% Mn-doped (K,Na)NbO3-LiTaO3-LiSbO3 thin film 

on SRO buffered STO (100) single crystal substrate, and a remnant polarization of 10 

μC/cm2 from the saturated P-E hysteresis loop was obtained. 

 

 

2.3.2 Barium Titanate-based: Ba(Zr,Ti)O3-(Ba,Ca)TiO3 
 

When barium titanate (BaTiO3) was discovered to have large ferroelectric response and 

high dielectric constant in the 1940s,105 extensive research has been conducted to 

explore its potential for device applications. This discovery has led to significant 

progress in the theoretical development of ferroelectric behaviours. Moreover, BaTiO3 

thin film fabricated by Schwarz and Tourtellotte106 was the first ferroelectric thin film 



25 
 

grown by PLD, which provided a valuable reference for the systematic study of PLD 

technique later on.  

 

Various approaches have been employed to further improve the piezoelectric properties 

of BaTiO3-based systems. One approach is to search for an MPB between BaTiO3 and 

other compounds. Liu and Ren107 developed a system of (1-x)Ba(Zr0.2Ti0.8)O3-

x(Ba0.7Ca0.3)TiO3 (BZT-BCT), and reported an MPB near x = 0.5 separating the 

rhombohedral BZT and tetragonal BCT. The maximum piezoelectric coefficient of 

BZT-BCT ceramic was 620 pC/N, which is very comparable to PZT system (with d33 = 

300 – 600 pC/N).108, 109 One most important feature of BZT-BCT system is the 

existence of a tetragonal-cubic-rhombohedral triple point, as shown in the phase 

diagram in Figure 2.3. The authors proposed that the superior piezoelectric behaviour of 

BZT-BCT stemmed from an MPB starting from the triple point, causes a very low 

energy barrier for polarization rotation and lattice distortion.107 
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Figure 2.3 Phase diagram of BZT-BCT system.107 

 

 

The development of this new system has led to considerable efforts on studying the 

microstructure, ferroelectric, dielectric and piezoelectric properties of BZT-BCT 

ceramics.110-112 In addition, the investigations on BZT-BCT thin films have also been 

performed. Kang et al113 grown BZT-BCT thin film on Pt/Ti/SiO2/Si substrate by 

chemical solution deposition, and observed an effective piezoelectric coefficient of 71.7 

pm/V. Piorra et al114 deposited BZT-BCT thin film on Pt/TiO2/SiO2/Si substrate by 

PLD, the piezoelectric response was found to be 80 pm/V. In addition, a larger effective 

piezoelectric coefficient of 100.1 pm/V was reported on BZT-BCT thin film deposited 

on LSMO coated STO (111) single crystal substrate by off-axis radio-frequency 

magnetron sputtering.115 
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2.4 Scope of the Project 
 

The project is aimed at experimental development of high performance environmentally 

friendly BNBT-based thin films for the potential applications in ferroelectric memory 

and piezoelectric micro-actuators and sensors. 

 

The thesis consists of eight Chapters. The project background was introduced in 

Chapter 1, followed by the literature review on lead-free piezoelectric compounds in 

this Chapter. 

 

The experimental procedures for the fabrication of the BNBT-based thin film 

heterostructures are described in Chapter 3. Details of the techniques for 

characterization of structural and physical properties of the as-deposited thin films are 

also given in this Chapter. 

 

Mn-doped BNBT thin films are deposited on SRO coated STO (001) single crystal 

substrates by PLD. The contributions of oxygen partial pressure during PLD on the 

structural, ferroelectric and dielectric properties, leakage current behaviours, and local 

piezoelectric characteristics of the thin films are investigated in Chapter 4. The effects 

of substrate temperature on the structural and physical properties of the as-deposited 

thin films are studied in Chapter 5. 

 

In Chapter 6, BNBT thin films doped with x mol% of Fe ions (x = 0, 0.5, 1.0, 1.5, 2.0) 

are grown on SRO electroded STO (001) single crystal substrate by PLD. The influence 

of Fe doping on the characteristics of BNBT thin films are presented. 
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In Chapter 7, the undoped, 0.5 mol% Mn-doped, 1.0 mol% Sm-doped, and 1.5 mol% 

Fe-doped BNBT thin films are deposited on LSMO buffered STO (001) single crystal 

substrates by Laser Molecular Beam Epitaxy (MBE). The effects of abovementioned 

dopants on the ferroelectric, dielectric, and local piezoelectric properties of BNBT-

based thin films are examined. 

 

The conclusions of the project and suggestions for future work are given in Chapter 8. 
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Chapter 3 – Experimental Procedures 

 

3.1 Introduction 
 

In this chapter, the thin film deposition methods and the experimental procedures for the 

fabrication of BNBT-based thin film heterostructures are first described. And then, the 

materials characterization techniques, including the methods for the structural analysis 

and physical property measurement layouts, are given in detail. The experimental 

conditions for our samples are also specified. 

 

 

3.2 Fabrication of BNBT-Based Thin Films  
 

3.2.1 Pulsed Laser Deposition (PLD) and Laser Molecular Beam Epitaxy (MBE) 
Techniques 
 

Pulsed Laser Deposition (PLD) was first used for the preparation of dielectric and 

semiconductor thin films by Smith and Turner in 1965.116 Nowadays, it has been 

intensively used for the growth of many kinds of thin films, such as carbides, oxides and 

nitrides, for  applications in various areas of integrated circuits and micromechanics, 

etc.117 A typical layout for the PLD system is shown in Figure 3.1.  
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Figure 3.1 Schematic diagram of a pulsed laser deposition system. 

 

 

Laser Molecular Beam Epitaxy (MBE) shares the same principles with PLD in the 

deposition of thin films, which can be considered as a modified PLD system with ultra-

high vacuum. Another advantage of Laser MBE is its built-in reflection high-energy 

electron diffraction (RHEED) system, allowing in-situ monitoring the growth of thin 

films. 

 

There are a number of deposition parameters that have to be appropriately manipulated 

and controlled, in order to produce the high quality samples. Those parameters include 

the background oxygen partial pressure, substrate temperature, laser energy density, 

pulse repetition rate, and target-to-substrate distance. 

 

Before deposition, the cleaned substrate was mounted on the substrate heater block 

using the silver paint, and then transferred into the vacuum deposition chamber via 



31 
 

load-lock chamber. Once the PLD chamber was pumped down to a pressure lower than 

5 × 10-6 Torr (5 × 10-8 Torr in Laser MBE chamber), the heating element started to 

intervene, and gradually raised the substrate temperature up to the set value. Oxygen 

was then admitted to give a desired background oxygen partial pressure for deposition. 

The substrate and ceramic target carousels were set to rotate, in order to ensure the 

uniformity of the as-deposited thin film. The target-to-substrate distance was fixed at 5 

cm for all the depositions in our PLD and Laser MBE systems. 

 

During deposition, a krypton fluoride (KrF) excimer laser (COMPexPro 102, Coherent, 

Santa Clara, CA, USA) with 248 nm wavelength, 20 ns pulse duration and repetition 

rate of 5 Hz, struck the surface of the ceramic target with a laser energy density of 2 

J/cm2. The ions, atoms and oxides were ablated from the ceramic target and expanded in 

plasma plume towards the substrate. Finally, the plasma reached the substrate surface 

and the thin film was formed.  

 

After deposition, the as-grown thin film was gradually cooled down to room 

temperature under the oxygen partial pressure that used during deposition. 

 

 

3.2.2 Ceramic Target Preparation 
 

3.2.2.1 BNBT-based Ceramic Targets 
 

The 10% Bi-enriched 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3-based ceramic targets were 

prepared by the conventional solid state reaction route. Reagent grade precursor 

powders of Bi2O3 (99.9%, Sigma-Aldrich), Na2CO3 (99.5%, Sigma-Aldrich), BaCO3 
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(99%, Sigma-Aldrich), TiO2 (99%, Sigma-Aldrich), and the dopants of MnO2 (99%, 

Sigma-Aldrich), Fe2O3 (99%, Sigma-Aldrich) and Sm2O3 (99.8%, Sigma-Aldrich), were 

dried in the oven at 120 °C for 3 hours, in order to remove any absorbed moisture.  

 

20g dried powders were weighted into a 65ml pomade jar in accordance with the 

required composition, and then ball milled with fifteen 10mm YTZ® grinding media 

(95% ZrO2 and 5% Y2O3, Tosoh Corporation, Japan) in ethanol for 15 hours.  

 

After drying the slurry mixture in the oven at 120 °C for 2 hours, the mixed powder was 

transferred into an alumina crucible and calcined in a Muffle furnace in air at 850 °C for 

4 hours. The partially formed crystallize specimen was grinded again with fifteen 10mm 

YTZ® balls in ethanol for 15 hours and dried, in order to reduce the particle size and 

improve the quality of pressing afterwards.  

 

7g of the dried powder was mixed thoroughly with appropriate amount of polyvinyl 

alcohol (PVA) binder, and then put into the stainless steel pressing mould. 50 MPa was 

loaded on the mould for 1 minute to form a pellet in 25.4 mm diameter and 3 mm 

thickness. 

 

The pressed disc was sintered in a Muffle furnace in air at 1150 °C for 2 hours. A dense 

ceramic target was obtained and ready to use after polishing. 
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3.2.2.2 SrRuO3 (SRO) and La0.7Sr0.3MnO3 (LSMO) Ceramic Target 
 

The commercial SrRuO3 (SRO) and La0.7Sr0.3MnO3 (LSMO) ceramic targets were 

purchased from Kurt J. Lesker Company, US. They have been used as the bottom 

electrode materials in studying the physical properties of BNBT-based thin films. 

 

 

3.2.3 Deposition of Bottom Electrode 
 

A thin layer (~15 nm in thickness) of bottom electrode was deposited on the SrTiO3 

(STO) (001) single crystal substrate (Shinkosha Co., Ltd., Japan) by PLD or Laser MBE, 

prior to grow the BNBT-based thin films. The deposition parameters for both types of 

bottom electrodes are summarized in Table 3.1. 
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Table 3.1 Deposition parameters for bottom electrodes. 

