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Abstract 

Piezo-/ferroelectrics form an important class of functional materials that can 

transduce mechanical energy to electrical energy and vice versa.  They have large 

impacts in medicine (ultrasound imaging), in naval exploration/defence (sonar) and in 

consumer products (random access memories, capacitors).  Currently, there is high 

interest in the development of new lead-free materials due to health and environmental 

risk factors of high-performance lead-based materials, such as Pb(Zr,Ti)O3. 

One promising lead-free system is the (K,Na)NbO3 (KNN) solid solution, as it has 

a high Curie temperature, which allows for a wide operating temperature range for 

devices.  In order to better understand the structure and property relations, single 

crystals are needed.  In this work, single crystals of K0.1Na0.9NbO3 (KNN) and 

0.98K0.8Na0.2NbO3 – 0.02LiNbO3 (KNN-LN) have been grown using a high-temperature 

solution growth method with K2CO3 and B2O3 as flux.  Polarized light microscopy was 

used to study the Na-rich KNN crystals, and the phase diagram on the Na-rich end of the 

(1-x)KNbO3 - xNaNbO3 solid solution has been updated.  With the intention of 

addressing the issue of composition segregation, a modified vapour transport 

equilibration technique has been developed and demonstrated to be a viable approach 

to increase the Li-content in the KNN-LN crystals.  In addition, a new ternary solid 

solution of y(K0.5Na0.5)NbO3 – (1-y)[(1-x)Bi0.5K0.5TiO3 – xBaTiO3] has been synthesized in 

the form of ceramics with compositions of y = 0.96 to y = 0.98 and its partial phase 

diagram has been established. 

Aside from KNN-based materials, translucent ceramics of (1-x)(Na0.5Bi0.5)TiO3 – 

xAgNbO3 (NBT-AN) and (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 (NBT-AT) have been 

successfully prepared via a solid state method under ambient pressure.  The dielectric 

permittivity as a function of temperature is found to be constant for compositions of x > 

0.12 (e.g. its variation is within ±10 % for both NBT-AN and NBT-AT (x = 0.16) between 

0 °C and 350 °C), while the polarization versus electric field relation shows pure 

capacitive behaviour up to 250 °C.  With these properties, NBT-AN and NBT-AT are 

promising candidates for electro-optics and/or high-temperature capacitors. 
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Chapter 1.  
 
Introduction 

This thesis presents a study of lead-free complex perovskite materials with 

dielectric and piezo-/ferroelectric properties in the forms of single crystals and ceramics.  

Our goal is to provide a better understanding of lead-free piezo-/ferroelectrics, in 

particular, in terms of their structure and electrical properties.  These fundamental 

studies can potentially provide important information on structure-property relationships 

that may aid us to design and synthesize new lead-free alternatives to replace the 

currently used high-performance lead-based piezo-/ferroelectrics, which are potentially 

hazardous for our health and environment.  This chapter will provide a general 

introduction and some concepts essential to our work, including piezo-/ferroelectricity, 

perovskite structure, and the current status of lead-free materials.  

1.1. Piezoelectricity 

Piezoelectrics are an important class of functional materials that can convert 

mechanical energy into electrical energy and vice versa [1].  The direct effect describes 

the materials’ ability to generate an electric potential in response to an applied 

mechanical stress.  This effect is reversible; hence there is the converse effect which 

describes the strain induced with the application of an electric field (Figure 1.1).  From 

symmetry requirements, only materials that are non-centrosymmetric display 

piezoelectricity.  Piezoelectricity was first discovered by Pierre and Jacques Curie in 

1880 and since then, these materials have made large impacts in the medical field 

(ultrasound imaging, diagnosis and therapy), in naval exploration/defence (sonars), in 

our daily lives (gas ignitors, ink jet printers) and in many more applications [2].  They are 

also the basis of scientific instrumental techniques like atomic force microscopy and 
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piezoresponse force microscopy that can analyze the polarization, domain and 

topography of materials on the nanoscopic scale. 

The piezoelectric effect can be described using the following equations [3]:  

 Di = dijkXjk (Direct Effect) (1.1) 

 xij = dkijEk (Converse Effect) (1.2) 

where Xjk is the stress applied, Di is the induced charge density, Ek is the electric field 

applied and xij is the strain developed in a piezoelectric material.  The piezoelectric 

coefficients d in the direct and converse effects are third rank tensors with different units 

of C/N and m/V, respectively, and they are thermodynamically equivalent (dijk = dkij).  

Equations 1.1 and 1.2 can be simplified using the Voigt conversion to the reduced 

notation form [4]: 

 Di = dimXm (1.3) 

 xm = dmiEi (1.4) 

where the values of i = 1, 2 or 3 and m = 1, 2, 3, 4, 5 or 6, which are directional values 

(Figure 1.2).  All of the properties in the above equations are directional properties, and 

the subscripts i and m specify the geometries in which the properties are measured.  For 

example, in a thin ceramic disc, the d33 is measured when the induced polarization is 

generated in direction 3 due to the stress applied in direction 3 or when the induced 

mechanical strain is generated in direction 3 due to the application of an electric field in 

direction 3.  It is important to note that the strain and stress tensors are symmetrical 

tenors, thus, the piezoelectric coefficient is also symmetrical with respect to the same i 

and m values (dim = dmi) [2]. 
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Figure 1.1: The converse piezoelectric effect, where (a) no field is applied and 
no effect appears on the material, (b) a field is applied and the 
material expands, and (c) the field is reversed and the material 
contracts (the magnitude of expansion and contraction is 
exaggerated). 

 

Figure 1.2: The different directions for m = 1-6. 

The piezoelectric performance can also be described by the electromechanical 

coupling factor (k), which is the measure of the ability of a piezoelectric material to 

convert mechanical energy to electrical energy or vice versa: 

 k = √(generated mechanical energy/supplied electrical energy)  (1.5) 

 k = √(generated electrical energy/supplied mechanical energy) . (1.6) 
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Perfect energy conversion would be a unity value of k, thus a value close to this is 

desired for applications.  The electromechanical coupling factor is also a directional 

property; hence subscripts are used to indicate the geometry under which the property is 

measured, for example k33.  For a thin ceramic disk, the planar coupling factor (kp) is 

commonly used as a measure of radial coupling between an electric field applied in 

direction 3 and the mechanical vibrations produced radially in directions 1 and 2 [5]. 

1.2. Ferroelectricity 

An important subgroup of piezoelectric materials is ferroelectrics, which have a 

spontaneous electric polarization (Ps) that can be switched upon application of an 

external electric field [6].  These materials are useful for memory devices, such as in 

random-access memories and smart-card chips.  Ferroelectrics are characterized by 

polarization (P) versus electric field (E) hysteresis loops as shown in Figure 1.3 [7].  

Initially, the ferroelectric material behaves like a normal dielectric and displays a linear 

response between polarization and electric field when a small field is applied.  As the 

field increases, the randomly orientated domains (regions of unit cells that have the 

same polarization directions) begin to reorient in the direction of the applied field, which 

results in an increase in polarization until all the domains are aligned and the polarization 

is saturated.  When the field is removed, most of the polarization will remain while some 

will return to its original state; the polarization that remains at zero electric field is called 

the remanent polarization (Pr).  As the field is reversed, the polarization can be switched 

and saturated in the opposite direction.  Finally, when the field is removed, the 

polarization will be –Pr, thus the plot of P versus E displays a hysteresis loop 

characteristic of ferroelectricity.  The electric field required to switch the polarization is 

called the coercive field (Ec).   

There are three contributions to the electric polarization of ferroelectrics: 

dielectric, polarization switching and leakage current contributions.  Different materials 

have different combinations of contributions; therefore they will display different P-E 

hysteresis loops.  Figure 1.4(a) shows the dielectric contribution, which is a linear 

relationship between polarization and electric field.  The polarization switching 
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contribution exhibits a rectangular loop (Figure 1.4(b)) while the leakage contribution 

leads to an ellipse shape (Figure 1.4(c)). 

 

Figure 1.3: A general polarization versus electric field hysteresis loop for 
ferroelectrics. 

 

Figure 1.4: Electric polarization from (a) dielectric, (b) polarization switching 
and (c) leakage current contributions, respectively. 

The spontaneous polarization of ferroelectric materials is present over a certain 

temperature range which is specific to each material.  At high temperatures, the material 

generally transitions from its polar, non-centrosymmetric ferroelectric phase to a non-

polar, centrosymmetric paraelectric phase.  This transition temperature is known as the 

Curie temperature (TC).  Above Tc, the material is paraelectric, centrosymmetric and 

non-polar, thus no spontaneous polarization is present and it is not ferroelectric.  Below 

TC, the structure becomes distorted and breaks the symmetry of the paraelectric 
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structure, which results in more than one possible polarization state and allows for 

ferroelectricity in the material.  This can be seen in the free energy (G) versus 

polarization (P) schematic in Figure 1.5, where the paraelectric phase only has one 

minimum at P = 0, while the ferroelectric phase has two minima separated by an energy 

barrier (ΔE) [8]. 

Dielectric, elastic, thermal and optical properties often show anomalies near the 

phase transition temperatures due to the low potential energy barriers.  For example, a 

large increase in dielectric permittivity (ε’) is usually observed at TC due to the large 

polarizability from the extremely low potential energy barrier during the structural 

instability [7].  The sharp peak in permittivity is indicative of a ferroelectric to paraelectric 

phase transition, as shown in Figure 1.5(d). 
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Figure 1.5: Free energy potential well diagrams for (a) T < TC (ferroelectric 

phase), (b) T = TC and (c) T > TC (paraelectric phase).  Variation of 
dielectric permittivity as a function of temperature at the ferro-
/paraelectric phase transition (d).   

 

1.3. Perovskites 

Many of the best-performance functional materials to-date adopt the perovskite 

structure (ABO3), where A-site cations are located in the corners of the unit cell, with 

coordination to twelve oxygens, and B-site cations are located inside the oxygen 

octahedra (Figure 1.6).  Due to its large structural and compositional flexibility, 

perovskite-based materials show various types of properties and applications, such as: 

ferroelectric BaTiO3, semiconductor (Ba1-xLax)TiO3 and superconductor (Y1/3Ba2/3)CuO3-x.  
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The choices of the A-site cations and B-site cations dictate the properties the perovskite 

possesses [9].  In particular, piezo-/ferroelectric materials typically have large A-site 

cations (Ba2+, K+) and small B-site cations (Ti4+, Nb5+) of d0 transition metals to achieve 

their insulator nature.  A large A-site cation cage, with a small B-site cation in it, would 

cause off-centre displacements of the B-site cation which would lead to ferroelectricity.  

Additional considerations are the stereochemically active lone electron pairs, such as the 

6s2 lone electron pairs in Pb2+ and Bi3+, which may provide further distortions on the A-

site, thereby enhancing the ferroelectric properties [10, 11].  The structural stability of the 

perovskite structure can be predicted using the tolerance factor (t) that was derived by 

anion-cation contacts and lattice parameters in an ideal cubic unit cell [12]:  

 𝑡 =
𝑟𝐴−𝑂

√2 𝑟𝐵−𝑂
  (1.5) 

where rA-O is the bond length between A-cation and oxygen, while rB-O is the bond length 

between B-cation and oxygen.  The ideal cubic perovskite has a tolerance factor of 1, 

and variation in the tolerance factor would cause the structure to distort and/or adopt a 

lower symmetry.  The perovskite structure is predicted to be stable if 0.85 < t < 1.06.  

Significant deviations from this range would result in other structural types to form, such 

as the ilmenite structure with hexagonal close packing of oxygen ions and face-sharing 

octahedra.   