Bottom Electrode Material SrRuO3 La0.7Sr0.3MnO3 

 
Deposition Technique 
 

 
PLD 

 
Laser MBE 

 
 
Oxygen Partial Pressure (mTorr) 
 

65 200 
 

 
Substrate Temperature (°C) 
 

 
680 

 

 
700 

 
 
Laser Energy Density (J/cm2) 
 

 
2 
 

 
2 
 

 
Pulse Repetition Rate (Hz) 
 

 
5 
 

 
5 
 

 
Number of Pulses 
 

 
900 

 
900 

 
 
Target-to-Substrate Distance (cm) 
 

 
5 
 

5 
 

 

 

3.2.4 Deposition of BNBT-based Thin Film 
 

In this project, the studies were focused on four different areas, including the effects of 

oxygen partial pressure, substrate temperature, Fe doping content, and different dopants 

on the structural and physical properties of BNBT-based thin films. Table 3.2 

summarises the thin film deposition parameters for each study. 
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Table 3.2 Deposition parameters for BNBT-based thin films. 
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3.2.5 Deposition of Top Electrode 
 

Circular gold (Au) top electrodes were prepared by sputtering (Emitech K550x Gold 

Sputter Coater, Quorum Technologies, UK) at room temperature for all the samples, 

prior to the measurement of electrical properties.  

 

The surface of BNBT-based thin film was first cleaned using the compressed nitrogen, 

and then a stainless steel shadow mask with 200 µm holes was placed on the thin film. 

During the sputtering process, argon gas was introduced once the chamber pressure has 

reached 1 × 10-1 mbar. The current of 40 mA was applied to ionize the Argon gas, and 

formed the high energy plasma. The energized plasma particles then struck the surface 

of Au sputtering target through ion bombardment, which caused the Au atoms to eject 

from the target and deposit on the thin film surface. The Au top electrodes were 

deposited to be approximately 50 nm in thickness for all the samples. A schematic 

diagram showing the layout of the Au sputtering process and a top view of the shadow 

mask is given in Figure 3.2. 
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Figure 3.2 Schematic diagram of the sputtering process and a top view of the shadow 

mask used for gold coating. 

 

 

3.3 Advanced Materials Characterization Techniques 
 

3.3.1 X-Ray Diffraction (XRD) 
 

X-Ray Diffraction (XRD) is a widely used characterization technique for analysing the 

crystallographic structure of thin films. The atomic arrangement in a crystalline 

specimen can be imagined as a large number of well-ordered atomic planes. After 

detecting the diffracted x-rays by the atoms in the crystalline specimen, the interplanar 

spacing of atomic planes can be calculated based on the Bragg’s Law,118 which is 

presented in Equation (3.1): 
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                                                                                                               (3.1) 

 

where is the interplanar spacing,  is the Bragg diffraction angle,  is the order of 

diffraction, which is an integer number, and  is the x-ray wavelength. The Bragg 

diffraction occurs if and only if the incidence angle of x-ray satisfies Bragg’s conditions.  

 

In this project, the crystallographic structures of BNBT-based thin films were obtained 

using XRD (Bruker D8 Discover diffractometer, Billerica, MA, USA) with Cu Kα 

radiation at a x-ray wavelength  1.540562 Å. The θ-2θ diffraction patterns were 

collected based on the basic principle of Bragg diffraction of XRD, which is illustrated 

in Figure 3.3. 

 

 

 

 

Figure 3.3 Schematic diagram of Bragg diffraction. 
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3.3.2 Transmission Electron Microscopy (TEM) 
 

Transmission Electron Microscopy (TEM) is a microscopy technique using electrons as 

the illumination source. Because of the fast moving speed, the wavelength of the high 

energy electrons is far below the atomic spacing. This technique allows very high 

resolution images to be obtained, even at atomic scale. Electrons are transmitted through 

the atomic planes of the specimen, and to display diffraction contrasts on the viewing 

screen as either bright field or dark field TEM images. By selecting a region from where 

a diffraction pattern is interested, the selected area electron diffraction (SAED) pattern 

can be obtained, which provides information on microstructural and crystallographic 

orientation of the sample.119  

 

In the experiment, the TEM sample was prepared by Focus Ion Beam (FIB) using FEI 

Nanolabs. A JEOL 2100F (JEOL, Peabody, MA, USA) with a Schottky Field Emission 

Gun at 200KV coupled with a Gatan UltraScan XP 2k x 2k CCD camera. The sample 

was tilted to (010) zone axis and a 60 um objective aperture was inserted to capture the 

electron diffraction pattern. 

 

 

3.3.3 Atomic Force Microscopy (AFM) 
 

Atomic Force Microscopy (AFM) is a high resolution Scanning Probe Microscopy 

(SPM), which is used to image the surface topography of a sample in both 2- and 3-

dimensions. This technique helps to identify the grain size and surface roughness of the 

as-deposited thin films. In the measurement, a sharp tip is mounted at the end of the 

cantilever spring, as the tip is moving mechanically across the thin film, the force on the 
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tip created by the tip-sample surface interaction leads to cantilever deflection. A laser 

spot aim at the back of the cantilever reflects onto a 4 quadrant photodiode, which 

detects those small cantilever deflections, and hence the surface topography of the thin 

film is imaged as a function of cantilever position. A typical layout of AFM is shown in 

Figure 3.4. AFM can work on different scanning modes, the most commonly used ones 

for the ferroelectric thin films are the contact mode and tapping mode AFM. In a contact 

mode AFM, the tip is continuously touching the sample surface during scanning, while 

in a tapping mode AFM, the tip oscillates close to its resonance frequency, it slightly 

taps during scanning and touches the sample surface only at the bottom of each 

oscillation. 

 

In this work, the surface topographies of the BNBT-based thin films were obtained 

using CypherTM AFM supplied by Asylum Research (Santa Barbara, CA, USA) 

operating in the contact mode.  

 

 

 

 

Figure 3.4 Schematic diagram of AFM technique. 
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3.3.4 Ferroelectric Hysteresis Measurement 
 

The ferroelectric polarization-electric field (P-E) hysteresis loops of the thin film were 

measured using Radiant Precision Multiferroic Tester Unit (Radiant Technologies, 

Albuquerque, NW, USA).  

 

In the experiment, the tester unit was connected to the top and bottom electrodes of the 

thin film sample via a probe station, as shown in Figure 3.5. The measurements were 

performed at a frequency of 10 kHz using a trianglar wave form at room temperature for 

all the films. The remnant polarization, Pr, and the coercive field, Ec, were determined 

from the saturated P-E hysteresis loop.  

 

 

 

 

Figure 3.5 Experimental layout for measuring electrical properties. 
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3.3.5 Dielectric Property 
 

The dielectric properties of the BNBT-based thin films were obtained by Agilent 4294A 

Precision Impedance Analyzer (Agilent Technologies, Santa Clara, CA, USA) in 

conjunction with the probe station at room temperature.  

 

The experimental setup has been shown in Figure 3.5. The dielectric constant, ε, of the 

sample was calculated from the measured capacitance, C, using the following 

formula:120 

 

                                                                                                                          (3.2) 

 

where  is the thickness of the ferroelectric thin film, A is the area of the top electrode, 

and ε0 is the permittivity of free space. In the experiment, the dielectric constants of the 

sample were first measured in the sweep frequency from 1 kHz to 1 MHz, with an AC 

bias oscillation amplitude of 500 mV, so that the frequency dependence of dielectric 

constant can be determined. The electric field dependence of dielectric constant ( -E) 

was also obtained by applying the DC biases in both forward and backward directions 

on the sample, together with an AC bias applied at 1 MHz frequency and 500 mV 

oscillation amplitude. The room temperature dielectric tunability was calculated from 

the -E data as: 

 

                                                  ( ) ( )( )                                    (3.3) 
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3.3.6 Leakage Current Behaviour 
 

The leakage current behaviour of BNBT-based thin films in this study were measured 

using Keithley 2400 Series SourceMeter (Keithley Instruments, Cleveland, Ohio, USA) 

in conjunction with the probe station and LabTracer software at room temperature.  

 

The experimental setup was the same as in the ferroelectric hysteresis measurement. 

The data was presented in terms of the Current-Voltage (I-V) curve, where the current 

was detected automatically by the SourceMeter within the set voltage range.  

 

 

3.3.7 Piezoelectric Force Microscopy (PFM) 
 

Piezoelectric Force Microscopy (PFM) is a powerful Scanning Probe Microscopy 

technique in studying the domain structures of ferroelectric thin films at the nanometer 

scale. It is a contact mode AFM. In this technique, the bottom electrode of the 

ferroelectric thin film is grounded, and a conductive tip is brought in contact with the 

surface of the thin film, which performs as a movable top electrode. An external AC 

bias is applied through the tip, inducing the local electromechanical vibration of the thin 

film based on the converse piezoelectric effect. By monitoring the first harmonic 

piezoresponse signal, the ferroelectric domain structure can then be visualized.121, 122 

Because the phase of the piezoresponse signal reflects the direction of polarization in 

the specific domain, the PFM phase image should display as regions of different 

contrast, as the domains with opposite polarization orientation vibrate differently in the 

presence of an external AC electric field.  
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In case of domain writing, a DC bias is applied to the tip while the AC bias is 

withdrawn during scanning, so that the polarizations in the area of interest are aligned to 

the field direction. This DC bias has to be greater than the coercive field of the testing 

ferroelectric thin film to ensure domain switching. When the scanning is completed, the 

DC bias is removed, followed immediately by reading the domain switching behaviour 

on the area of interest by an AC bias.  

 

The local domain switching behaviour is obtained by applying a DC bias on an 

individual grain of ferroelectric thin film, so that the out-of-plane piezoresponse 

amplitude butterfly loop and the phase hysteresis loop can be generated simultaneously. 