 

Figure 1.6: The perovskite crystal structure of ABO3 for (a) non-polar and (b) 
polar unit cells. 
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1.3.1. Oxygen Octahedral Tilts 

Another structural complexity that perovskites may possess is oxygen octahedral 

tilting.  In order to describe the oxygen octahedral tilting, Glazer notation (a□ b□ c□) [13] is 

used to distinguish the different tilting systems along the a-, b- and c-axes of the 

perovskite double pseudo-cubic unit cell.  There are two types of tilts, “+” tilt and “-“ tilt, 

where the oxygen octahedral are tilted in the same direction or opposite directions on 

the neighbouring layers along one specific axis of the perovskite, respectively, as shown 

in Figure 1.7.  No tilts are denoted as “0” tilts.  If only ”+” tilts are observed in the c-axis, 

then the notation would be a0b0c+.  These oxygen octahedral tilts were first discovered 

by Ahtee and Glazer in 1976 in the (1-x)KNbO3 –xNaNbO3 binary system [14].  These 

tilts can be seen by high resolution X-ray and neutron diffraction methods, where 

superlattice peaks are observed on top of the typical perovskite pattern [15-18].  The 

oxygen octahedral tilting peaks are found on half planes; the values of (hkl) for “+” tilts 

are (odd-odd-even) such as (310) and (312), and those of (odd-odd-odd) like (311) are 

for “-“ tilts [13].  Table 1.1 describes the criteria and examples for the different tilts.   
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Table 1.1: Reflections of (h k l) for oxygen octahedral tilts. 

Octahedral Tilt Reflections (h k l) Conditions Examples 

a
+

 even - odd -odd k ≠ l 013, 031 

b
+

 odd - even - odd h ≠ l 103, 301 

c
+

 odd - odd - even h ≠ k 130, 310 

a
-

 odd - odd -odd k ≠ l 131, 113 

b
-

 odd - odd - odd h ≠ l 113, 311 

c
-
 odd - odd - odd h ≠ k 131, 311 
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Figure 1.7: Top view (looking down the c-axis) of the perovskite double unit 
cell: (a) no tilts denoted as “0”, (b) first layer showing the tilted 
oxygen octahedra, (c) “+” tilt when the second layer is tilted the 
same way as the first layer, and (d) “-“ tilt when the second layer is 
tilted in the opposite direction from the first layer. 

1.4. Lead-Free Piezo-/Ferroelectric Materials 

Currently, high-performance piezo-/ferroelectric materials are all lead-based 

materials, particularly Pb(Zr, Ti)O3 (PZT) and Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) solid 

solutions (Table 1.2).  These solid solutions have a wide range of applications, due to 

their high piezoelectricity and ferroelectricity.  In addition, these systems are versatile; 

they can be used in different applications depending on their compositions.  It is 

commonly known that lead-based materials usually display better properties than other 
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systems, because lead ion (Pb2+) has a stereochemically active 6s2 lone electron pair, 

which provides additional distortion in the perovskite structure, thereby enhancing the 

ferroelectricity [11].  However, lead is harmful to the health and environment; it acts as a 

calcium analog in the body, thereby disrupting the normal functions in the nervous, 

circulatory, and excretory systems.  As a result, restrictions on the usage of lead have 

been recommended, such as Restriction of Hazardous Substances (RoHs) and End-of-

Life Vehicles (ELV) directives [19].  This situation has driven researchers to find lead-

free alternatives with properties comparable to, or better than, those of lead-based 

materials.  Therefore, there has been renewed interest in lead-free materials as shown 

in the dramatic increase in the number of publications in the past two decades (Figure 

1.8).  Specifically, several lead-free systems have been extensively revisited, such as 

(K0.5Na0.5)NbO3, (Na0.5Bi0.5)TiO3 and BaTiO3, in hopes to find better properties.  Aside 

from changing the A-site and B-site cations of the perovskite ABO3, either with single or 

multiple, homovalent or heterovalent substitutions, there are other ways to potentially 

mimic the high-performance PZT system [9].  For example, the substitution with 

isoelectronic bismuth (Bi3+) for lead (Pb2+), or the design of materials to have similar 

phase diagram as PZT with the presence of a morphotropic phase boundary could 

provide new opportunities to find high-performance lead-free piezo-/ferroelectric 

materials [20].  A morphotrophic phase boundary (MPB) is a boundary between two 

phases, where the composition is varied slightly.   
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Table 1.2: Dielectric, piezoelectric and ferroelectric properties of PZT ceramics 
and PMN-PT single crystals from Ref. [21]. 

Material Dielectric 
Permittivity  

ε’ 

Dielectric 
Loss  
tan δ 

Curie 
Temperature 

TC (°C) 

Piezoelectric 
Coefficient  
d33 (pC/N) 

Electromechanical 
Coupling Factor 

k33 

PZT Type II 
Ceramics 

2050 0.018 340 400 0.73 

PZT Type III 
Ceramics 

1000 0.003 300 225 0.64 

PZT Type VI 
Ceramics 

3900 0.025 210 690 0.79 

PMN-33 % 
PT Crystals 

8000 0.01 166 2200 0.94 

Type II – Modified PZT for high electromechanical activity; Type III – Modified PZT for low loss at high 
electric field; Type VI – Modified PZT for high dielectric constants and large displacements 

 

 

Figure 1.8: Number of publications on lead-free piezo-/ferroelectric materials 
from 1996-present (Web of Science, as of February 2015) [22]. 
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1.4.1. KNbO3 – NaNbO3 Based Solid Solutions 

The (1-x)KNbO3 – xNaNbO3 (KNN) solid solution was first discovered by Shirane, 

Newham and Pepinsky [23] in 1954, who established a preliminary phase diagram of the 

system.  Ahtee and Glazer [14] continued to improve the phase diagram, and found that 

this system was more complicated than previously thought; it has different oxygen 

octahedral tilts depending on composition and temperature.  Low temperature phases 

were further analyzed by Baker et al. [17] using neutron diffraction data, and the general 

phase diagram is shown in Figure 1.9.  The crystal symmetries of KNN appear to be 

very complex and there have been many discussions about the nature of the phases on 

the Na-rich side of the binary system.  Even with high-resolution neutron and X-ray 

diffraction data, there have been no clear evidence to prove whether the symmetry on 

the Na-rich end of the phase diagram is orthorhombic or monoclinic at room temperature 

[17, 18].  Although there are uncertainties in the phases near the Na-rich end of the 

binary system, with KNbO3 concentration of more than 52 mol.%, the phase transition 

sequence becomes like in KNbO3: KNN with transitions from an orthorhombic phase to a 

tetragonal phase (TO-T ≈ 200 °C) and then to a cubic phase (TC ≈ 400 °C) upon heating.  

The best properties in the KNN system are around K0.5Na0.5NbO3, where it has a 

morphotropic phase boundary (MPB) [24].  Materials of the MPB composition typically 

display better properties due to coupling of the different equivalent energy states as 

proposed by Jaffe et al. for PZT [25].  At this composition, KNN has the highest 

electromechanical coupling coefficients and largest piezoelectric coefficients.  Many 

binary/ternary/quaternary systems based on KNN with the MPB compositions are 

expected to display enhanced piezo-/ferroelectric properties. 
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Figure 1.9: Phase diagram of the (1-x)KNbO3 – xNaNbO3 solid solution (adapted 
from Ref. [17]). 

K0.5Na0.5NbO3 ceramics have a high TC of 420 °C, which is useful for high 

temperature applications, however, synthesis of high-quality dense ceramics has been 

difficult due to the volatilization of alkali oxides (K2O and Na2O) at high sintering 

temperatures.  Therefore, a compromise between density and quality needs to be found 

to optimize the sintering conditions.  Specialized preparation methods have been used to 

increase the quality and density of KNN ceramics, such as hot-pressing and liquid-phase 

sintering.  These techniques have been shown to improve the properties of KNN, with 

the piezoelectric constant d33 increased from 80 pC/N to 127 pC/N after hot-pressing 

[26], and to 125 pC/N after liquid-phase sintering with KF [27].   

Another way to potentially enhance the properties is to add another component 

to form KNN-based solid solutions.  There have been a number of KNN-based systems, 

such as KNN-LiNbO3 [28, 29], KNN-LiTaO3 [30], KNN-AgNbO3 [31], and KNN-SrTiO3 

[32], as listed in Table 1.3.  Many of these systems typically have two high temperature 
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phase transitions, similar to KNN, but the TC is usually reduced.  With the substitution of 

LiNbO3 (LN) for KNN in KNN-LN, the TC actually increases linearly with the LN 

concentration.  In addition, the orthorhombic to tetragonal phase transition temperature 

(TO-T) is lowered to below room temperature, which may provide a better thermal stability 

for the properties as it does not undergo any phase transitions between room 

temperature and TC, hence this solid solution is ideal for high temperature applications 

[29].  KNN-AgNbO3 is also an interesting system that has a relatively high kp (>30 %) in 

a wide temperature range (25-310 °C), which makes it promising for piezoelectric 

applications at high temperatures [31].  
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Table 1.3: Dielectric and piezo-/ferroelectric properties of KNN and KNN-based 
ceramics. 

Material εr/ε0 tan δ 
d33 

(pC/N) 
kp k33 

TC/ Tm 

(°C) 
TO-T/Td 

(°C) 
EC 

(kV/cm) 
Pr 

(μC/cm2) 
Ref. 

K0.5Na0.5NbO3 
(HP) 

500 0.02 127 0.46 0.6 420 195 ~5  [26] 

K0.5Na0.5NbO3 290 0.04 80 0.35 0.51 420 195   [24] 

KNN-Li 3 %;  
Ta 20 % 

920 0.024 190 0.46  310 50-70   [33] 

KNN-SrTiO3  
(5 %) 

~1000  195 0.37  277 27   [32] 

KNN-LiTaO3  

(5 %) 
570 0.04 200 0.36  430 55   [30] 

KNN-LiNbO3  
(6 %) 

500 0.04 235 0.42 0.61 460 ~RT   [28] 

KNN-LiSbO3 
(5.2 %) 

1380 0.015 265 0.46 0.62 368 35 18.5  [34] 

KNbO3 >1000  57 0.15  
416-
434 

   
[35, 
36] 

NaNbO3 ~500     480    [23] 

KNN-NBT   195 0.43  375    [37] 

KNN-BaTiO3  
(5 %) 

1058  225 0.36      [38] 

KNN-BaTiO3  
(2 %) 

1003  104 0.29  358  12 7.5 [39] 

KNN + 0.38 % 
K5.4Cu1.3Ta10O29 
(sintering aid) 

319   0.41  395 185 13 20 [40] 

KNN-AgNbO3 
(18 %) 

~500  186 0.42  355 ~170 6.4 ~10 [31] 

KNN + 0.5 % 
KF 

380 0.025 125 0.38  420 200   [27] 

KNN-BiAlO3  
1 % (diffuse) 

704     380 190 ~20 3.39 [27] 

KNN-
BiZn0.5Ti0.5O3 

1200     387    [41] 

HP – Synthesized using hot-pressed method 
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1.4.2. (Na0.5Bi0.5)TiO3 and Its Solid Solutions 

(Na0.5Bi0.5)TiO3 (NBT) is another interesting lead-free material which was first 

discovered by Smolenskii [42].  It has peculiar diffuse phase transitions and oxygen 

octahedral tilts that many crystallographers have been trying to decipher.  At first, it was 

believed to transition from a ferroelectric rhombohedral (a-a-a-), to an antiferroelectric 

tetragonal (a0a0c+), and then to a paraelectric cubic phase.  However, high resolution X-

ray and neutron diffraction results did not provide clear evidence on whether the 

symmetry is rhombohedral (R3c) or monoclinic (Cc) at room temperature, and whether 

there is a co-existence of mixed phases near the phase transition temperatures 

(rhombohedral and tetragonal phases near TR-T ≈ 200 °C, or tetragonal and cubic 

phases near TC ≈ 320 °C) [43, 44].  Dorcet et al. [45] and Trolliard et al. [46] found an 

orthorhombic (P4/mbm) phase in between the rhombohedral and tetragonal phases.  

Recently, Thomas et al. [47] performed a second harmonic generation study that 

showed that the antiferroelectric phase is actually ferrielectric, as it displays weak 

signals that correspond to a polar material, supporting the Pnma phase described by 

Jones and Thomas [44].  This result also disapproves the antiferroelectric orthorhombic 

P4/mbm phase.   

Many NBT-based binary systems have been reported as shown in Table 1.4, but 

the most attractive system in the past few years has been (1-x)NBT-xBaTiO3 (NBT-BT) 

solid solution.  This system has a rhomobohedral R3c - tetragonal P4mm morphotropic 

phase boundary at x ≈ 0.06 discovered by Takenaka et al. [48], which shows similar 

feature to the high-performance PZT solid solution.  As a result, many researchers 

believe this system is a potentially promising lead-free analog to the PZT system.  