These help to understand the local polarization switching behaviour of the sample.  

 

In this project, the PFM measurements were performed using CypherTM AFM from 

Asylum Research (Santa Barbara, CA, USA). 

 

 

3.4 Summary 
 

In this chapter, the operation of PLD and Laser MBE processes was introduced, 

followed by the description of experimental procedures for the fabrication of BNBT-

based thin film heterostructures, including ceramic targets preparation, deposition of 

bottom electrodes, BNBT-based thin films and top electrodes. The techniques used to 

characterize the structural and physical properties of the BNBT-based thin films were 

also discussed.  
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Chapter 4 – Effects of Oxygen Partial Pressure on the 

Properties of (Bi0.5Na0.5)0.94Ba0.06TiO3-based Thin Films 

 

4.1 Introduction 
 

The physical properties of perovskite ferroelectric thin films have shown high 

sensitivity to the growth conditions in the PLD process. Among various PLD deposition 

parameters, the oxygen partial pressure, , is considered to be a critical one that 

affects the film composition. The interaction of the plasma species with the reactive 

background oxygen molecules determines the size and shape of the plasma plume, and 

hence affect the amount of ablated species reaching the substrate surface at a given 

deposition temperature.123 

 

In this chapter, 0.5 mol% Mn-doped 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 (MnBNBT) thin 

films were deposited on SRO coated STO (001) single crystal substrates, under different 

 of 100, 150, 200, and 250 mTorr, while all other deposition parameters were kept 

constant. The effects of  on the structural, ferroelectric and dielectric properties, 

leakage current behaviours, and local piezoelectric characteristics of MnBNBT thin 

films are investigated. 

 

Manganese has been considered as an effective dopant in modifying the specific 

physical properties of perovskite thin films, such as reducing leakage current,124 

strengthening of ferroelectricity125, 126 and fatigue endurance,127 improvement of 

piezoelectric coefficients,128 reduction of dielectric loss and increase of tunability,129 as 

well as enhancement of pyroelectric figure-of-merit,130 etc. Therefore, Mn may be a 
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promising dopant to be introduced into the BNBT thin film lattice, in order to improve 

the physical properties of the base solid solution. 0.5 mol% doping content of Mn was 

chosen, because evidence showed that the performance of BNBT ceramics can be 

optimized by doping with certain amount of Mn.131-133 Moreover, our previous studies76 

indicated that the same composition of MnBNBT thin film exhibited superior physical 

properties. It is reasonable to study the effects of deposition parameters on BNBT thin 

films by the introduction of 0.5 mol% Mn. 

 

As this chapter mainly focus on the study of  effects on the BNBT-based thin films, 

the Mn doping mechanism will be discussed in chapter 7, together with the direct 

comparisons between the undoped and doped BNBT thin films. 

 

 

4.2 Structural Characterization 
 

The XRD -2  spectra of MnBNBT thin films deposited under different  are shown 

in Figure 4.1. The spectra are normalized based on the STO (002) peak. It can be seen 

that all the films have pure perovskite structures with preferred (00l) orientations. The 

formation of such single phases may be attributed to the high lattice similarity between 

the substrates, bottom electrodes, and films. As the SRO bottom electrodes are 

approximately 15 nm in thickness, their peaks are not resolved from the strong 

MnBNBT (~250 nm) thin films and STO substrates reflections. A close look at 

MnBNBT (002) peaks shows that the diffraction peaks shift slightly to higher angles as 

 increases from 100 to 250 mTorr, indicating a decrease in the out-of-plane lattice 

constant c with the increasing .  
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The inset of Figure 4.1 shows the out-of-plane lattice constant c of MnBNBT thin films 

as a function of . Values are calculated based on (002) diffraction peaks in 

accordance with the Bragg’s Law. The variation in lattice constant with the increasing 

 could be attributed to the presence of oxygen vacancies and the compositional 

change of the films grown under different oxygen partial pressures.134-136  

 

 

 

 

Figure 4.1 XRD -2  scans of MnBNBT thin films deposited under different oxygen 

partial pressures. Inset is the out-of-plane lattice constant c of the films deposited under 

different oxygen partial pressures. 

 

 

The purpose of depositing MnBNBT thin film in an oxygen flowing environment is to 

compensate for the oxygen loss when transferring oxygen species from the PLD 
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ceramic target to the film. Experiments conducted on the deposition of oxide thin 

films137, 138 by PLD have indicated that only part of the oxygen species present in the as-

deposited thin film are directly come from the PLD ceramic target, while the rest is 

incorporated from the gas ambient.  

 

In order to gain a deeper understanding of  induced compositional deviation, the 

kinetic energy of the evaporated species from the PLD ceramic target during laser 

ablation is considered. The plasma plume consists of high energy ions and low energy 

neutrals (non-charged species including atoms and oxides). Because of the elastic 

scattering and interaction with the ambient oxygen gas on the transportation process, the 

kinetic energy of the plume species is reduced (thermalization). This eventually causes 

attenuation of the ablated species arriving at the substrate surface.139 Under lower , 

the momentum loss is more pronounced for lighter species, such as Na. But the energy 

reduction of heavier particles, such as Bi, is not obvious. As  increases, the heavier 

particles experience thermalization as well, therefore, stoichiometry transfer of the 

ablated species from the PLD ceramic target to the substrate is possible, through this 

discriminated thermalization process, under sufficiently high oxygen partial pressure.140, 

141  

 

MnBNBT thin film is formed after the plume species arriving at the substrate surface. 

The formation of oxygen vacancies in the as-deposited film can be interpreted by the 

Kröger-Vink notation as the following:136 

 

                                                                                           (4.1) 
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where  is the oxygen atom in MnBNBT thin film,  is oxygen molecule in the 

ambient,  is the oxygen vacancy in the film, and  is the electronic charge carrier. 

By assuming oxygen is an ideal gas, the correlations between  during deposition, and 

the number of ambient oxygen atoms, N, reaching the surface of the substrate can be 

derived from the gas kinetic theory as:142 

 

                                                                                                     (4.2) 

 

where  is the Avogadro number, R is the ideal gas constant, T is the substrate 

temperature for deposition, M is the molar mass of oxygen gas, and  is the time 

interval of oxygen species arriving the substrate surface from PLD ceramic target, in the 

presence of pulsed laser. Because the oxygen species coming from the PLD ceramic 

target shows little variations with ,142 given that all other deposition parameters are 

kept constant, we may assume  a constant. Equation (4.2) shows that the higher  

during deposition the more oxygen atoms  from the ambient are transported to the 

substrate surface, and hence the incorporation of oxygen atoms in the films is enhanced. 

The inverse of Kröger-Vink notation is favorable under higher , and therefore, the 

 in the film lattice is reduced with the increasing oxygen partial pressure. 

 

On the other hand, the oxygen atoms diffuse out from MnBNBT thin film lattice, in 

order to maintain a thermodynamic equilibrium of oxygen atoms in the film and in the 

ambient, at a specific substrate temperature. The process creates oxygen vacancies and 

leave the electrons behind,143 particularly under lower .144 Those electrons can be 

absorbed by some of the smaller size Ti4+ to form the larger size Ti3+,136, 145 so it would 
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be expected that the more   the more Ti3+ is presented, which is accompanied by the 

expansion of unit cell as a result of enlargement in lattice constant under lower . 

 

In addition, Kim et al146 have expressed a thermodynamic equation stating the inverse 

relationship between  and the oxygen vacancies in (Ba0.5Sr0.5)TiO3 thin films. The 

author indicated that the higher oxygen vacancies would reduce the Coulomb attractive 

force between the neighbouring cations and anions, resulting in an increased lattice 

constant c under lower . The observation was in agreement with our experimental 

results. 

 

 

4.3 Ferroelectric Property 
 

The ferroelectric P-E hysteresis loops of MnBNBT thin films deposited under different 

 are shown in Figure 4.2(a) – 4.2(d). Well-defined P-E hysteresis loops are obtained 

at room temperature for all the films. The values of Pr and Ec are found to be 4.5 

μC/cm2 and 7.5 kV/mm, 12.5 μC/cm2 and 9.0 kV/mm, 21.0 μC/cm2 and 16.0 kV/mm, 

7.0 μC/cm2 and 5.0 kV/mm, for the films deposited under 100, 150, 200, and 250 mTorr, 

respectively. A comparison of P-E hysteresis loops of MnBNBT thin films deposited 

under different  is given in Figure 4.2(e). It clearly shows that the magnitude of Pr is 

highly dependent on the oxygen partial pressure. The Pr value is enhanced when  is 

increased from 100 to 200 mTorr. However, the value is reduced as the oxygen partial 

pressure further increases to 250 mTorr, probably due to the higher leakage current in 

the 250 mTorr deposited film, which is confirmed in Section 4.5 of this Chapter. 
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The P-E hysteresis loops of MnBNBT thin films are asymmetric along the electric field 

axis, representing the imprint behaviour of the films. In general, imprint is observed in a 

ferroelectric thin film if there is a preferential polarization state over the other.147 It 

leads to reliability issue in the ferroelectric memory when retrieving data after a given 

period of time.148 The ferroelectric polarization switching occurs through the motion of 

domain walls.149 The imprint behaviour may be attributed to the creation of conducting 

electrons by the ionic defects, such as oxygen vacancies. Those emitted electrons may 

pin the domain, and hence the polarization direction of the pinned domain is remained 

regardless of the direction of the applied external field.150 As a result, the shifts in the P-

E hysteresis loops are observed, and becomes more obvious for the films deposited 

under lower , which have more oxygen vacancies. Similar findings on the voltage 

offset of the P-E hysteresis loops have also been observed in lead-based perovskite thin 

films deposited under different .151 
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Figure 4.2 P-E hysteresis loops of MnBNBT thin films deposited under different 

oxygen partial pressures: (a) 100, (b) 150, (c) 200, and (d) 250 mTorr. (e) Comparison 

of saturated P-E hysteresis loops of MnBNBT thin films deposited under different 

oxygen partial pressures. 
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4.4 Dielectric Property 
 

Figure 4.3 shows the frequency dependence of dielectric constant of MnBNBT thin 

films deposited under different . The dielectric constant presents an ascending order 

as the oxygen partial pressure increases from 100 to 200 mTorr, and then decreasing as 

the deposition pressure further increases from 200 mTorr to 250 mTorr, throughout the 

entire measurement frequency range from 1 kHz to 1 MHz at room temperature. It can 

be seen that MnBNBT thin films appear to have higher dielectric constant at the lower 

frequency of 1 kHz than at the higher frequency of 1 MHz. The decrease of dielectric 

constant with frequency is due to the dielectric dispersion. This phenomenon arises 

from the fact that polarization switch does not occur instantaneously when subject to an 

electric field, the dipoles in the ferroelectric domain are unable to follow the field 

variations at higher frequency,152 as a result, the dielectric constant of the film drops at 

higher frequency. 