Dielectric measurements, transmission electron microscopy, X-ray diffraction and 

neutron diffraction have been performed on NBT and NBT-BT ceramics to study the 

phase transitions and structures [49, 50].  Interestingly, poled NBT-BT ceramics display 

relaxor ferroelectric behaviour [48], while unpoled ceramics display ferrielectric 

behaviour at x ≈ 0.07 [50].  Relaxors exhibit a frequency-dependent diffuse dielectric 

maximum.  Therefore, scientists are interested in the structure of this system as well as 

its properties.  There are regions of co-existence of phases near the phase transition 

temperatures and oxygen octahedral tilts, which adds to the difficulties in structural 
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investigations.  In-situ TEM measurements showed that the R3c phase is embedded in 

the P4bm ferrielectric region of the MPB composition (NBT-7BT) [50], and this phase 

can be induced into a metastable ferroelectric phase by application of an electric field 

[49].  This can explain the difference in the poled and unpoled phase diagrams reported 

by Takenaka et al. [48] and Ma et al. [50], respectively.  As for the properties of the 

system, it shows an increase in piezoelectric constant at the MPB, which makes it 

interesting for sensors and actuators.  With the addition of Li and K into NBT-BT, the 

0.83NBT-0.084Bi0.5K0.5TiO3-0.05Bi0.5Li0.5TiO3-0.056BT system shows a high and stable 

mechanical quality factor of 800, low dielectric loss, and high coercive field, which makes 

it a promising candidate for high power applications [51]. 
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Table 1.4: Dielectric and piezo-/ferroelectric properties of NBT and NBT-based 
ceramics 

Material εr/ε0 tan δ 
d33 

(pC/N) 
kp k33 

TC/ Tm 

(°C) 
TO-T/Td 

(°C) 
EC 

(kV/cm) 
Pr 

(μC/cm2) 
Ref. 

(Na0.5Bi0.5)TiO3-
20Bi0.5K0.5TiO3-
10Li0.5Bi0.5TiO3 

1550 0.034 216 0.401  350 160   [52] 

85.25NBT-
10.995BKT-

3.755BT 
1648  220 0.31  280 157   [53] 

NBT-BKT (50 %) 825 0.03 150 0.22  320 210   [54] 

NBT 
300 0.011 70  0.4 ~320 200   

[25, 
45] 

NBT-KNbO3  
(5 %) 

  125 0.22  ~280 120   [55] 

NBT-SrTiO3  
(24 %) 

  127   ~220 ~50   [56] 

NBT-BaZrO3  
(4 %) 

  112   ~300 ~150  30 [57] 

NBT-
Ba(Mn1/3Nb2/3)O3 

(3 %) 
 0.008 87 0.20  ~260 127 44 30 [58] 

NBT (HP)   98  0.48     [59] 

NBT-BaTiO3 (6 
%) MPB 

580  125  0.55 288    [48] 

NBT- 
K0.5Bi0.5TiO3 (18 

%) 
893 0.037 144 0.29  ~320 ~150   [60] 

88NBT-8BKT-
4BT MPB 

810  170 0.36  224 162 29 40 [61] 

NBT-NaNbO3 

(2 %) 
624 0.059 88 0.18  ~300 ~120   [62] 

NBT-BiAlO3  
(8 %) 

  130 0.23  270 165 44 52 [63] 

HP – Synthesized using hot-pressed method 

1.4.3. BaTiO3 and Its Solid Solutions 

BaTiO3 (BT) is one of the fundamental perovskite ferroelectric materials, and is 

currently in use in multilayer capacitors, fire lighters and other general piezoelectric 

devices.  It transitions from a high temperature paraelectric cubic phase (Pm-3m) to a 

ferroelectric tetragonal phase (P4mm) at TC = 120 °C, and then to a rhombohedral 

phase (R3m) at TR-T = 5 °C upon cooling.  The temperature-stable high permittivities of 



 

21 

BT-based solid solutions are favourable for capacitors, which satisfy the X7R 

specifications of the Electronics Industry Association, i.e. -55°C to 125°C with 

fluctuations of ±15 % [64].  However, the TC is relatively low, which limits its use for high 

temperature applications.  BT-based solid solutions (see Table 1.5) seem to have lower 

TC than pure BT, except for a few, such as BT-BiAlO3 and BT-Bi0.5K0.5TiO3 which display 

a higher TC of 360 °C and 200 °C, respectively [65, 66]. 

Interestingly, a general trend for BT-based solid solutions is that it tends to 

display a diffuse phase transition with frequency-dependent dielectric maxima, indicative 

of relaxor behaviour with the addition of a second component.  This is seen, for example, 

in the BT-BaSnO3 and BT-BaZrO3 solid solutions [67, 68]. 

  



 

22 

Table 1.5: Dielectric and piezo-/ferroelectric properties of BT and BT-based 
ceramics. 

Material εr/ε0 
tan 
δ 

d33 
(pC/N) 

kp k33 
TC/ Tm 

(°C) 
TO-T/Td 

(°C) 
EC 

(kV/cm) 
Pr 

(μC/cm2) 
Ref. 

BaTiO3 1700 0.01 190 0.36 0.5 115 0 1-2  [69] 

BT – 40 % 
Bi0.5K0.5TiO3 

377  58.9  0.36 291  65 25 [66] 

BT-BaZrO3  
(32.5 %) 

Relaxor 

     
~-83 

 
   [68] 

BT-BaSnO3 F - R 
crossover 

         [67] 

BT-BiAlO3 (15 %) 

F - R crossover 
     360  8.8 2.9 [65] 

BT-SrTiO3 (80 %) 
2331

0 
    -146    [70] 

BZ0.2T0.8-B0.7C0.3T 
(50 %) MPB 

4050  546 0.53 0.65 94 21 1.75 14.8 [71] 

BT-BKT 20 % - 
MnCO3 0.1 % 

467  58.9  0.35 200    [66] 

Ba1-xBi2x/3TiO3  

2.5 % A-Deficient 
Relaxor 

~600     151 107 4.78 1.54 [72] 

Ba1-xBixTiO3  

(0.5 %) 
 110  0.36    ~6 3.47 [73] 

F – Ferroelectric; R- Relaxor 

1.4.4. Replacing Lead with Bismuth 

The main reason why Pb2+ can enhance piezo-/ferroelectric properties is due to 

its stereochemically active 6s2 lone electron pair, thus, an alternative to Pb2+ that is non-

toxic would be Bi3+.  Therefore, it is of high interest to substitute Pb2+ in Pb-based 

compounds with Bi3+.  Furthermore, theoretical calculations have predicted high 

ferroelectricity and high TC for Bi-based perovskites [74].  However, many of the Bi-

perovskite compounds are not stable in general compared to their Pb-based 

counterparts, due to the smaller ionic radii of Bi3+ (r = 131 pm).  For example, Bi2ZnTiO6 

(BZT) has a large calculated polarization of 150 μC/cm2
, but can only be synthesized at 

high pressures [74].  Although pure BZT cannot be formed at normal conditions, it can 

be partially stabilized in the solid solutions with another component, e.g. the KNN-BZT 

[41] or BZT – PbTiO3 binary solid solutions [75].   
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One of the few Bi-based perovskites that is stable under ambient conditions is 

BiFeO3.  This system displays multiferroic properties, which means that it exhibits both 

ferroelectric and (anti)ferromagnetic properties, and may potentially have magneto-

electric coupling.  Multiferroics are especially interesting for spintronics, and high-density 

memories that can write using voltage (ferroelectric) and read using a magnetic field 

(ferromagnetic).   

BiFeO3 has a rhombohedral R3c crystal structure and a large ferroelectric 

polarization predicted to be 90-100 μC/cm2 due to large ionic displacements [76].  

However, a value of only Pr = 6 μC/cm2 was observed in single crystals by Teague et al. 

[77] instead of the high predicted value, and it was also too conductive for any real 

applications.  Its conductivity is probably caused by oxygen vacancies and/or mixed 

valence states of Fe2+/3+ [78].  Later, Shvartsman et al. [79] successfully made high-

quality ceramics and observed a value of Pr = 40 μC/cm2.  Their TC has been reported to 

be at 825 °C [78].  In addition, BiFeO3 shows antiferromagnetism, with a Néel 

temperature (below this temperature, the material displays an antiferromagnetic 

ordering) of 370 °C [80].  However, antiferromagnetic domains are not easily read, 

therefore, more research is still needed for the modification and improvement of this 

material for spintronic applications.  It is believed that the A-site cation contributes to the 

ferroelectricity, while the B-site cation contributes to the magnetic properties in BiFeO3, 

thus other similar systems have been investigated, such as BiMnO3 and Bi(Cr, Fe)O3 

[81, 82].  

1.4.5. Designing Materials Based on Their Morphotropic Phase 
Boundary 

It is believed that if a solid solution displays a similar phase diagram to PZT 

(Figure 1.10), with rhombohedral and tetragonal phases on each side of the 

morphotropic phase boundary (MPB), the properties of the compositions near the MPB 

should be enhanced, in the same way as in the high-performance PZT.  Recently, one 

system was found to have the phase diagram resembling the PZT phase diagram, that is 

the (1-x)BaZr0.2Ti0.8O3 – xBa0.7Ca0.3TiO3 system, which displays d33 = 620 pC/N  at the 

MPB composition x = 0.50 [83].  However, the TC is only 93 °C which is rather low, and 
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there is a tetragonal to rhombohedral phase transition at TR-T = 32 °C, which makes the 

properties vary strongly around room temperature.  Bao et al. [20] increased the TC to 

115 °C in (1-x)BaZr0.15Ti0.85O3 – xBa0.8Ca0.2TiO3 with x = 0.53 (MPB region), and realized 

d33 = 450 pC/N, however, TR-T still remains at 24 °C.  Because properties fluctuate 

sensitively near phase transition temperatures, a phase transition near room 

temperature will cause the properties to be unstable, making the materials useless for 

applications.  Hence, it was suggested that a vertical MPB is required for materials to 

exhibit high piezoelectricity and a high depoling temperature.     

 

Figure 1.10: Schematic of a partial phase diagram of the (1-x)PbZrO3 – xPbTiO3 
solid solution around the morphotropic phase boundary (MPB) 
(adapted from Ref. [84]). 

A more recent study by Karaki et al. [85] on the (K,Na,Li)NbO3 – BaZrO3 system 

showed that it is possible to fine-tune the MPB to be nearly vertical.  With extensive and 

careful analysis by high temperature X-ray diffraction, a nearly vertical MPB was realized 

in (1-x-y)BaZrO3 – x(K0.45Na0.50Li0.05)NbO3 – y(Bi0.5Na0.5)TiO3 with y = 0.01.  The 
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composition near the vertical MPB of 0.075BaZrO3-0.915(K0.45Na0.50Li0.05)NbO3-

0.01(Bi0.5Na0.5)TiO3 has a TC of 279 °C and a d33 of 285 pC/N.  

1.4.6. General Remarks on Lead-Free Piezo-/Ferroelectric Materials 

In the recent years, the number of publications on lead-free materials has 

increased.  Since most of the simple lead-free binary systems have been synthesized, 

efforts are being made to investigate more complex systems, such as ternary, 

quaternary or higher-component systems.  As the systems become more complicated, it 

would be more challenging to decipher and understand their structure-property 

relationships.  The knowledge gained from studying structure-property relationships can 

be used as the basis to design novel high-performance materials.  In addition, the choice 

of reagents is important, which include considerations about their toxicity, cost and 

whether they can form a stable solid solution under normal processing conditions.  For 

instance, there are reports on lead-free materials that contain antimony, which is harmful 

to health and the environment too, thus they would not be good candidates for device 

applications. 