 

Figure 4.4(a) – 4.4(d) show the electric field dependence of dielectric constant ( -E) 

curves of MnBNBT thin films deposited under different . The measurements were 

conducted at 1 MHz frequency and room temperature. The dielectric tunability is found 

to be 13.0%, 24.0%, 39.0%, and 31.0% for the films deposited under 100, 150, 200, and 

250 mTorr, respectively. The hysteresis loops exhibit different maxima dielectric values 

when the electric fields are applied in the opposite directions, especially for the films 

deposited at 100, 150, and 250 mTorr. The observation suggests that there are charges 

accumulated either in the bulks or at the electrode/film interfaces,153, 154 leading to a 

build-up of internal electric field, and hence the maxima dielectric constants are reduced 

upon DC electric field reversals.  
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Figure 4.3 Frequency dependence of dielectric constant of MnBNBT thin films 

deposited under different oxygen partial pressures. 
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Figure 4.4 Electric field dependence of dielectric constant of MnBNBT thin films 

deposited under different oxygen partial pressures: (a) 100, (b) 150, (c) 200, and (d) 250 

mTorr. 

 

 

4.5 Leakage Current Behaviour 
 

Figure 4.5 shows the effect of  on the Current-Voltage (I-V) behaviours of MnBNBT 

thin films, measured at room temperature. It can be seen that the leakage current is 

influenced by the oxygen partial pressure. The film deposited under 250 mTorr  
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shows higher leakage current compared to the others, which may explain the degrading 

of its ferroelectric property, as shown in Section 4.3 of this chapter.  

 

In order to understand the underlying conduction mechanisms, the I-V data were 

analyzed by three commonly recognized models, namely the interface-limited Schottky 

emission, the bulk-limited Poole-Frenkel emission, and the bulk-limited Space-Charge-

Limited-Current. The current density across a Schottky barrier (SE) is:155 

 

                                                         
∅ /

                                          (4.3) 

 

where ,  is the current density,  is the Richardson constant,  is the 

temperature,  is the Schottky barrier height,  is the electron charge,  is the 

permittivity of free space,  is the dielectric constant of the thin film,  is the applied 

electric field, and  is the Boltzmann constant. The Poole-Frenkel emission (PF) is 

given by:156 

 

                                                        
/

                                         (4.4) 

 

where ,  is a sample-dependent zero-field conductivity, and  is the 

trap ionization energy. The Space-Charge-Limited-Current (SCLC) leakage current 

limiting mechanism is defined as:157  

 

                                                                                                           (4.5) 
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where  is the charge carrier mobility, and  is the film thickness.  

 

The conduction mechanisms of MnBNBT thin films were studied by first converting the 

I-V data into a ln(J) against ln(E) plot, as shown in Figure 4.6(a). If SCLC is the 

dominant conduction mechanism, the slopes of the linear fit should be close to 2 in 

accordance with equation (4.5). The linear relationships are observed at low electric 

field (< 9 kV/mm) in Figure 4.6(a), however, the slopes of the best fitted lines are all 

around 1, indicating the Ohmic conductions for all the films. The observation is in 

agreement with some of other reported lead-free ferroelectric thin films, where Ohmic 

conductions were dominated at low voltages.158-161 

 

The I-V data are also plotted as  versus , as given in Figure 4.6(b). The linear 

relationships at high electric field (> 9 kV/mm) imply that the conduction mechanism is 

governed by either SE or PF emissions. In order to determine whether SE or PF 

emission is the dominant conduction mechanism at high electric field, one way is to 

calculate the values of  from the slopes of the best fitted lines in Figure 4.6(b), based 

on the following equations, deriving from equations (4.3) and (4.4). 

 

For Schottky emission:                     SlopeS  

/
                                              (4.6) 

 

For Poole-Frenkel emission:             SlopePF  

/
                                             (4.7) 
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The values of the slopes of the best fitted lines are indicated in the figure, while the  

values for SE and PF emissions for MnBNBT thin films deposited under different  

are summarized in Table 4.1.  

 

 

Table 4.1 Dielectric constants derived from Schottky and Poole-Frenkel emissions for 

MnBNBT thin films deposited under different oxygen partial pressures. 

Oxygen Partial Pressure (mTorr) Schottky Poole-Frenkel 

 
100 

 
3.38 13.51 

 
 

150 
 

 
3.80 

 

 
15.22 

 
 

200 
 

 
5.00 

 
20.01 

 
 

250 
 

 
6.06 

 

 
24.25 

 
 

 

The refractive index of BNT-based thin films has been reported to be in the range of 2.1 

– 2.5,71 and hence the optical dielectric constant K, which is the square of refractive 

index, is expected to be 4.41 – 6.25, providing the lower limit of . The calculated 

values of  in SE are apparently outside this range, indicating that PF emission is the 

dominant conduction mechanisms at high electric field for our films. 
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Figure 4.5 I-V leakage current behaviours of MnBNBT thin films deposited under 

different oxygen partial pressures. 
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Figure 4.6 (a) ln(J) – ln(E) plots, and (b) ln(J) –  plots for MnBNBT thin films 

deposited under different oxygen partial pressures. 
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4.6 Piezoelectric Characteristic 
 

Figure 4.7(a) – 4.7(d) show the local out-of-plane piezoresponse amplitude butterfly 

loops and the phase hysteresis loops as a function of applied DC biases, for the 

individual grains of MnBNBT thin films deposited under different . DC voltages of 

±15 V were applied on the thin films through the conductive PFM probe at room 

temperature, which was performed as top electrode in the nanoscale PFM measurement.  

 

The applied DC voltages were sufficiently large to switch the polarizations, and the 

observed ~180° reversal in the phase hysteresis loops indicate a near complete 

polarization switching behaviours in all the films.162 The phase hysteresis loops are 

slightly shifted toward the negative biases, probably owing to the existence of built-in 

electric fields at the electrode/film interfaces.163 The observed imprint behaviours in 

microscopic PFM characterization are in good agreement with the macroscopic 

ferroelectric P-E hysteresis measurements. The d33 values are estimated from the slope 

of amplitude butterfly loops to be 20.0 pm/V, 22.5 pm/V, 91.5 pm/V, and 14.0 pm/V, 

for the films deposited under 100, 150, 200, and 250 mTorr, respectively. The values 

illustrate that the piezoelectric properties of MnBNBT thin films are strongly  

dependent. 
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Figure 4.7 Local out-of-plane piezoresponse amplitude and phase of MnBNBT thin 

films deposited under different oxygen partial pressures: (a) 100, (b) 150, (c) 200, and 

(d) 250 mTorr. 

 

 

4.7 Summary 
 

In this chapter, Mn-doped BNBT thin films have been successfully deposited on SRO 

coated STO (001) single crystal substrates under different  by PLD. The results 

demonstrated that the  used in the PLD process has great impacts on the structural 

and physical properties of MnBNBT thin films. By appropriately controlling the 

deposition conditions, the physical properties of the film deposited under  = 200 
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mTorr was determined to be superior to the rest. Imprint behaviours were generally 

observed in all the samples, due to the presence of oxygen vacancies. The dominated 

conduction mechanisms in the as-grown MnBNBT thin films were analysed to be 

Ohmic conductions at low electric field (< 9 kV/mm), and Poole-Frenkel emissions at 

high electric field (> 9 kV/mm) in all the films. 
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Chapter 5 – Effects of Substrate Temperature on the 

Properties of (Bi0.5Na0.5)0.94Ba0.06TiO3-based Thin Films 

 

5.1 Introduction 
 

Besides the oxygen partial pressure as discussed in chapter 4, the substrate temperature 

also plays an important role in the deposition of perovskite thin films by PLD. The laser 

ablated species grow on the substrate surface through diffusion. The mobility and 

diffusion rate of the species increase at higher substrate temperatures.164 However, the 

arriving species may not stick on the substrate surface, some of them may re-evaporate 

into the gas ambient after incorporation into the film, and the rate of re-evaporation is 

positively related to the substrate temperature. Therefore, the substrate temperature 

influences the diffusion and re-evaporation rate of species on the substrate surface, this 

particular PLD parameter is important for the preservation of film stoichiometry.165, 166 

 

In this chapter, 0.5 mol% Mn-doped 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 (MnBNBT) thin 

films were deposited on SRO electroded STO (001) single crystal substrates, at different 

substrate temperatures of 600, 650, 700, and 750 °C, while all other deposition 

parameters were kept constant. The oxygen partial pressures were maintained under 200 

mTorr, which is the optimized condition for the growing of MnBNBT thin films on 

SRO/STO (001) single crystal substrates, as demonstrated in chapter 4. The substrate 

temperature effects on the structural and physical properties of our samples are 

investigated.  
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5.2 Structural Characterization 
 