Although there is no single lead-free system that exhibits as large range of 

properties and versatility as the high-performance PZT system, there are many different 

lead-free alternatives that could be used depending on the specific applications.  For 

example, the KNN-LN system seems to be a good candidate for high temperature 

applications.  As for high power applications, NBT-BT-based materials which have a 

high mechanical quality factor, low dielectric loss and high coercive field would be 

promising alternatives.  Given that there are several lead-free material systems with their 

own sets of strengths and flaws, a useful approach is to choose the appropriate 

materials for specific purposes, instead of searching for one system that could replace 

PZT.   
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1.5. Objectives and Organization of the Thesis 

There have been intensive investigations on lead-free piezo-/ferroelectric 

materials, particularly on KNN, NBT and their solid solutions due to their high TC, which 

is an essential property for high temperature applications.  For the design and synthesis 

of new lead-free materials, a better understanding of the fundamental structure-property 

relationships of the existing systems appears to be crucial.  For this purpose, single 

crystals of lead-free materials are needed, which are unfortunately scarce.  Therefore, 

the objectives of this work include: 

1) To grow single crystals of the (1-x)KNbO3 –xNaNbO3 solid solution using a high-

temperature solution growth method, and to characterize their crystal structure, 

domain structure and phase transitions in order to revisit and update the binary 

phase diagram; 

2) To grow single crystals of the (1-x)(K1-yNay)NbO3 –xLiNbO3 system using a high-

temperature solution growth method, to study their domain structure and phase 

transitions, and to optimize the composition via a modified vapour transport 

equilibration method; 

3) To synthesize a new ternary solid solution of (1-x-y)(K0.5Na0.5)NbO3 – 

x(Bi0.5K0.5)TiO3 – yBaTiO3 in the form of ceramics and to characterize its structure 

and piezo-/ferroelectric properties; 

4) To synthesize new dielectric materials of (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 and (1-

x)(Na0.5Bi0.5)TiO3 – xAgTaO3 in the form of ceramics and to characterize its 

dielectric and optical properties. 

A brief description of each project is provided below: 

1.5.1.  (1-x)KNbO3 –xNaNbO3 Single Crystals 

The structures and properties of (1-x)KNbO3 – xNaNbO3 solid solutions have 

been studied intensively in recent years.  From the structural point of view, it is a very 
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interesting system as it has a variety of oxygen octahedral tilts depending on the 

temperature and composition on the Na-rich side of the phase diagram (Figure 1.9).  

However, there are some discrepancies on whether the Na-rich side has an 

orthorhombic or monoclinic phase at room temperature.  Even with high resolution X-ray 

and neutron diffraction data on powder samples, no clear evidence has been found that 

could resolve the symmetry of the phase [17, 18].   

Single crystals are essential to study the crystallographic structure, domain 

structure and optical properties in order to evaluate and understand the intrinsic 

structure - property relationships, which is not possible with ceramics.  These 

advantages make the single crystals highly desirable.  However, there have been a lack 

of single crystals of KNN due to the difficulties encountered in the crystal growth, and 

knowledge of the growth of KNN single crystals is scarce.  Therefore, in the first part of 

this work (Chapter 3), the single crystals of KNN were grown via a high-temperature 

solution growth method.  Elemental analysis using X-ray photoelectron spectroscopy 

and structural analysis by Rietveld refinement of X-ray diffraction data have confirmed 

the composition of the single crystals.  The phase transitions have been studied by 

dielectric measurements and polarized light microscopy which clearly reveal the 

symmetry of the phase at room temperature.  Accordingly, the phase diagram of KNN on 

the Na-rich end has been revisited and updated.   

1.5.2.  (1-x)(K1-yNay)NbO3 –xLiNbO3 Single Crystals 

One of the potential candidates from the KNN-based solution solutions for high 

temperature applications is the (1-x)K0.5Na0.5NbO3-xLiNbO3 system.  This solid solution 

system has a high TC (TC > 400 °C), which linearly increases with increasing amounts of 

LiNbO3.  In addition, the typical phase transition between the orthorhombic and 

tetragonal phases that is present in KNN-based systems at TO-T ≈ 200 °C is suppressed 

to below room temperature, i.e. the orthorhombic phase is primarily no longer observed.  

This potentially provides a better thermal stability in the piezo-/ferroelectric properties, as 

there are no phase transitions from room temperature up to TC.  The piezoelectricity is 

reported to be relatively high (d33 > 200 pC/N) for a lead-free material with x = 0.06-0.08, 

which is at the morphotropic phase boundary of this system [28, 29].   
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Single crystals can be domain engineered to potentially achieve better properties 

than their ceramic counterparts, which will be useful for applications [86].  Therefore, the 

second part of this thesis work (Chapter 4) is dedicated to the growth of the KNN-

LiNbO3 single crystals using a high-temperature solution growth method, and the 

optimization of its composition in terms of the LiNbO3 concentration by a modified vapour 

transport equilibration technique.  Rietveld refinement of the X-ray diffraction data, the 

phase transition temperatures revealed by dielectric measurements, and polarized light 

microscopy have been used to estimate the composition of the grown crystals.  The local 

polar domain structure has been imaged and the polarization switching has been 

realized using piezoresponse force microscopy, which confirms the piezo-/ferroelectric 

properties of the KNN-LN crystals. 

1.5.3. Ceramics of Ternary (1-x-y)(K0.5Na0.5)NbO3 – x(Bi0.5K0.5)TiO3 – 
yBaTiO3 Solid Solution 

As mentioned previously, K0.5Na0.5NbO3 has a high TC, and at its MPB 

composition (K/Na = 50/50), it displays the best properties (see Section 1.4.1) [24].  

(Bi0.5K0.5)TiO3 (BKT) is of tetragonal structure, and behaves similarly to (Na0.5Bi0.5)TiO3 

(see Section 1.4.2) [87].  BaTiO3 has a tetragonal structure at room temperature and is a 

well-known classical ferroelectric material.  Systems such as (Na0.5Bi0.5)TiO3 - 

(Bi0.5K0.5)TiO3 - BaTiO3 (NBT-BKT-BT) have been found to exhibit ferroelectric 

properties.  It would be interesting to replace NBT with KNN and to study the effects of 

this substitution on the structure, TC, and piezo-/ferroelectric properties.  Therefore, 

Chapter 5 is dedicated to the synthesis of a new ternary system, (1-x-y)(K0.5Na0.5)NbO3 

– x(Bi0.5K0.5)TiO3 – yBaTiO3.  Structural characterizations have been performed using X-

ray diffraction and a preliminary phase diagram has been established at the KNN-rich 

end of the ternary phase diagram.   

1.5.4. Ceramics of the (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 and (1-
x)(Na0.5Bi0.5)TiO3 – xAgTaO3 Novel Solid Solutions 

Another popular lead-free system is the (Na0.5Bi0.5)TiO3 (NBT) solid solution as it 

also has a high TC.  It exhibits peculiar diffuse transitions that are still poorly understood 

[87].  In addition, its high coercive field makes it difficult to pole and thereby useless in 
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applications.  On the other hand, AgNbO3 (AN) also has a high TC and undergoes 

complex phase transitions [88].  It is ferrielectric with space group Pmc21 at room 

temperature and has a low coercive field [89].  Thus, by introducing AN into NBT to form 

(1-x)NBT - xAN  solid solution, it is expected that the overall coercive field of NBT can be 

lowered, while its high dielectric and ferroelectric properties are preserved.   

Preliminary work in our group showed that the (1-x)NBT – xAN ceramics have 

two interesting characteristics: a nearly constant dielectric permittivity in a wide 

temperature range, and translucency [90].  The nearly constant permittivity in a wide 

temperature range is useful for high temperature applications, particularly high 

temperature capacitors.  Currently, multilayer capacitors are made of BaTiO3-based 

materials that satisfy the X7R specifications of the Electronics Industries Association, 

which require that the capacitance must be within ±15 % between the temperature range 

of -55 °C to 125 °C [64].  Therefore, the (1-x)NBT – xAN system that has an upper 

temperature limit higher than 125 °C may be a good candidate for high temperature 

applications, extending the temperature range.  

In addition, Ta5+ (r = 78 pm) is chemically similar to Nb5+
 (r = 78 pm), so it would 

be interesting to study the effects of using AgTaO3 instead of AgNbO3 in the substitution 

of NBT.  Therefore, the synthesis and characterization of (1-x)NBT - xAN and (1-x)NBT - 

xAT ceramics constitute the topics of Chapter 6.  Dielectric measurements and 

polarization versus electric field measurements have been performed to characterize the 

dielectric properties in order to investigate their potential as high temperature capacitors.  

The microstructures have been imaged via scanning electron microscopy.  In addition, 

integrating sphere measurements have been carried out to study the optical properties in 

terms of absorption, transmission and reflection, as the ceramics are translucent, which 

are potentially useful for electro-optic applications. 

Lastly, a brief summary and conclusions from this work with suggestions for 

future work and prospects on lead-free materials are provided in Chapter 7.  
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Chapter 2.  
 
Structural and Physical Characterizations of Piezo-
/Ferroelectric Materials: Principles and Techniques  

2.1. Introduction 

In this chapter, basic principles and experimental techniques that are used to 

investigate the structure and properties of the piezo-/ferroelectric materials in this thesis 

are described.  General concepts of these experimental methods are provided, which 

include structural analysis and characterization of physical properties by dielectric and 

ferroelectric measurements, X-ray diffraction, polarized light microscopy, piezoresponse 

force microscopy, electron microscopy and X-ray photoelectron spectroscopy.  

2.2. Structural Characterization by X-ray Diffraction  

X-ray diffraction is a useful technique used to characterize crystal symmetry, 

phase components and lattice parameters.  In addition, it can also provide information 

on oxygen octahedral tilts. 

X-rays are electromagnetic radiation that can be produced by using a cathode 

ray tube, where accelerated electrons are moving toward a target material, such as 

copper or molybdenum.  As the electrons strike the target, the incoming electrons eject 

the electrons in the core atomic orbitals, usually from the inner K-shell.  The higher 

energy electrons from L-shell then relax to fill the lower energy orbitals, thereby 

releasing excess energy in the form of X-rays.  The energy released is the difference 

between the two shells, and since the energy levels are quantized, each transition 

produces a specific monochromatic wavelength [91].  The wavelengths of the X-rays are 
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in the range of 0.1 to 100 Å, but for X-ray crystallography, 0.6 to 3.0 Å are used for better 

resolution.   

The X-rays interact with crystal planes of the material and reflections occur only 

when Bragg’s law is satisfied.  This is where there is constructive interference between 

the incoming X-ray and the diffracted beam (Figure 2.1).  Bragg’s law is expressed as 

follows: 

 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛λ (2.1) 

where dhkl is the interplanar space between the crystal planes (h k l), θ is the Bragg 

angle at which the diffraction from these crystallographic planes are observed, λ is the 

wavelength of the X-ray, and n is an integer [10].  The diffracted X-rays can be either 

collected by an image plate as in the Rigaku Rapid-Axis X-ray diffractometer, or by a 

movable detector like in the Bruker D8 Discover Diffractometer.  The collected X-ray 

diffraction pattern, usually a plot of intensity as a function of 2θ, provides information 

about the d-spacing of the lattice planes, which is directly related to the unit cell 

parameters and crystal symmetry of the material [10].  Every material or composition has 

its own unique X-ray diffraction pattern, thus it can be used as a fingerprint to identify 

which phase(s) are present as well. 

 

Figure 2.1: Bragg diffraction from a set of crystal planes with spacing of d 
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A unit cell is described by its six lattice parameters: three that represent the 

length of the unit cell (a, b, c), and three that represent the angles between the axes (α, 

β, γ).  Some examples of unit cells are shown in Figure 2.2 and their corresponding 

lattice parameters in Table 2.1.  Lattice parameters are sensitive to their phase 

symmetry, thus as the crystal undergoes a phase transition, its lattice parameters 

change along with its d-spacings.  The relationship between d-spacing (dhkl) and the 

lattice parameters can be expressed by [10]: 

 
1

𝑑ℎ𝑘𝑙
2 =  

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
 (2.2) 

where h, k, l are the Miller indices (lattice planes). 

 

Figure 2.2: Illustration of various primitive unit cells of (a) cubic, (b) tetragonal, 
(c) orthorhombic and (d) rhombohedral systems. 
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Table 2.1: Lattice parameters of several unit cells. 