The XRD θ-2θ spectra of MnBNBT thin films deposited at different substrate 

temperatures are shown in Figure 5.1. The patterns are normalized in accordance with 

the STO (002) peak. It demonstrates that single phase MnBNBT thin films were 

successfully grown on SRO electroded STO (001) substrates over a broad temperature 

range from 600 to 750 °C. Because SRO layers are very thin (~15 nm), their peaks are 

not resolved from the strong thin films (~250 nm) and substrates reflections. A close 

look at the (002) peaks shows that the diffraction peaks of MnBNBT thin films are 

shifted to higher angles when the substrate temperature is increased from 600 to 750 °C, 

indicating a change in the out-of-plane lattice constant. The deviations in lattice 

parameter may be attributed to the compositional fluctuations in the films, which result 

from the different diffusion and re-evaporation rate of species on the substrate surface, 

at different substrate temperatures.167 

 

The heterostructure of MnBNBT thin film deposited at 700 °C substrate temperature 

was further analysed by TEM. Figure 5.2(a) shows the cross-sectional TEM image of 

the sample structure. It can be seen that the substrate/bottom electrode/thin film 

interfaces are clearly defined, and the sample is uniform over a large area. Figure 5.2(b) 

shows the selected area electron diffraction (SAED) patterns of MnBNBT thin film 

layer taken along the (010) zone axis. The sharp electron diffraction spots indicate the 

good crystallinity of the sample. Analysis of the SAED pattern reveals that different 

spacing are found from the (001) and (100) reflections, yielding an out-of-plane to in-

plane lattice constant ratio of 1.0025. This indicates the lattice of 700 °C deposited 

MnBNBT thin film is slightly tetragonally distorted. 
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Figure 5.1 XRD -2  scans of MnBNBT thin films deposited at different substrate 

temperatures. 
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Figure 5.2 TEM images of MnBNBT thin film deposited at 700 °C: (a) Cross-sectional 

TEM image. (b) SAED patterns of the thin film layer taken along the (010) zone axis. 

 

 



69 
 

5.3 Surface Morphology 
 

The morphological characteristics of MnBNBT thin films grown at different substrate 

temperatures are shown in Figure 5.3(a) – 5.3(d). All the films exhibit smooth surfaces 

and distinct grain boundaries. The grain size of MnBNBT thin film increases with the 

increasing substrate temperature from 600 to 750 °C. This is attributed to the increased 

mobility and surface diffusion of the arriving species at higher substrate 

temperatures.168, 169 Therefore, more arriving species may coalesce to form larger grains.  

 

 

         

         

 

Figure 5.3 Surface topographies of MnBNBT thin films deposited at different substrate 

temperatures: (a) 600, (b) 650, (c) 700, and (d) 750 °C. 
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5.4 Ferroelectric Property 
 

The ferroelectric P-E hysteresis loops of MnBNBT thin films deposited at different 

substrate temperatures are shown in Figure 5.4(a) – 5.4(d). Well-defined P-E hysteresis 

loops are observed for all the films. The Pr and Ec values are found to be 17.0 μC/cm2 

and 10.5 kV/mm, 21.0 μC/cm2 and 16.0 kV/mm, 33.0 μC/cm2 and 12.5 kV/mm, 16.5 

μC/cm2 and 13.0 kV/mm, for the films deposited at 600, 650, 700, and 750 °C, 

respectively. Among them, the 700 °C deposited film shows the best ferroelectric 

property. It should be noted that the Pr value of this sample is higher than the value of 

its ceramic counterparts, which is 24 μC/cm2 as reported by Fan et al.133 

 

A comparison of P-E hysteresis loops, as given in Figure 5.4(e), clearly illustrates that 

the ferroelectric behaviours of MnBNBT thin films are closely related to the substrate 

temperature, owing to the variation of grain sizes. The grain size affects the ferroelectric 

properties through the restriction of domain wall motions. Since the grain boundaries 

contribute pinning effect for the movement of ferroelectric domains, the domain walls 

are able to move more freely in larger grains when subject to an electric field.170 Hence, 

the polarization in larger grains is easier to be switched, than in smaller grains. As a 

result, it is expected that the Pr values of MnBNBT thin films increase with the 

increasing grain size as the substrate temperature increases. However, there is a 

dramatic drop in the Pr value as the substrate temperature increases from 700 to 750 °C, 

even though the grain size is increasing. The observation may result from the 

compositional change in MnBNBT thin film deposited at 750 °C, due to the intensively 

re-evaporation of volatile species at higher substrate temperature in the PLD process.  
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Figure 5.4 P-E hysteresis loops of MnBNBT thin films deposited at different substrate 

temperatures: (a) 600, (b) 650, (c) 700, and (d) 750 °C. (e) Comparison of saturated P-E 

hysteresis loops of MnBNBT thin films deposited at different substrate temperatures. 
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5.5 Dielectric Property 
 

Figure 5.5 shows the room-temperature dielectric constant versus frequency curves for 

MnBNBT thin films deposited at different substrate temperatures. A strong dependence 

of dielectric constant on the substrate temperature is observed. The film deposited at 

700 °C shows the highest dielectric constant across the entire measurement frequency 

range from 1 kHz to 1 MHz. Figure 5.6(a) – 5.6(d) show the dielectric constant as a 

function of electric field (ε-E) for MnBNBT thin films deposited at different substrate 

temperatures, measured at 1 MHz and room temperature. The butterfly shaped ε-E 

curves are originated from domain wall motion during polarization switching, which 

have been explored in all the films. The observation confirms the ferroelectric nature of 

our samples.128 The dielectric tunability is found to be 23.5%, 39.0%, 54.5%, and 39.5% 

for the films deposited at 600, 650, 700, and 750 °C, respectively, under an applied DC 

field of ±40 kV/mm. 
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Figure 5.5 Frequency dependence of dielectric constant of MnBNBT thin films 

deposited at different substrate temperatures. 
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Figure 5.6 Electric field dependence of dielectric constant of MnBNBT thin films 

deposited at different substrate temperatures: (a) 600, (b) 650, (c) 700, and (d) 750 °C. 

 

 

5.6 Domain Structure 
 

Figure 5.3(c), 5.7(a) and 5.7(b) are obtained simultaneously, showing the surface 

topography, out-of-plane PFM amplitude, and out-of-plane PFM phase images of the 

700 °C deposited MnBNBT thin film, respectively. When the conducting PFM tip was 

in contact with the film surface, a small AC bias of 400 mV was applied through the tip, 

inducing local electromechanical vibration of the sample. Based on the different 



75 
 

polarization orientation, the phase of the piezoresponse signal appears as regions of 

different contrasts in the PFM phase image. The bright regions correspond to the 

domains with polarization vectors point towards the SRO bottom electrode, whereas the 

dark regions represent the domains with polarization vectors orient towards the top 

surface of the film. Combining the surface topography (Figure 5.3(c)) and out-of-plane 

PFM phase (Figure 5.7(b)) images, it can be seen that the domain boundaries are 

correlated to the grain boundaries, suggesting that the grain boundary may perform as a 

barrier for domain growth.171 

 

In order to visualize the domain switching behaviour of the 700 °C deposited MnBNBT 

thin film, an external DC bias of -10 V was applied on a 6.0  6.0 µm2 surface area, 

followed by writing a 2.0  2.0 µm2 area with +10 V DC bias inside the larger block. 

The strong contrast is observed in the out-of-plane square-in-square PFM phase image 

after DC poling, as shown in Figure 5.7(c). The PFM phase exhibits almost 180° 

polarization reversals at the presence of sufficiently large DC bias, suggesting the robust 

ferroelectricity in the film. 
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Figure 5.7 Out-of-plane PFM images of MnBNBT thin film deposited at 700 °C: (a) 

PFM amplitude, (b) PFM phase, and (c) square-in-square PFM phase image obtained 

after DC poling. 

 

 

5.7 Piezoelectric Characteristic 
 

Figure 5.8(a) – 5.8(d) show the local out-of-plane piezoresponse amplitude butterfly 

loops and the phase hysteresis loops at the presence of ±15 V applied DC biases, for the 

individual grains of MnBNBT thin films deposited at different substrate temperatures. 
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Data were acquired at room temperature. The 180° phase reversals are observed for all 

the films, this is in good agreement with the visualization in the out-of-plane square-in-

square PFM phase image, as shown in Figure 5.7(c). The d33 values of the films are 

determined from the slope of the amplitude butterfly loops to be 62.0 pm/V, 91.5 pm/V, 

120.0 pm/V, and 21.5 pm/V, for the films deposited at 600, 650, 700, and 750 °C, 

respectively. The large piezoelectric coefficient observed in the film deposited at 700 °C 

may be attributed to its relatively larger grain size,172, 173 as well as its film 

stoichiometry. The piezoelectric coefficient of our 700 °C deposited film is lower than 

the bulk value,174 owing to the clamping effect imposed by the substrate.175, 176 

 

By combining the experimental results in Chapter 7, Table 7.1 summarizes the 

performance of some popular piezoelectric thin films. It clearly demonstrates that the 

ferroelectric and piezoelectric properties of our 700 °C deposited MnBNBT thin film 

are in the upper range of piezoelectric thin films reported in the literature.  
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Figure 5.8 Local out-of-plane piezoresponse amplitude and phase of MnBNBT thin 

films deposited at different substrate temperatures: (a) 600, (b) 650, (c) 700, and (d) 

750 °C. 