Symmetry Lattice Parameters Angles 

Cubic a = b = c α =β = γ = 90° 

Tetragonal a = b ≠ c α =β = γ = 90° 

Orthorhombic a ≠ b ≠ c α =β = γ = 90° 

Rhombohedral a = b = c α =β = γ ≠ 90° 

 

During chemical reactions or phase transitions, the structural and phase changes 

can be monitored by X-ray diffraction.  For example in the cubic to tetragonal phase 

transition, the interaxial angles remain the same (α = β = γ = 90°), however the lengths 

are no longer equal (a = b ≠ c).  These changes in the lattice parameters will change the 

d-spacings of the lattice, and thus result in splitting or merging of peaks (Figure 2.3).  As 

for cubic to tetragonal phase transition, the {200} peak will split into two peaks of 

(200)/(020) and (002).  These characteristics are used to identify the symmetry and 

phase components of the material, especially when it contains a mixture of phases.   
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Figure 2.3: Characteristic X-ray diffraction patterns for various symmetries with 
corresponding splitting of {111}, {200} and {220} reflections. 

2.3. Dielectric Spectroscopy 

Dielectric permittivity and loss as a function of temperature and frequency 

provide useful information about piezo-/ferroelectric materials, such as their phase 

transitions, capacitance, and conductivity.  The dielectric measurements were performed 

using a Novocontrol Alpha high-resolution broadband dielectric analyzer with a 

Novotherm heating system.  This system measures permittivity indirectly from 

impedance.  The surfaces of a dielectric sample is first coated with gold and/or silver 

electrodes and then connected to two electrodes on the instrument.  An AC voltage (V) 

with a specific frequency (ω) is applied through the sample, which generates a current (I) 

with the same frequency in the sample (Figure 2.4).  The applied voltage and frequency 

range from 1 V to 3 V and 3 μHz to 20 MHz respectively.  A phase sensitive voltmeter 
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and ammeter are used to measure the complex voltage (V*) and current (I*) of the 

sample, respectively, and calculates the complex impedance (Z*) by [92]:  

 𝑍∗ = 𝑅 + 𝑗𝑋 =  
𝑉∗

𝐼∗
 (2.3) 

where resistance (R) describes the leakage and reactant (X) describes the ideal 

capacitance of the material.  With the relationship between R and X: 

 |𝑍| =  √𝑅2 + 𝑋2 (2.4) 

 𝜃 = arctan (
𝑋

𝑅
) (2.5) 

where the angle θ is the same phase angle as the voltage and current, the resistance 

and reactant can be calculated.  The reactant is related to the capacitance (CS) of the 

material by: 

 𝑋 =  
−1

𝜔𝐶𝑆
 (2.6) 

Finally, the permittivity can be calculated by: 

 𝐶𝑆 =  휀0휀∗ 𝐴

𝑑
 (2.7) 

 𝐶0 = 휀0
𝐴

𝑑
 (2.8) 

 휀∗ = 휀′ + 𝑖휀" =
𝐶𝑆

𝐶0
 (2.9) 

where ε0 is the permittivity of free space (8.8542 x 10-12 F/m), ε* is the complex 

permittivity of the material, C0 is the capacitance of the empty cell, A is the electrode’s 

area and d is the distance between the electrodes.  The real and imaginary parts of 

permittivity are denoted as ε’ and ε”, respectively [92].  
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Figure 2.4: A schematic diagram of the circuit for dielectric spectroscopy. 

The dielectric loss is usually reported for dielectric materials as it describes the 

inherent dissipation of electromagnetic radiation of the materials.  It is defined as the 

tangent angle between the real and imaginary permittivity (Figure 2.5): 

 tan 𝛿 =  
𝜀"

𝜀′
 (2.10) 

For the purposes of this work, the dielectric constant and loss tangent are usually 

measured as a function of temperature and at various frequencies. 
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Figure 2.5: Illustration of the dielectric loss angle (δ) as a function of the 
imaginary and real components of permittivity. 

2.4. Polarization versus Electric Field (Ferroelectric 
Hysteresis Loop) Measurements 

As mentioned in Chapter 1, purely ferroelectric behaviour in a material should 

display a square polarization versus an electric field loop (ferroelectric hysteresis loop).  

Ferroelectric measurements were performed on a RT66A Standard Ferroelectric Testing 

System (Radiant Technologies Inc.).  The polarization versus electric field measurement 

is based on a modified Sawyer-Tower circuit as shown in Figure 2.6 [93].  The sample is 

connected in series with a parallel resistor-capacitor circuit that can compensate for 

phase shift caused by conductivity or dielectric loss in the sample.  In this circuit, an 

alternating voltage is applied across the two electrodes of the surface of the sample.  

The voltage across the reference capacitor (Cref) is measured and since it is connected 

in series with the sample, the charge (Q) developed on the surface of the reference 

capacitor will be the same as the sample’s charge (Qref = Qsample).  Then the polarization 

can be calculated by: 

 𝑄𝑟𝑒𝑓 = 𝐶𝑟𝑒𝑓 × 𝑉𝑟𝑒𝑓 = 𝑄𝑠𝑎𝑚𝑝𝑙𝑒  (2.11) 
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 𝑃 =  
𝑄𝑠𝑎𝑚𝑝𝑙𝑒

𝐴
 (2.12) 

where P is the polarization and A is the area of the electrodes.  The electric field (E) can 

be determined by: 

 𝐸 =  
𝑉𝑆

𝑑
 (2.13) 

where VS is the voltage across the sample and d is the sample thickness.  Because the 

reference capacitance is much larger than the sample’s capacitance, the voltage across 

the sample is approximately the voltage applied to the circuit.  With this information, a 

plot of polarization versus electric field can be displayed.   

 

Figure 2.6: A modified Sawyer-Tower circuit diagram that is used to measure 
the polarization versus electric field (adapted from Ref. [7]). 
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2.5. Polarized Light Microscopy 

A useful technique used to study the anisotropic properties (such as domain 

structure, birefringence, etc.) of single crystals is polarized light microscopy (PLM) (with 

a microscope equipped with crossed polarizers).  An Olympus BX60 polarized light 

microscope equipped with Linkam THMS600 heating/cooling stage was used in this 

study.  The polarizer and analyzer are perpendicular to each other, thus no light can 

pass through without any additional interference (e.g. an anisotropic sample), which 

results in a dark background.  Isotropic materials observed under the PLM will be extinct 

in all positions because the refractive indices are the same in all directions, which can be 

represented by a spherical indicatrix (an indicatrix is a 3-D representation of refractive 

index).  Anisotropic materials have different refractive indices depending on the 

crystallographic directions, which are represented by an ellipsoid indicatrix.  Thus, an 

incident light wave will be decomposed into two waves (ordinary and extraordinary 

waves) that will recombine afterward to form an image (Figure 2.7).  The ordinary wave 

goes straight through the sample, whereas the extraordinary wave is displaced laterally.  

These two waves propagate at different velocities and the difference between the two 

paths is the optical retardation (R) [94].  The birefringence (Δn) of the material is defined 

as the difference between the refractive indices of the extraordinary (ne) and the ordinary 

(no) waves: 

 ∆𝑛 =  𝑛𝑒 − 𝑛𝑜 . (2.14) 

The birefringence can be calculated by the measured retardation of light and the 

thickness (t) of the sample with this relationship: 

 𝑅 = 𝑡 ×  ∆𝑛 (2.15) 

The retardation of light can be measured by using a calcite or magnesium fluoride 

optical plate compensator.   
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Figure 2.7: A schematic of the interaction of incident light with an anisotropic 
(birefringent) specimen through crossed polarizers (adapted from 
Ref. [94, 95]). 

When the axes of the indicatrix section of the observed crystal platelet are 

parallel to the axes of the crossed polarizers, no light can pass through.  This is known 

as an extinction position.  Because the optical indicatrix is related to the crystallographic 

direction and polarization orientation, the analysis of the extinction positions can be used 

to determine the crystal symmetry.  Figure 2.8(a) shows the polarization for the 

tetragonal (T), rhombohedral (R) and orthorhombic (O) crystal symmetries and the 

corresponding extinction positions (Figure 2.8(b)) [96].  For example, the polarization for 

a tetragonal phase is towards the <001>cub direction, so for a (001)cub-orientated crystal 

platelet, the extinction positions are parallel to [100]/[010].  For a rhombohedral crystal, 

the polarization direction is along the <111>cub direction, therefore it will be in extinction 
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at 45°.  For an orthorhombic phase, the polarization direction is along <110>cub, thus the 

extinction positions will be at 45° and 0° or 90° to the [100] direction.  More specifically, 

Figure 2.9 shows the indicatrices for tetragonal and orthorhombic symmetries.  The 

indicatrix for a tetragonal crystal is along <100>cub direction, thus the indicatrix sections 

are along <100>cub for a (001)cub-orientated crystal (Figure 2.9(a)).  The indicatrix for an 

orthorhombic symmetry is along the <110>cub direction towards the edge center of a 

pseudo-cubic unit cell, therefore, the indicatrix sections on a (001)cub-orientated crystal 

platelet is along <110>cub and <100>cub, as seen in Figure 2.9(b).  A domain wall 

separates different domains in a crystal (a domain is an area with the same polarization 

direction), for example, an orthorhombic crystal can have domain walls along {110}cub 

and {100}cub planes. 

 

Figure 2.8: (a) The polarization orientations of tetragonal (T), orthorhombic (O) 

and rhombohedral (R) phase; and (b) the extinction positions under 
crossed polarizers observed on a (001)cub-oriented crystal platelet 
for various crystal symmetries. 
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Figure 2.9: Schematic representations of the optical indicatrix resulting from (a) 
tetragonal symmetry and (b) orthorhombic symmetry with their 
possible indicatrix sections on a (001)cub-orientated crystal platelet. 

2.6. Scanning Electron Microscopy 

Microstructures of materials, which include grain size, morphology, and surface 

defects, can be characterized by scanning electron microscopy.  A FEI Strata DB235 

scanning electron microscope was used to study the ceramics prepared in this work.  In 

order to observe the sample’s surface morphology, an electron beam is generated by 

heating a tungsten filament under vacuum and focused on an area (< 10 nm) and then 

scanned across the sample.  As the electron penetrates the surface of the sample, 
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secondary electrons are consequently emitted along with other electrons and X-rays.  

These secondary electrons are detected and used for imaging (Figure 2.10) [97].  

 

Figure 2.10: The interactions of the electron beam with a specimen (adapted 
from Ref. [98]). 

An additional feature on this scanning electron microscope is that it can perform 

energy dispersive spectroscopy (EDS) using an EDAX X-ray analyzer.  This technique is 

used for elemental analysis of the material.  In this technique, an electron beam can 

cause an ejection of an electron from an inner shell of a ground state atom of the 

material, resulting in a hole.  An electron from a higher energy or outer shell can then fill 

the hole, which will emit X-rays with discrete energies that are detected by a 

spectrometer (Figure 2.11).  Because the energies of the emitted X-rays are 

characteristic of the difference in energy levels and atomic structure of a particular 

element, the composition of the material can then be determined [97].  However, this 
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technique is sensitive to heavier atoms; it can detect elements of atomic number 5 or 

higher.  Light atoms such as hydrogen, helium or lithium cannot be detected. 

 

Figure 2.11: The interactions of the electron beam with the electrons in an atom 
used for energy dispersive spectroscopy. 

2.7. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface technique that is used to 

analyze elements and oxidation states in the top 10 nm of a material.  A Kratos 

Analytical Axis ULTRA DLD system using a monochromatic aluminum source (Al Kα = 

1486.6 eV) is used in this work.  In this method, a sample is irradiated with a focused 

beam of X-rays, and electrons with sufficient amount of energy can escape from the 

surface of the material.  The kinetic energy of the ejected electrons is detected and the 

electron binding energy can be determined by using the following equation [99]:  

 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜙) (2.16) 
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where Ebinding is the binding energy of an electron, Ephoton is the energy of X-ray photons, 

Ekinetic is the kinetic energy of an electron measured by the detector and ϕ is the work 

function that is an instrumental correction factor that is dependent on the detector and 

the material.  The binding energy is specific to an electron in a specific element and 

chemical state.  A list of electron binding energies for several elements is shown in Table 

2.2. 

Table 2.2: List of several binding energies for electrons of specific elements 
(adapted from Ref. [100]). 

Element Binding Energy (eV) 

K2p 292.8 

Nb3d 202.2 

Na1s 1071.8 

Na1s 64 

Ba3d 780.6 

Ti2p 453.9 

Li1s 56 

O1s 530 

Pb4d 412 

Pb4f 141.7 

2.8. Piezoresponse Force Microscopy 

Piezoresponse force microscopy (PFM) is a powerful tool for high resolution 

characterization of topography and local behaviour of ferroelectric domains on a 

micrometer to nanometer scale.  This technique utilizes the converse piezoelectric 

effect, where an electric field is applied to a piezoelectric material and strain is created.  

A Bruker Dimension Icon PFM and an Asylum Research Corp. Cypher PFM were used 

in this work.  The PFM has a conductive cantilever probe that allows an AC field to be 

applied with or without a DC bias, which causes piezoelectric materials to deflect based 

on their piezoelectric effect [101].  If the polarization of the material is in the same 

direction as the electric field applied, the material will expand, and if the polarization is in 

the opposite direction, the material will contract (Figure 2.12).  For example, if the 
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surface oscillations are in-phase with the tip voltage (φ = 0°), the material will expand, 

and it will give a bright image.  Conversely, when it is out-of-phase (φ = 180°), the 

material will contract, and will give a dark image.  Furthermore, a plot of amplitude 

versus voltage applied can provide information on the strain created as the voltage 

changes, which reveals a local piezoelectric response.  A plot of phase angle versus 

voltage applied provides information on polarization switching in the material, which is 

indicative of ferroelectric behaviour. 

 

Figure 2.12: Schematics of deformation in a piezoelectric material when a PFM 

tip bias is zero, positive and negative (adapted from Ref. [102]). 
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Chapter 3.  
 
High-Temperature Solution Growth and 
Characterization of the Na-rich Lead-Free  
(1-x)KNbO3 – xNaNbO3 Single Crystals 

3.1. Abstract 

Single crystals of K0.1Na0.9NbO3 were grown by a high-temperature solution 

growth method.  Polarized light microscopy revealed complex domain structures which 

indicate an orthorhombic phase at room temperature and two tetragonal phases at high 

temperatures.  At temperatures above the Curie temperature, TC = 400 °C, the crystal 

was found to have a paraelectric tetragonal phase.  Upon cooling below the TC, it 

transforms into a ferroelectric tetragonal phase.  Below the orthorhombic-tetragonal 

phase transition temperature, TO-T = 199 °C, it has an orthorhombic symmetry.  

Structural analysis by single crystal X-ray diffraction shows that it has oxygen octahedral 

tilting, with a+b-c- - type tilts.  In addition, ferroelectric hysteresis-like loops and butterfly-

shaped strain loops were obtained by piezoresponse force microscopy in the KNN single 

crystals, indicating their piezo-/ferroelectric properties.  The phase diagram of KNN has 

been revisited and updated on the Na-rich end.  

3.2. Introduction 

One interesting lead-free system that has been intensively studied is the (1-

x)KNbO3 - xNaNbO3 (KNN) solid solution because this lead-free system is known to 

have more than six ferroelectric phases that have spontaneous polarization [17, 23, 24, 

103].  Researchers have analyzed the structures, characterized the piezo-/ferroelectric 

properties, and established the phase diagram of this binary system [14, 23, 24, 104].  A 
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significant amount of work has been performed on K0.5Na0.5NbO3 because this 

composition is located near the morphotropic phase boundary (MPB), which was first 

found in the Pb(Zr, Ti)O3 (PZT) system.  In PZT, the MPB separates the non-group-

subgroup related rhombohedral R3c and tetragonal P4mm phases with the presence of 

a monoclinic Cm phase, creating intrinsic polarization rotation and extrinsic domain 

motion and thereby generating the highest piezo-/ferroelectric properties for the 

compositions around it [105, 106].  As a guidance, researchers have been searching for 

similar MPBs in lead-free materials in order to obtain high piezoelectric performance.  

Most compositions of KNN have a high Curie temperature (TC ≈ 420 °C), which is a 

useful property for high temperature applications.  The two end members of KNN were 

both determined to have an orthorhombic symmetry: ferroelectric Amm2 for KNbO3 and 

antiferroelectric Pbma for NaNbO3 [14, 104, 107].  Shirane et al. [23] studied the 

continuous KNN solid solution for the compositions from x = 0 % - 90 % and the KNN 

crystals with x = 90 - 100 % were studied by Cross [104].  The preliminary phase 

diagram of the KNN solid solution indicated a ferro-/antiferroelectric phase boundary at 

the high-Na concentration compositions.  Detailed structural studies over the whole 

composition range were performed by Ahtee, Glazer and Hewat, based on neutron and 

X-ray diffraction data [14-16].  The Na-rich region in the phase diagram was found to be 

composed of several monoclinic (space group Pm) phases with different octahedral tilts 

and at x = 0.5 there is a monoclinic/orthorhombic phase boundary.  Since the report of 

the strong piezoelectric properties in the MPB region of a KNN-based system by Saito et 

al. [108], a great deal of work has focused on the structures and properties around this 

composition, especially the nature of the phase transitions [17, 109-111].  The space 

groups on both sides of the MPB are still under debate, whether it is orthorhombic or 

monoclinic, as no abrupt changes across the phase boundary, in terms of lattice 

parameters and polarization directions, were found. 

Despite the intensive studies accomplished mostly using ceramic samples of 

KNN, the piezoelectric properties, such as the piezoelectric constant (d33), are still not 

comparable to those of lead-based materials.  Because of the high volatility of the alkali 

metal oxides and the high temperature required for the sintering process, it is rather 

difficult to synthesize dense KNN ceramics with controlled stoichiometry.  Thus, 

alternative synthesis/processing methods have been attempted to obtain dense 
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ceramics, such as hot-pressing [26, 112], sintering under a power bed, and sol-gel 

methods [113].  These methods have shown to be successful in increasing the density 

and thereby the piezoelectric properties of KNN.  In addition, a secondary component 

was added to the KNN system, forming such systems as KNN-AgNbO3 [31, 114, 115], 

and KNN-LiNbO3 [28, 29, 116, 117], which have displayed better piezoelectric 

properties.   

Another approach is to grow single crystals because single crystals usually 

display better properties than their ceramic counter-parts [118].  In addition, single 

crystals are highly desirable because they enable researchers to study the domain 

structure and phase components of the MPB compositions, and to gain a better 

understanding of the structure-property relationship, which cannot otherwise be studied 

in ceramics.  In general, crystal growth process contains three steps: nucleation, 

propagation and termination.  Controlling the temperature and time for each step to 

produce good quality single crystals is a great challenge and usually requires many trial-

and-error processes.  Also, the choice of flux (solvent), which is used to dissolve and 

lower the melting temperature of the solute, adds to the difficulties.  As a result, single 

crystals of lead-free piezoelectric systems have not been significantly studied until recent 

years, and knowledge on the single crystal growth of these systems is scarce.   

From structural point of view, the KNN binary system has other MPB regions 

near the NaNbO3-rich end according to the most recent phase diagram proposed by 

Baker et al. [17].  In fact, the Na-rich end has more complex high temperature phases 

that are not well understood yet.  Therefore, in this work, the single crystals of the Na-

rich end of the binary (1-x)KNbO3 - xNaNbO3 system are grown via a high-temperature 

solution growth method.  The grown crystals were characterized by polarized light 

microscopy, dielectric measurements, single crystal X-ray diffraction and piezoresponse 

force microscopy, in order to understand the structure and properties of the complex 

high temperature phases, and to update the phase diagram. 
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3.3. Experimental 

3.3.1. Single Crystal Growth 

The (1-x)KNbO3 - xNaNbO3 (KNN) single crystals were grown using a high 

temperature solution growth method.  A schematic of the furnace setup is shown in 

Figure 3.1.  A variety of conditions, including flux composition, sample to flux ratio and 

soaking temperature, were tested, as shown in Table 3.1.  The best conditions were in 

Experiments 6 and 7, where the flux used was a mixture of K2CO3 and B2O3 (with a mole 

ratio 1:2).  These two compounds have low melting points, and thus can lower the 

overall melting temperature of the charge.  In addition, B2O3 increases the melt’s 

viscosity and decreases the vapour pressure of the solvent, providing a slower and more 

stable crystal growth.  Stoichiometric amounts of the solute and flux (metal oxides and 

carbonates with >99 % purity) were weighed and packed in a platinum crucible of  

100 mL.  The mixture was heated to 1050 °C, dwelled for 10 hours and then slowly 

cooled at 0.4 and 0.04 °C/hour in a tube furnace for Experiments 6 and 7, respectively.  

Slow cooling rates produced better quality single crystals that are used for analysis.  At 

850 °C, the mixture was quickly cooled to room temperature to prevent other phases 

from forming.  The single crystals were leached out from the melt using hot water (T ≈ 50 

°C), since the flux is water soluble.  Large single crystals were obtained, such as the 

crystal with dimensions of 7 mm x 7 mm x 3 mm, as shown in Figure 3.2.  The nominal 

composition of the solute is 0.95K0.5Na0.5NbO3 – 0.05BaTiO3, but the final composition of 

the grown crystals is found to be Na-rich (1-x)KNbO3 – xNaNbO3 (x = 0.90) (Table 3.2) 

and the details will be discussed in the following sections. 
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Figure 3.1: Illustration of the furnace setup for high temperature solution 
growth. 

Table 3.1: Various growth conditions used to grow KNN crystals. 

Experiment 
Flux Used 

(mole ratio) 

Sample : Flux 
(mole ratio) 

Melt Temperature 

(ºC) 
Observation 

1 K2CO3 1 : 2 1040 
Flux overflowed the 

crucible 

2 K2CO3 1 : 3 1020 
Flux overflowed the 

crucible 

3 
K2CO3:Na2CO3 

(1 : 1) 
1 : 3 1020 No crystal 

4 
K2CO3:Na2CO3 

(1 : 1) 
1 : 2 1050 No crystal 

5 
K2CO3:B2O3 

(1 : 2) 
1 : 1 1050 Did not fully melt 

6 and 7 
K2CO3:B2O3 

(1 : 2) 
1 : 2 1050 Crystals formed 
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Figure 3.2: (1-x)KNbO3 - xNaNbO3 single crystals: (a) as cooled in crucible, and 
(b) after leaching (the scale is in mm). 

3.3.2. Characterization 

A single crystal platelet was cut parallel to {001}cub planes and polished down to  

366 μm thick.  The thickness of the crystal is measured by a Mitutoyo ID-C112E 

digimatic indicator at room temperature.  Silver electrodes were then pasted on the 

(001)cub surfaces for dielectric measurements.  The dielectric measurements were 

performed as a function of temperature and frequency using a Novocontrol Alpha high-

resolution broadband dielectric analyzer with a Novotherm heating system.  The same 

crystal was then further polished on the (001)cub plane down to 30 µm for optical 

examination under an Olympus BX60 polarized light microscope equipped with a Linkam 

THMS600 heating/cooling stage.  Birefringence measurements were carried out using a 

white light source and with the help of an Olympus U-P545 compensator.  Elemental 

analysis was performed by X-ray photoelectron spectroscopy (XPS) on a Kratos 

Analytical Axis ULTRA DLD system using a monochromatic aluminum source (Al Kα = 

1486.6 eV) operating at 150 W.  A small piece of the crystal was mounted on a MiTeGen 

sample holder using paratone oil for single crystal X-ray diffraction on a Bruker SMART 

ApexII diffractometer equipped with a Mo Kα (λ = 0.7109 Å) source.  Powder X-ray 

diffraction was performed on a Bruker D8 Discover diffractometer.  Rietveld refinements 

were carried out using TOPAS-Academic software to analyze crystal structure based on 

the X-ray diffraction data.  Local piezo-/ferroelectric behaviour was characterized on 

KNN crystal by piezoresponse force microscopy, using an Asylum Research Corp. 

Cypher, at room temperature. 
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3.4. Results and Discussion 

3.4.1. Composition Analysis 

In Figure 3.3, the XPS spectrum shows strong signals for specific binding 

energies between 0 – 1200 eV that correspond to Na (1s), K (2p), Nb (3s, 3p and 3d) 

and O (1s), indicating the presence of all the expected elements in the KNN crystal 

sample.  For each of the elements, the area under its peak is used to determine the 

approximate concentration.  The atomic concentrations of each of the elements from the 

nominal composition (K, Na, Nb, O, Ba and Ti) are tabulated in Table 3.2, which shows 

that the single crystal is in fact Na-rich with a K+/Na+ ratio of approximately 1:5 and there 

is no BaTiO3 incorporation into the crystal lattice.  Since this is a surface technique that 

only analyzes the top 10 nm of the material, other information such as phase transition 

temperatures and lattice parameters are required to fully estimate the composition of the 

bulk single crystals.   
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Figure 3.3: X-ray photoelectron spectrum of a (1-x)KNbO3 - xNaNbO3 single 
crystal. 