 

 

5.8 Summary 
 

In conclusion, Mn-doped BNBT thin films have been successfully deposited on SRO 

electroded STO (001) single crystal substrates at different substrate temperatures by 

PLD. The effects of substrate temperature on the structural and physical properties of 

the films were investigated. It has been shown that the film deposited at 700 °C 

substrate temperature showed the better ferroelectric characteristics (Pr = 33.0 μC/cm2) 

and larger piezoelectric coefficient (d33 = 120.0 pm/V) than the others. The excellent 
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properties of our MnBNBT thin film are the result of the appropriate control of PLD 

deposition parameters, in particular, the substrate temperature and the oxygen partial 

pressure.  
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Chapter 6 – Influence of Fe Doping on the Properties of 

(Bi0.5Na0.5)0.94Ba0.06TiO3 Thin Films 

 

6.1 Introduction 
 

In the early reports, the ferroelectric, dielectric, and piezoelectric properties of BNBT 

ceramics were found to be improved, by the introduction of appropriate amount of Fe 

dopant into the lattice of BNBT solid solutions.177-179 However, the studies on Fe-doped 

BNBT thin films are limited. In this chapter, x mol% Fe-doped 0.94(Bi0.5Na0.5)TiO3-

0.06BaTiO3 thin films (abbreviated as FexBNBT, x = 0, 0.5, 1.0, 1.5, 2.0) were 

deposited on SRO coated STO (001) single crystal substrates by PLD. The effects of Fe 

doping content on the structural and physical properties of BNBT thin films are 

discussed.  

 

FexBNBT thin films were deposited at a relatively low substrate temperature of 550 °C, 

rather than 700 °C as described in Chapter 5 for Mn-doped BNBT thin films in this 

particular PLD system. The reason for the selection of this specific deposition 

temperature is due to the fact that, the thin film capacitors with low crystallization 

temperatures are desired to be implemented on the CMOS logic circuits.24 It is 

advantageous that the crystallization temperature of PZT is 600 °C, making it more 

suitable for the fabrication of high-density FRAMs, than the Bi-layer structured 

ferroelectrics, such as SrBi2Ta2O9 (SBT) and (Bi,La)4Ti3O12 (BLT), which have higher 

crystallization temperatures of 700 to 750 °C, respectively.24 As a result, we are 

interested in examining the performance of Fe-doped BNBT thin films at the lower 

deposition temperature by PLD. 
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6.2 Structural Characterization 
 

The XRD -2  spectra of FexBNBT thin films are shown in Figure 6.1(a). The spectra 

are normalized based on the STO (002) peak. It can be seen that all the films show 

single perovskite structures with no other phases have been formed. This indicates that 

Fe ions with different doping content have successfully diffused into the BNBT lattice 

structure to form solid solutions. The diffraction peaks of the SRO bottom electrodes 

are not resolved, mainly due to the good lattice match of SRO to FexBNBT thin film and 

STO substrate, as well as its thinness nature (~15 nm) compared to the film (~250 nm) 

and substrate. There has no obvious (002) peak shift being observed in FexBNBT thin 

films, as shown in Figure 6.1(b). This phenomenon should be attributed to the close 

ionic radius between the 6-fold coordination of Fe3+ (r ~ 0.645 Å) and Ti4+ (r ~ 0.605 

Å),180 as well as the low level of Fe doping content. Therefore, the lattice distortion of 

FexBNBT thin films on SRO buffered STO (001) single crystal substrates are barely 

observed, when Ti4+ is replaced by Fe3+ at the B-site of BNBT lattice. 
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Figure 6.1(a) XRD -2  scans of FexBNBT thin films. (b) The diffraction patterns 

between 44° and 48°. 

 

 



83 
 

6.3 Surface Morphology 
 

Figure 6.2(a) – 6.2(e) show the surface topographies of FexBNBT thin films. It can be 

seen that the grain size of the films are increased with the increasing Fe doping content. 

Fe ion is considered an acceptor, because of its lower valence state than the host Ti ion. 

When Ti4+ is replaced by Fe3+, the oxygen vacancy, , is created in the perovskite 

lattice to maintain the charge neutrality: 

 

                                                                                                  (6.1) 

 

where  is the  at the Ti4+ site. Therefore, two Fe3+ would create one oxygen 

vacancy in FexBNBT thin film structure. The presence of oxygen vacancies in 

perovskite oxides promotes mass transport,181 so it would be expected to observe the 

grain growth as the Fe doping content is increased. 
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Figure 6.2 AFM images of FexBNBT thin films: (a) x = 0, (b) x = 0.5, (c) x = 1.0, (d) x = 

1.5, and (e) x = 2.0. 
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6.4 Ferroelectric Property 
 

Figure 6.3(a) – 6.3(e) show the ferroelectric P-E hysteresis loops of FexBNBT thin films. 

With the increasing Fe doping content, the magnitude of Pr and Ec of FexBNBT thin 

films are determined to be 4.5 μC/cm2 and 18.0 kV/mm, 6.0 μC/cm2 and 14.5 kV/mm, 

7.0 μC/cm2 and 12.0 kV/mm, 10.0 μC/cm2 and 12.0 kV/mm, 7.0 μC/cm2 and 13.5 

kV/mm, respectively. A comparison of P-E hysteresis loops is shown in Figure 6.3(f) in 

order to visually demonstrate the influence of Fe doping content on the ferroelectric 

property of FexBNBT thin films, where the optimal behaviour is observed at the 

composition of x = 1.5.  

 

The P-E hysteresis loops of FexBNBT thin films are shifted along the electric field axis, 

showing the imprint behaviour. This indicates the existence of built-in electric field. 

Figure 6.3(d) inset illustrates the internal bias field, , for Fe1.5BNBT thin film, which 

is determined based on the following equation:182 

 

                                                                                                            (6.2) 

 

When Fe3+ substituted for Ti4+ site, the defect dipoles, , are formed 

between  and , in FexBNBT thin film structure. Those defect dipoles can be 

responsible for the formation of the internal bias field in the spontaneous polarization 

direction,183 and hinder the motion of ferroelectric domain walls. As a result, a 

horizontal shift in P-E hysteresis loops of FexBNBT thin films are recognized. On the 

other hand, the oxygen vacancies created through the PLD process cannot be neglected, 

even though the films are deposited in an oxygen flowing environment. The 
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contribution of deposition induced oxygen vacancies to the imprint behaviour has been 

discussed in Chapter 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 
 

         

 

         

 

         

 

Figure 6.3 P-E hysteresis loops of FexBNBT thin films: (a) x = 0, (b) x = 0.5, (c) x = 1.0, 

(d) x = 1.5, and (e) x = 2.0. Inset of (d) indicates the internal bias field of the 

corresponding sample. (f) Comparison of saturated P-E hysteresis loops of FexBNBT 

thin films. 
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6.5 Dielectric Property 
 

Figure 6.4 shows the dielectric constant of FexBNBT thin films as a function of 

frequency at room temperature. The dielectric constants for all the films decrease with 

the increasing frequency from 1 kHz to 1 MHz. It clearly shows that the dielectric 

property of BNBT thin film is enhanced through Fe doping, where the film composition 

at x = 1.5 exhibits the highest dielectric constant across the entire measurement range. 

Fe2.0BNBT thin film shows the dielectric dispersion more steeply than others. This is 

possibly due to the higher oxygen vacancies created through the elemental substitution 

between Fe and Ti ions, in the Schottky depletion region within the film near the 

electrode interface.184, 185 The dielectric constant relates to the dipoles displacement. The 

higher oxygen vacancies would cause longer delay of the polarization reorientation 

when an AC oscillation bias is applied at high frequency, and hence the higher Fe 

doping content promotes the frequency dispersion. 
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Figure 6.4 Frequency dependence of dielectric constant of FexBNBT thin films. 

 

 

6.6 Leakage Current Behaviour 
 

The room temperature Current-Voltage (I-V) behaviours of FexBNBT thin films are 

shown in Figure 6.5. It can be seen that the leakage current gradually decreases as the 

Fe doping content increases from x = 0 to x = 1.5. Compare to the undoped BNBT thin 

film, the leakage current of Fe1.5BNBT thin film is reduced by more than one order of 

magnitude at the high voltage of +15 V. This phenomenon could be attributed to the 

formation of defect complexes, , in FexBNBT thin film structure. More  

would be restricted as the Fe doping content increases, and thus more electric energy is 

required to overcome the electrostatic attraction force of the defect complexes, in order 

to generate the mobile .186 However, the leakage current increases slightly as the Fe 

doping content changes from x = 1.5 to x = 2.0, probably due to the inter-grain depletion 
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regions,24, 187 this phenomenon is explained as follows. The current flow is influenced 

by the local space charges near the grain boundaries.188 In the larger grained Fe2.0BNBT 

thin film, there are less overlapping of depletion regions among the neighbouring grain 

boundaries,189 this can be the cause of its higher leakage current than the finer grained 

Fe1.5BNBT thin film. The Fe doping effect on the leakage current behaviour of our 

FexBNBT thin films is consistent with those of the Fe-doped BNT thin films and 

BiFeO3-BNBT thin films reported by Feng et al190 and Li et al191, respectively. 

 

 

 

 

Figure 6.5 I-V leakage current behaviours of FexBNBT thin films. 
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6.7 Piezoelectric Characteristic 
 

The room temperature local out-of-plane piezoresponse amplitude butterfly loops and 

the phase hysteresis loops were obtained for the individual grain of FexBNBT thin films. 

The loops generated at ±9 V DC biases are shown in Figure 6.6(a) – 6.6(e).  

 

It can be seen that the piezoresponse phase hysteresis loop of Fe1.0BNBT and 

Fe1.5BNBT thin films are almost symmetric, whereas the loops of other FexBNBT thin 

films are largely shifted toward the positive biases. Asymmetric switching behavior is 

attributed to the existence of an built-in electric field at the electrode/film interface.163 

As suggested by Gruverman et al,192 the polarization state of the investigated grains 

underneath the PFM tip may cause the hysteresis loops to be shifted to the left or right 

of the symmetry accordingly. The coercive field, Ec, of FexBNBT thin films derived 

from the phase hysteresis loops, as well as the Ec values determined from the P-E 

hysteresis loops from Section 6.4, are compared in Table 6.1.  