Table 3.2: Atomic concentrations from X-ray photoelectron spectroscopic 
analysis of the (1-x)KNbO3 - xNaNbO3 single crystal. 

Element  Atomic Concentration %  

Na 1s  1.50  

O 1s 64.10  

Nb 3d  33.31  

K 2p 0.36 

Ba 3d 0.00 

Ti 2p 0.00 
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3.4.2. Phase Transition Analysis 

The variation of the dielectric constant as a function of temperature displays two 

anomalies upon cooling (Figure 3.4(a)), which should correspond to two phase 

transitions: cubic to tetragonal at TC = 378 °C, and tetragonal to orthorhombic at TO-T = 

172 °C, according to the phase diagram of the KNN solid solution system (see Section 

1.4.1).  The dielectric measurement performed on cooling to lower temperatures (Figure 

3.4(b)) shows two anomalies, one at TO-T = 172 °C, and an additional phase transition 

that corresponds to the orthorhombic to rhombohedral phase transition at TR-O = -5 °C.  

The dielectric loss (tan δ) at room temperature is 0.03, which is quite high, suggesting 

some leaky character due to conductivity.  The leakage current may be caused by 

possible A-site cation (K+ or Na+) or oxygen vacancies that are created during the high 

temperature growth.  There have been reports on the difficulties of synthesizing dense 

KNN ceramics because of the volatilization of alkali oxides (K2O, Na2O) during high 

sintering temperatures [119].  Therefore, the creation of cation vacancies is highly 

possible during the crystal growth process at high temperatures and long dwelling time.   
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Figure 3.4: The real part of dielectric permittivity and dielectric loss (tan δ) of a 
(001)cub-orientated (1-x)KNbO3 - xNaNbO3 crystal as a function of 
temperature measured at various frequencies: (a) high-temperature 
part on cooling, showing two phase transitions, at TC = 378 °C and 
TO-T = 172 °C, and (b) low-temperature part on cooling, showing two 
anomalies, at TO-T = 172 °C and TR-O = -5 °C. 
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Observation of a (001)cub crystal platelet by polarized light microscopy (PLM) 

reveals birefringent domains at room temperature, as shown in Figure 3.5.  Analysis of 

the domain structure shows extinctions both at 45° and 0°/90° to the <100>cub directions 

between the crossed polarizers, which indicates that the single crystal has an 

orthorhombic symmetry at room temperature.  Additionally, in Figure 3.5(b), there are 

apparent striated lines that are parallel to the [110]cub direction, which are the {110}cub 

domain walls.  For an orthorhombic symmetry, there are two types of domain walls: they 

can either be along the {110}cub planes or coplanar with the {100}cub planes (see Section 

2.5) [120].  For a tetragonal symmetry, the 90° domain walls appear as 45° lines to the 

[100]cub direction, while the 180° domain walls are more difficult to observe under PLM, 

thus piezoresponse force microscopy is usually used to study these type of domains 

[121, 122]. 

Figure 3.6 shows polarized light microscopic images that show the domain 

structure and phase transitions of (001)cub-orientated KNN crystal upon cooling: (a) high-

temperature tetragonal (i-iii) to low-temperature tetragonal phase (vi-vii) transition (at TC 

= 400 °C), and (b) low-temperature tetragonal (i) to orthorhombic (iv) phase transition (at 

TO-T = 199 °C).  Interestingly, at high temperatures above the TC (Figure 3.6(a)), there 

are weak birefringent domains that still persist, with extinctions at 0° and 90° to the 

<100>cub direction, which indicate that the crystal is of tetragonal symmetry, instead of 

cubic symmetry.  Furthermore, there are more domain walls along the [110]cub direction 

for the high temperature tetragonal phase as seen in Figure 3.6(a)(i), and the number of 

walls starts to decrease upon cooling.  At TC ≈ 400 °C, the domain structure undergoes 

an abrupt change that leads to a new set of domains of different colours, but with the 

same pattern, which indicates that the crystal remains in tetragonal symmetry.  

Therefore, it is found that the crystal transforms from a high-temperature tetrgaonal to a 

low-temperature tetrgaonal phase at TC.  According to Shirane et al.’s [23] and Cross’ 

[104] phase analysis on the Na-rich end of the (1-x)KNbO3 – xNaNbO3 binary system, at 

0.9 < x < 0.94 (see Figure 1.9), the high temperature phase transition is from a 

tetragonal paraelectric to a tetragonal ferroelectric phase, which is consistent with our 

observed high temperature phase transition.  Therefore, the composition of our KNN 

crystal should be close to x = 0.9. 
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At around 199 °C (TO-T), the crystal undergoes a first order phase transition from 

a tetragonal to an orthorhombic phase upon cooling.  The latter has extinction positions 

at 0°/90° and 45° to the <001>cub (Figure 3.6(b)), which are consistent with the 

orthorhombic symmetry, as shown in Figure 3.5.  The number of striated lines appears 

to decrease, suggesting that the 90° domain walls created from the tetragonal domains 

are transforming into orthorhombic domains, which can have domain walls along either 

{110}cub or {100}cub planes [121]. 

The variation of the birefringence as a function of temperature is measured upon 

cooling (Figure 3.7), which shows two first order phase transitions, TC = 400 °C and TO-T 

= 198 °C.  Additionally, it shows weak birefringence above TC, up to 499 °C, which 

supports the conclusion that the crystal is not cubic above TC.  At temperatures above 

500 °C, the isotropic phase still does not appear, but the birefringence decreases to 

nearly zero.  This absence of full extinction may be due to the strain present within the 

crystal, which has been observed in KNN crystals [120].   

 

Figure 3.5: Domain structure of a (001)cub (1-x)KNbO3 - xNaNbO3 single crystal 
plate (thickness = 30 μm) at room temperature.  The crossed 
polarizers are (a) parallel / perpendicular, and (b) at 45° to the 
<100>cub direction. 
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Figure 3.6: Polarized light microscopic images that show the domain structure 
and phase transitions of (001)cub (1-x)KNbO3 - xNaNbO3 crystal upon 
cooling: (a) high-temperature tetragonal (THT) (i-iii) to low-
temperature tetragonal phase (TLT) (vi-vii) transition (at TC = 400 °C), 
and (b) tetragonal (i) to orthorhombic (iv) phase transition (at TO-T = 
199 °C). 
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Figure 3.7: Variation of the birefringence of a (001)cub (1-x)KNbO3 - xNaNbO3 
crystal platelet as a function of temperature measured upon cooling 
that shows two transitions: TC = 400 °C and TO-T = 198 °C. 

Note that there is a slight difference in the phase transition temperatures 

measured between the dielectric and PLM measurements, which is because there may 

be slight composition segregation within the crystal.  In addition, the PLM observation 

and measurements are based on one domain of the crystal, while the dielectric 

measurement detects the average transition temperature of the bulk crystal. 
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3.4.3. Crystal Structure and Symmetry  

The powder X-ray diffraction pattern in Figure 3.8 shows that the crystals have a 

pure perovskite structure.  The lattice parameters are determined to be a = 7.79964 ± 

0.00061, b = 5.54375 ± 0.00042 and c = 5.59012 ± 0.00047 Å (Table 3.3) in an 

orthorhombic cell Pmc21 by Rietveld refinements using TOPAS-Academic software. 

According to Ahtee and Glazer [14], the Na-rich end of the binary (1-x)KNbO3 – 

xNaNbO3 system should have oxygen octahedral tilting, which can be seen in its X-ray 

diffraction pattern [14, 17].  Based on Glazer’s notation [13], oxygen octahedra in a 

perovskite can have in-phase tilts (+), i.e. tilting in the same direction, or anti-phase tilts 

(-), i.e. tilting in the opposite direction, along a certain crystallographic axis.  In general, 

oxygen octahedral tilting can be seen in X-ray diffraction patterns, where a+ tilts have 

reflections in the form of (even – odd – odd), while the a- tilts have reflections of (odd – 

odd – odd), where k ≠ l in a doubled pseudo-cubic unit cell.  Similarly, the b+ tilts have 

reflections of the (odd – even – odd), while the b- tilts have the (odd – odd – odd) 

reflections, where h ≠ l; the c+ tilts have the (odd – odd –even) reflections and the c- tilts 

have the (odd – odd – odd) reflections, where h ≠ k (see Section 1.3.1 for more detailed 

description on tilts).  Single crystal X-ray diffraction was performed to resolve the 

presence and types of oxygen octahedral tilts in the KNN crystals.  The orientations in 

the single crystal diffraction experiments were defined according to an 8 × 8 × 8 Å3 

doubled pseudo-cubic unit cell.  As seen in Figure 3.9(a), the presence of the (even-odd-

odd) reflections on the (0 k l) plane, such as (0 1 3) and (0 -1 -3) signifies that the 

structure has a+ tilts.  In Figure 3.9(b), the planes (h 1 l) have clear b- tilts as seen in the 

strong (odd – odd –odd) signals of (-1 1 3), (-3 1 3), etc.  Lastly, Figure 3.9(c) shows that 

the crystal has c- tilts, with such (odd – odd – odd) reflections as (-3 -3 1), (-1 3 1), etc.  

The overall oxygen octahedral tilts are resolved to be a+b-c-.  This tilting system confirms 

that the grown KNN crystals are indeed Na-rich, with x ≈ 0.80 - 0.95, based on the X-ray 

diffraction analysis and phase diagram proposed by Baker et al. [17].    
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Figure 3.8: X-ray powder diffraction of the ground (1-x)KNbO3 - xNaNbO3 single 
crystals. 

Table 3.3: Lattice parameters of (1-x)KNbO3 - xNaNbO3 calculated from 
Rietveld refinements of the powder X-ray diffraction data 

Lattice Parameters (Å) based on Pmc21 

a  7.7996 ± 0.0006  

b  5.5438 ± 0.0004  

c 5.5901 ± 0.0005  
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Figure 3.9: X-ray single crystal diffraction patterns of (1-x)KNbO3 - xNaNbO3 
that show: (a) a+-type tilts based on the presence of the (even- odd – 
odd) reflections on the (0kl) plane; (b) b--type tilts and (c) c--type tilts 
based on the presence of the (odd – odd – odd) reflections on the 
(h1l) and (hk1) planes, respectively. 

3.4.4. Updated KNbO3 – NaNbO3 Phase Diagram 

Based on the phase transition temperatures from the birefringence 

measurements, the composition of the grown KNN crystals is estimated to be around 

K0.1Na0.9NbO3.  In addition, with the analysis of the crystal symmetry by PLM, the phase 

sequence for this composition can be revisited.  The high-temperature phase above TC 



 

64 

is a tetragonal phase, and it transforms into another tetragonal phase at TC.  Upon 

further cooling to TO-T, it transforms to an orthorhombic phase.  The original phase 

diagram [17] was based on powder samples, and the powder X-ray and neutron studies 

could not resolve the high-temperature phase symmetry of the Na-rich compositions.  