 

Ec values observed from the microscopic PFM characterization are generally 

inconsistent with those obtained from the conventionally macroscopic P-E hysteresis 

measurements. This discrepancy is predominantly due to the differences in polarization 

switching mechanism between the two methods.193, 194 The nanoscale PFM 

measurement recorded the polarization switching behavior inside individual grains. Due 

to the sample surface roughness and the slightly variation in chemical compositions, the 

effective PFM tip-sample contact area varies along the sample surface. As a result, the 

electric field imposed by PFM tip is inhomogeneous.194, 195 In contrast, the P-E 

hysteresis loop gathered information from a large number of grains under the top 
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electrode area, thus the applied electric field on the sample surface would be much more 

uniform. 

 

 

Table 6.1 Coercive field of FexBNBT thin films obtained from out-of-plane 

piezoresponse phase hysteresis loops and P-E hysteresis loops. 

FexBNBT Composition Ec (PFM Phase, kV/mm) Ec (P-E Loop, kV/mm) 
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2.0 

 

 
18.0 

 
 

x = 0.5 
 

 
4.5 
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18.0 
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13.5 

 

 
12.0 

 
 

x = 2.0 
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Figure 6.6 Local out-of-plane piezoresponse amplitude and phase of FexBNBT thin 

films: (a) x = 0, (b) x = 0.5, (c) x = 1.0, (d) x = 1.5, and (e) x = 2.0. 

 

 

After deriving the d33 values of FexBNBT thin films from the slope of amplitude 

butterfly loops. The dielectric (measured at 1 kHz frequency), ferroelectric, and 

piezoelectric properties of FexBNBT thin films are illustrated as a function of Fe doping 
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content, as shown in Figure 6.7. It clearly shows that Fe1.5BNBT thin film exhibits the 

better physical properties than the films with other compositions.  

 

 

 

 

Figure 6.7 A summary of dielectric, ferroelectric, and piezoelectric properties of 

FexBNBT thin films. 

 

 

6.8 Summary 
 

In conclusion, x mol% Fe-doped BNBT (x = 0, 0.5, 1.0, 1.5, 2.0) thin films were 

successfully deposited on SRO coated STO (001) single crystal substrates at relatively 

low substrate temperature by PLD. The film with the composition of x = 1.5 exhibited 

the higher remnant polarization, dielectric constant, and piezoelectric coefficient, as 

well as the lower leakage current compare to other samples. The results indicated the 

effectiveness of Fe doping in improving the physical properties of BNBT thin film. 
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Chapter 7 – Enhanced Ferroelectric and Piezoelectric 

Properties in Doped (Bi0.5Na0.5)0.94Ba0.06TiO3 Thin Films 

 

7.1 Introduction 
 

A piezoelectric material with various dopants exhibits different characteristics, and 

hence doping can be one of the useful techniques in modifying the physical properties 

of the base solid solution, in order to match the stringent requirements for specific 

applications.  

 

Rare earth elements have been considered to be effective in improving the physical 

properties of BNT-based thin films. Wang et al76 deposited the undoped and (lanthanum, 

cerium) co-doped 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 thin films, and the ferroelectric and 

piezoelectric properties were found to be enhanced from 14.5 μC/cm2 and 26 pm/V for 

the undoped film, to 29.5 μC/cm2 and 70 pm/V for the film doped with rare earth 

elements. Wu et al196 modified the (Na0.85K0.15)0.5Bi0.5TiO3 (NBKT) thin films using 

scandium, and reported the enhanced ferroelectric and piezoelectric properties from 

13.22 μC/cm2 and 52 pm/V, to 18.62 μC/cm2 and 67 pm/V, for the undoped and 

scandium-doped NBKT thin films, respectively. Other rare earth elements, such as 

praseodymium197 and yttrium,198 have also been used to improve the physical properties 

of BNT thin films. Of various rare earth elements, samarium (Sm) has been reported to 

be an appropriate dopant in enhancing the ferroelectric and piezoelectric properties of 

BNT-based ceramics.199, 200 However, there are limited reports on Sm-doped BNT-

based thin films. Therefore, it is interesting to see the effectiveness of Sm doping on the 

physical properties of BNBT thin film. 
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It should be pointed out that, BNBT thin films with x mol% Sm doping contents (x = 0, 

0.5, 1.0, 1.5, 2.0) have been studied, the works were similar to what have been done in 

Chapter 6. The results revealed that the composition of x = 1.0 showed better physical 

properties as compared to other samples. In this work, the undoped, 0.5 mol% Mn-

doped, 1.0 mol% Sm-doped, and 1.5 mol% Fe-doped 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 

thin films (abbreviated as BNBT, 0.5MnBNBT, 1.0SmBNBT, and 1.5FeBNBT, 

respectively) were deposited on LSMO coated STO (001) single crystal substrates by 

Laser MBE. The specific doping contents were chosen, in order to explore the optimal 

performance of each dopant. 

 

Since the physical properties of the ferroelectric thin films largely depend on the 

preparation conditions, it is important to deposit all the films under the same processing 

conditions, and hence the doping effects on the structural, ferroelectric, dielectric, and 

local piezoelectric properties of the BNBT thin films can be investigated. 

 

 

7.2 Structural Characterization 
 

Figure 7.1(a) shows the XRD -2  spectra of undoped, Mn-doped, Sm-doped, and Fe-

doped BNBT thin films. The films and the bottom electrodes were deposited to the 

thickness of approximately 250 nm and 15 nm, respectively, for all the samples. STO 

(002) peak has been used as a reference to normalize the diffraction patterns. The result 

indicates the formation of single perovskite structures for all the films, implying that the 

Mn, Sm, and Fe ions have successfully incorporated into the BNBT lattice, and the 

homogeneous solid solutions were formed. A close look at the diffraction patterns 
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between 45.5° and 47.5° in Figure 7.1(b) shows that, the (002) diffraction peaks of all 

the doped films shift to lower angles, as compared to the undoped sample, indicating 

elongation of the out-of-plane lattice constants in the doped BNBT thin films. The 

lattice distortion in thin films is predominantly originated from the strain generated as a 

result of lattice mismatch between the films and the LSMO/STO (001) growth 

templates.201, 202  
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Figure 7.1(a) XRD -2  scans of undoped and doped BNBT thin films. (b) The 

diffraction patterns between 45.5° and 47.5°. 
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7.3 Ferroelectric Property 
 

Figure 7.2(a) – 7.2(d) show the ferroelectric P-E hysteresis loops of undoped and doped 

BNBT thin films. The P-E hysteresis loop of undoped BNBT thin film does not saturate 

under electric field up to 35 kV/mm, and further increase of the applied electric field 

leads to large leakage current. In contrast, well-defined P-E hysteresis loops are 

obtained for all the doped BNBT thin films. The values of Pr and Ec are determined to 

be 23.5 μC/cm2 and 19.5 kV/mm, 30.5 μC/cm2 and 21.0 kV/mm, 37.0 μC/cm2 and 34.5 

kV/mm, for the Mn-doped, Sm-doped, and Fe-doped BNBT thin films, respectively.  

 

The dopants to BNBT thin films can be divided into two categories, namely the soft and 

hard dopants.176 The soft dopants are considered as donor-type additives, which have 

higher valence than the elements being replaced in the perovskite structure. The doping 

process often compensate for the A-site vacancies. In contrast, the hard dopants are 

acceptor-type additives. The lower valence of hard doping ions than those of the 

substituents causes oxygen vacancies in the perovskite lattice. In general, adding a soft 

dopant may reduce coercive field, and increase dielectric constant and piezoelectric 

coefficient, of a ferroelectric material, comparing to the base solid solution.94, 203 

Whereas the opposite effects would be normally found when a hard dopant is used. 

 

Because of the multivalence nature of manganese, its doping mechanism in the 

perovskite compounds is still under discussion. Because of the ionic radius similarities, 

the 6-fold coordination of Mn2+ (r ~ 0.83 Å), Mn3+ (r ~ 0.645 Å), and Mn4+ (r ~ 0.53 Å) 

can substitute Ti4+ (r ~ 0.605 Å)180 in the B-site of perovskite structure.133, 174 When Ti4+ 
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is replaced by the lower valance Mn2+ and Mn3+, the oxygen vacancy, , is formed, in 

order to maintain the charge neutrality. 

 

On the other hand, the A-site substitutions of Bi3+ (r ~ 1.11 Å) and Na+ (r ~ 1.39 Å)180 

by 12-fold coordination of Mn2+ (r ~ 1.27 Å)204 are also possible, which have been 

reported in BNT-based thin film205 and ceramic.206 Similar to B-site substitution,  is 

formed when Bi3+ is replaced by the lower valence Mn2+. In addition, the Na vacancy is 

created in the BNBT lattice to maintain electroneutrality, when Na+ is substituted by the 

higher valence Mn ions. 

 

In 1.0SmBNBT thin film, as the ionic radius of 12-fold coordination of Sm3+ (r ~ 1.24 

Å)180 is close to the ionic radius of Bi3+ and Na+, it would be likely for Sm3+ to occupy 

the A-site of BNBT lattice.199 The Na vacancy is created in the doping process, when 

Na+ is replaced by the higher valence Sm3+. 

 

In 1.5FeBNBT thin film, when the higher valence Ti4+ is substituted by the 6-fold 

coordination of Fe3+ (r ~ 0.645 Å)180 at the B-site of BNBT lattice,  is formed as 

described in Chapter 6. 

 

A comparison of P-E hysteresis loops is shown in Figure 7.2(e). As the P-E hysteresis 

loop of undoped BNBT thin film is unsaturated, its coercive field and polarization 

cannot be directly compared to those of the doped BNBT samples. However, it can be 

seen that, while the Ec of 0.5MnBNBT and 1.0SmBNBT thin films are comparable, the 

Ec of 1.5FeBNBT thin film is much higher. The introduction of Sm ions into the BNBT 

lattice causes Na vacancies, a smaller electric field is adequate to cause the motion of 
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domain walls,94 thus reducing the coercive field. In contrast, the defect dipoles are 

formed between the Fe ions and the oxygen vacancies, those defect dipoles inhibit the 

domain wall motion,176 which can be the cause of higher coercive field. While in 

0.5MnBNBT, the Na vacancies and oxygen vacancies are both created in the doping 

process, the lower coercive field suggests that the softening effect is dominated in the 

mechanism. 
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Figure 7.2 P-E hysteresis loops of BNBT-based thin films: (a) BNBT, (b) 0.5MnBNBT, 

(c) 1.0SmBNBT, and (d) 1.5FeBNBT. (e) Comparison of P-E hysteresis loops of 

undoped and doped BNBT thin films. 
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7.4 Dielectric Property 
 

Figure 7.3 shows the frequency dependence of dielectric constant of undoped and doped 

BNBT thin films at room temperature. There are dielectric dispersions for all the films 

in the measurement frequency range from 1 kHz to 1 MHz. Given that the dielectric 

constant reaches the value of 750 at 1 kHz frequency in undoped BNBT thin film, the 

values increase dramatically to 1100 and 1140 in Mn-doped and Sm-doped samples, 

respectively, whereas a small enhancement to 810 is observed in Fe-doped sample. The 

results indicate the effectiveness of these dopants in improving the dielectric property of 

BNBT thin films. 

 

 

 

 

Figure 7.3 Frequency dependence of dielectric constant of undoped and doped BNBT 

thin films. 
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7.5 Piezoelectric Characteristic 
 

Figure 7.4(a) – 7.4(d) show the local out-of-plane piezoresponse amplitude butterfly 

loops and the phase hysteresis loops, for the individual grains of undoped, Mn-doped, 

Sm-doped, and Fe-doped BNBT thin films. Measurements were performed at the 

presence of ±9 V applied DC biases and at room temperature. The piezoelectric phases 

change almost 180°, indicating that the polarizations are switched completely in all the 

films. The d33 values are estimated from the slope of the amplitude butterfly loops to be 

37.5 pm/V, 112.5 pm/V, 89.5 pm/V, and 81.5 pm/V, for undoped, Mn-doped, Sm-doed, 

and Fe-doped BNBT thin films, respectively. The higher piezoelectric coefficients in 

0.5MnBNBT and 1.0SmBNBT thin films confirm the soft dopant nature of Mn and Sm 

ions. 
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Figure 7.4 Local out-of-plane piezoresponse amplitude and phase of BNBT-based thin 

films: (a) BNBT, (b) 0.5MnBNBT, (c) 1.0SmBNBT, and (d) 1.5FeBNBT. 

 

 

The ferroelectric and piezoelectric properties of our doped BNBT thin films are highly 

comparable to those of the lead-based counterparts, and the values are much higher than 

some of the widely studied lead-free piezoelectric thin films up to date, i.e., the KNN-

based and BZT-BCT-based thin films. Table 7.1 summarizes the performance of some 

piezoelectric thin films. 
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Table 7.1 Ferroelectric and piezoelectric properties of some thin films. 
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7.6 Summary 
 

In summary, BNBT-based thin films were successfully deposited on LSMO coated STO 

(001) single crystal substrates by Laser MBE. Various dopants, including Mn, Sm, and 

Fe, were used to modify the physical properties of BNBT thin films. It has been shown 

that the Mn and Sm dopants are more effective in enhancing dielectric constants and 

piezoelectric coefficients, as well as reducing coercive fields. The Fe-doped BNBT thin 

film exhibited the best ferroelectric property (Pr = 37.0 μC/cm2), whereas the Mn-doped 

sample was more favourite to enhance the piezoelectric behaviour (d33 = 112.5 pm/V). 

Our results suggest that the physical properties of BNBT thin film are strongly 

dependent on doping species. Different dopants may be chosen to modify the specific 

physical properties of BNBT, in order to satisfy the requirement for various thin film 

applications. 
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Chapter 8 – Conclusions and Suggestions for Future Work 

 

8.1 Conclusions 
 

With the aim of developing high performance environmentally friendly lead-free thin 

films for ferroelectric and piezoelectric applications, 0.94(Bi0.5Na0.5)TiO3-0.06BaTiO3 

(BNBT)-based thin films have been the main focus of this project. The works involved 

detailed studies on the structural and physical properties of BNBT-based thin films 

deposited by PLD and Laser MBE. 

 

The physical properties of PLD and Laser MBE deposited thin films are sensitive to the 

growth conditions. Therefore, it is essential for the researchers to understand and study 

the effects of deposition parameters on the properties of thin films, in order to deposit 

the high quality samples. In this thesis, two most critical deposition parameters have 

been studied, which were the oxygen partial pressure and substrate temperature.  

 

Firstly, 0.5 mol% Mn-doped BNBT thin films were deposited on SRO coated STO (001) 

single crystal substrates under different oxygen partial pressures and 650 °C substrate 

temperature by PLD, while all other deposition parameters were kept constant. It was 

demonstrated that the film deposited under 200 mTorr oxygen partial pressure showed 

the better ferroelectric, dielectric, and piezoelectric properties than other samples. The 

presence of oxygen vacancies in the film lattice has led to the change in out-of-plane 

lattice parameters, as well as the observation of imprint behaviours. The conduction 

mechanisms of the films were investigated by fitting the leakage current data by various 

models. The results revealed that Ohmic conductions were dominated in all the films at 
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low electric field, while Poole-Frenkel emissions were responsible for the leakage 

currents in all the samples at high electric field. 

 

Being one of the critical deposition parameters, the effects of substrate temperature 

were studied through the deposition of 0.5 mol% Mn-doped BNBT thin films on SRO 

coated STO (001) single crystal substrates at various substrate temperatures and 200 

mTorr oxygen partial pressure by PLD, while all other deposition parameters were kept 

unchanged. The structural and physical properties of the films were found to be highly 

dependent on the substrate temperature. It has been shown that the film deposited at 

700 °C and 200 mTorr showed superior ferroelectric characteristic of Pr = 33.0 μC/cm2, 

and large piezoelectric coefficient of d33 = 120.0 pm/V. 

 

The physical properties of BNBT thin film can be enhanced through the application of 

site engineering. A common issue the researchers experience in site engineering, is by 

what content a chosen dopant should be added into the base solid solution, so that a 

specific physical property can be maximized. This issue has been addressed in the thesis 

by depositing x mol% Fe-doped BNBT thin films (FexBNBT, x = 0, 0.5, 1.0, 1.5, 2.0) 

on SRO electroded STO (001) single crystal substrates by PLD. The effectiveness of Fe 

doping in enhancing the physical properties of BNBT thin films have been 

demonstrated. The sample at the composition of x = 1.5 has shown better ferroelectric, 

dielectric and piezoelectric properties than the films with different Fe doping content. 

 

The undoped, 0.5 mol% Mn-doped, 1.0 mol% Sm-doped, and 1.5 mol% Fe-doped 

BNBT thin films were grown on LSMO electroded STO (001) single crystal substrates 

by Laser MBE. The Fe-doped BNBT thin film exhibited the best ferroelectric property 
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(Pr = 37.0 μC/cm2), whereas the Mn-doped sample was more favourite to enhance the 

piezoelectric behaviour (d33 = 112.5 pm/V). The observations suggested that various 

dopants could be used to modify different characteristics of BNBT thin film, in order to 

match the requirements for specific applications. 

 

Based on our experimental data, it can be concluded that the physical properties of 

BNBT-based thin films were enhanced by (1) finer control of deposition parameters, 

and (2) the introduction of appropriate dopants with the best doping content. The 

ferroelectric and piezoelectric properties of our BNBT-based thin films presented in this 

thesis were found to be comparable to the lead-based counterparts, and much better than 

some of the widely studied lead-free piezoelectric thin films up to date. The results 

indicated the success in developing high performance lead-free BNBT-based thin films, 

and their potential to be used in ferroelectric memory and piezoelectric micro-sensors 

and actuators applications. 

 

 

8.2 Suggestions for Future Work 
 

The lead-free BNBT-based thin films showed great potential for ferroelectric and 

piezoelectric applications. However, there are still some suggestions being made for 

further research, which are stated in the following paragraphs. 

 

Based on the results presented in Chapter 4 and 5, it showed that the optimum 

processing conditions for MnBNBT thin film are 200 mTorr and 700 °C. Since the 

substrate temperature studied in Chapter 4 was 650 °C, it will be interesting to fabricate 
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MnBNBT thin films under different oxygen partial pressures at 700 °C, while all other 

deposition parameters remain unchanged. The purpose is to examine whether the 

performance of MnBNBT thin film can be further enhanced. 

 

In the ferroelectric thin films, the mismatch of lattice parameters between the as-

deposited thin film and the substrate causes strain, which in turn results in different 

physical properties of the thin films. Therefore, it will be worthwhile to investigate the 

effects of substrates on the properties of BNBT-based thin films. The study can be 

performed by depositing cation modified BNBT thin films on various single crystal 

substrates by Laser MBE. The single crystal substrates may include STO, 

(LaAlO3)0.3(Sr2AlTaO6)0.35, NdGaO3, and LaAlO3. 

 

In addition, the strain may also come from the lattice mismatch between the as-

deposited thin film and the bottom electrode. As a result, cation modified BNBT thin 

films will be deposited on STO (001) single crystal substrates by Laser MBE, using 

SRO, LSMO, CaRuO3, and LaNiO3 as bottom electrodes. And hence the influences of 

bottom electrodes on the properties of BNBT-based thin films can be explored. 

 

Co-doping with more than one element is frequently used in perovskite oxides in order 

to obtain better physical properties. The efficacy of co-substitution has been widely 

studied in PZT ceramics. The co-doped PZT ceramics possess lower internal bias 

field210 and higher piezoelectric coefficient203 as compared with the un-doped or single 

element doped PZT counterpart. However, co-substituted BNBT thin films were rarely 

reported in the literature. In this case, we suggest one of the possible pathways to further 

enhance the performance of BNBT-based thin films is to introduce two appropriate 
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dopants simultaneously into the system. Data acquired in this work can be used as 

benchmarks to evaluate the performance of co-doped BNBT thin films. 
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