There has been debate on whether the room-temperature phase of Na-rich KNN is of 

monoclinic or orthorhombic symmetry based on the structural refinement of the powder 

diffraction data.  The results obtained from our Na-rich KNN single crystals provide solid 

evidence for the sequence of the different phases for the Na-rich KNN, and clarify the 

room-temperature phase to be of orthorhombic symmetry.  Hence, the phase diagram of 

the (1-x)KNbO3 – xNaNbO3 binary system has been updated accordingly, as shown in 

Figure 3.10.  The blue and green boxes are the updated phases observed using the 

PLM.  The dashed pink box is the nominal composition and the solid pink box indicates 

the actual composition of the KNN single crystals.  The symmetry evidence deduced 

from optical domain analysis agrees with Schiemer et al.’s transmission electron 

microscopy work [111].  It is therefore reasonable to expect that the KNN system with x 

= 0.50 ~ 0.95 has a ferroelectric orthorhombic phase.  Considering the existence of the 

complex oxygen octahedral tilt systems at the Na-rich end, the space group of this 

orthorhombic phase should be different from the K-rich end one (Amm2), most likely 

Pmc21.  However, the details of this orthorhombic structure and its connections to the 

Pbma phase of NaNbO3 and to the K-rich Amm2 phase are still unknown and more 

detailed investigations using high-resolution single crystal/powder synchrotron and/or 

neutron diffraction techniques are required to resolve these issues. 
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Figure 3.10: Updated phase diagram of (1-x)KNbO3 - xNaNbO3 (adapted from Ref. 
[12]).  Dashed pink box represents the nominal composition, and the 
solid pink box is the actual composition.  The two phases 
highlighted in blue and green are the updated symmetries on the Na-
rich side (x > 0.8) based on the optical crystallographic results by 
PLM. 

3.4.5. Piezoelectric Response and Ferroelectric Behaviour 

KNN-based materials are known to exhibit conductive behaviour which may be 

caused by crystal defects such as A-site cation vacancies that are created during the 

high temperature synthesis process.  The KNN crystals suffer from the same issue as 

their polarization versus electric field measurements lead to circular loops, and high 

dielectric losses (tan δ).  Thus, to reveal the piezo-/ferroelectricity in the KNN single 

crystals, it was necessary to use piezoresponse force microscopy (PFM) which allowed 

us to measure local piezo-/ferroelectric response on a micro- to nanometer scale (~100 

nm).   
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Figure 3.11 shows the variation of the phase angle versus applied voltage 

measured on a single point of a (001)cub KNN single crystal, which exhibits a hysteresis 

loop that signifies that the KNN crystal is indeed ferroelectric.  The phase difference (the 

highest phase angle and the lowest phase angle) is found to be approximately 180°, 

which indicates that the hysteretic behaviour is related to a polarization switching 

process; for example, the upward polarization (0°) is switched to downward polarization 

(180°) upon the application of an electric field of opposite polarity.  Additionally, the 

amplitude versus voltage curves provide information on piezoelectricity.  As the electric 

field is applied, the material deforms, which creates a butterfly-like strain loop, as shown 

in Figure 3.12.  This behaviour indicates the piezoelectric behaviour of the ferroelectric 

KNN crystals.  The values of amplitude are in arbitrary units because the amplitude of 

deflection is in the picometer range, while the sample roughness may be in the order of 

nanometer which may affect the accuracy in deflection.  
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Figure 3.11: Variations of the phase versus the applied voltage for a 
K0.1Na0.9NbO3 crystal, showing typical ferroelectric hysteresis loop-
type behaviour. 
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Figure 3.12: Amplitude versus voltage curves for the K0.1Na0.9NbO3 crystal that 
displays a butterfly-like strain loop, characteristic of the 
piezoelectric response of the ferroelectric K0.1Na0.9NbO3 crystal. 
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3.5. Conclusions 

Lead-free single crystals of (1-x)KNbO3 - xNaNbO3 have been successfully 

grown from the high-temperature solution growth method.  The composition is 

determined to be approximately K0.1Na0.9NbO3, located on the Na-rich side.  Single 

crystal X-ray diffraction shows that the grown crystals exhibit the a+b-c--type oxygen 

octahedral tilts, which is consistent with the tilt type found on the Na-rich side of the 

polycrystalline KNN solid solution.  The dielectric measurements as a function of 

temperature and the polarized light microscopic analysis reveal two phase transitions, at 

TC and TO-T, respectively.  The extinction directions of the domains clearly indicate that 

the single crystal is tetragonal above TC and changes to another tetragonal phase at TC 

= 400 °C.  Upon further cooling below TO-T = 199 °C, the tetragonal phase transforms to 

an orthorhombic phase.  Therefore, the three phases of the Na-rich KNN and their 

temperature-dependent structural phase transitions are established by crystal optics and 

crystallography based on the grown crystals.  Subsequently, the phase diagram on the 

Na-rich side of the (1-x)KNbO3 - xNaNbO3 solid solution system has been updated, 

which clarifies the orthorhombic symmetry at room temperature and the tetragonal 

phase at T > TC.  In addition, the KNN crystals are found to be indeed piezoelectric and 

ferroelectric based on the ferroelectric hysteresis loops for the phase versus voltage 

relation and the butterfly-like strain loop for the amplitude versus voltage curve obtained 

from piezoresponse force microscopy.  
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Chapter 4.  
 
High-Temperature Solution Growth and 
Characterization of (1-x)K1-yNayNbO3 – xLiNbO3 
Single Crystals 

4.1. Abstract 

Single crystals of 0.98K0.8Na0.2NbO3 – 0.02LiNbO3 (KNN-LN) grown by a high-

temperature solution growth method were investigated by polarized light microscopy 

(PLM) and piezoresponse force microscopy (PFM).  Examination of optical domain 

structure by PLM as a function of temperature showed that KNN-LN undergoes two 

phase transitions, one from a high temperature cubic phase to a tetragonal phase at TC 

= 435.5 °C and the other from the tetragonal to an orthorhombic phase at TO-T = 189 °C.  

PFM imaging revealed the structure of local polar domains in the KNN-LN single crystal.  

In addition, ferroelectric hysteresis-like loops and butterfly-shaped strain loops were 

obtained in the single crystals, indicating their piezo-/ferroelectric properties.  Single 

crystal structural refinements based on X-ray diffraction data indicate that there are no 

oxygen octahedral tilts present at room temperature and at -103 °C, which suggests that 

the crystal is K-rich.  Composition analysis by energy dispersive spectroscopy and laser 

ablation – inductively coupled plasma – mass spectrometry confirms the K-rich 

composition.  A vapour transport equilibration technique is successfully applied to 

optimize the composition of the as-grown crystals and it is demonstrated to be a viable 

approach to increase the Li-concentration of the lead-free KNN-LN piezo-/ferroelectric 

crystals.   
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4.2. Introduction 

The piezoelectric properties of pure KNN are relatively low compared to lead-

based materials, and vary widely depending on the synthesis techniques used.  Other 

components have been added to the KNN system to form binary and ternary solid 

solutions.  In most cases, this has improved the piezoelectric properties.  The most 

commonly investigated systems include KNN-AgNbO3, KNN-SrTiO3 and KNN-LiNbO3, 

which all display higher piezoelectric properties than pure KNN (see Section 1.4.1 for a 

more detailed review) [28, 29, 31, 123].   

Of those systems, the (1-x)K0.5Na0.5NbO3-xLiNbO3 (KNN-LN) solid solution 

appears to be the most favourable for high temperature applications.  Guo et al. [28] and 

Klein et al. [29] studied the phase transitions and properties of the KNN-LN ceramics 

and developed a phase diagram for this system which is shown in Figure 4.1.  The best 

properties are located at the morphotropic phase boundary (MPB) region between x = 

0.06 and 0.08, where they display d33 values of >200 pC/N.  In addition, the 

orthorhombic to tetragonal phase transition temperature (TO-T) is shifted to lower 

temperature, that is, the temperature range of the tetragonal phase is extended to below 

room temperature and the orthorhombic phase in KNN at room temperature is replaced 

by the tetragonal phase in (1-x)KNN-xLN with x > 0.06 [28, 29].  This is useful for high-

temperature applications because there is no phase transition between room 

temperature and the TC, thereby providing a better thermal stability for properties up to 

the TC ≈ 400 °C, unlike other KNN-based systems that undergo the orthorhombic to 

tetragonal transition at TO-T ≈ 200 °C or lower.  Since Li+ ion is much smaller compared 

to the size required for the A-site cations of the perovskite structure, lithium niobate 

adopts the LiNbO3 structure in which the oxygen octahedra are connected via edges and 

faces, whereas the oxygen octahedra in the perovskite structure are connected via 

corners.  As a result, the limit of solubility of LiNbO3 into KNN is relatively low, that is, x ≈ 

0.08 and above this concentration, secondary phases start to form.  
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Figure 4.1: Phase diagram of (1-x)K0.5Na0.5NbO3 – xLiNbO3 (adapted from Ref. 
[29]). 

In this work, KNN-LN single crystals were grown from high temperature solution, 

and the structure and symmetry of the grown crystals were analyzed via polarized light 

microscopy and X-ray diffraction.  The local piezo-/ferroelectric behaviour was 

characterized by piezoresponse force microscopy.  The composition of the as-grown 

crystals was found to be very rich in KNbO3.  A vapour transport equilibration technique 

was subsequently used to increase the concentration of the LiNbO3 in KNN-LN to be 

close to the MPB.   
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4.3. Experimental 

4.3.1. Single Crystal Growth 

The (1-x)K1-yNayNbO3 – xLiNbO3 (x = 0.08 and y = 0.5, nominal) (KNN-LN) single 

crystals were grown using a high-temperature solution growth method.  The flux chosen 

was a mixture of K2CO3 and B2O3 (mole ratio 1:2).  The stoichiometric amounts of 

K2CO3, Na2CO3·H2O, Nb2O5, Li2CO3 and B2O3 powders (with >99 % purity) of the solute 

and flux were weighed, ground and packed in a platinum crucible of 100 mL.  The 

platinum crucible was sealed inside an alumina crucible and placed in a tube furnace.  

The mixture was heated to 1050 °C and slowly cooled down at 0.4 °C/hour.  At 900 °C, 

the furnace was then ramped to room temperature to prevent other phases from forming.  

The single crystals were leached out from the melt using hot water (~ 50 °C), since the 

flux is water soluble.  Large single crystals were obtained, as shown in Figure 4.2.  The 

nominal composition was 0.92K0.5Na0.5NbO3 – 0.08LiNbO3, but the final composition of 

the grown crystals is found to be approximately 0.98K0.8Na0.2NbO3 – 0.02LiNbO3 due to 

severe composition segregation (the details will be discussed below). 

 

Figure 4.2: As-grown single crystals of (1-x)K1-yNayNbO3 – xLiNbO3 (x = 0.08, y 
=0.5, nominal) after leaching (the smallest scale is in mm). 

4.3.2. Characterization 

Silver paste was painted on the (001)cub surfaces of the polished single crystals 

as electrodes for dielectric measurements.  The dielectric measurements were 

performed as a function of temperature and frequency on a Novocontrol Alpha high-

resolution broadband dielectric analyzer equipped with a Novotherm heating system.  

The thickness of the crystal is measured by a Mitutoyo ID-C112E digimatic indicator at 
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room temperature.  A (001)cub-orientated KNN-LN crystal was polished down to 73 µm 

thick for optical examination under a polarized light microscope, Olympus BX60 

equipped with a Linkam THMS600 heating/cooling stage.  Local piezoresponse and 

ferroelectric behaviour were characterized on KNN-LN using a piezoresponse force 

microscope, Bruker Dimension Icon, at room temperature.  An electric field of ±4.1 

kV/cm was applied on the KNN-LN crystal to observe domain switching.  A small crystal 

was mounted on a MiTeGen sample holder using paratone oil for single crystal X-ray 

diffraction, which was performed on a Bruker SMART ApexII diffractometer equipped 

with a Mo Kα (λ=0.7109 Å) source and an Oxford Cryosystems coldstream.  The data 

were collected at room temperature and at -103 °C and the diffraction patterns were 

analyzed using Bruker APEXII software suite.  Powder X-ray diffraction was performed 

on a Bruker D8 Discover diffractometer and lattice parameters were refined based on 

the Rietveld refinement method using TOPAS-Academic software.  Composition 

analysis was carried out by energy dispersive spectroscopy (Oxford Instruments, Merlin 

Compact), and laser ablation – inductively coupled plasma – mass spectrometry (Perkin 

Elmer, NWR213). 

4.3.3. Vapour Transport Equilibration 

A modified vapour transport equilibration technique was used to increase the Li-

content in the Li-deficient single crystals.  Different parameters have been tested, and 

the results are shown in Table 4.1.  The conditions that lead to the best results are in 

Trial 6.  In Trial 6, the as-grown 0.98KNN-0.02LN single crystal to be treated was placed 

on a pre-sintered 0.92K0.5Na0.5NbO3 – 0.08LiNbO3 ceramic disc, which in turn was put 

on a LiNbO3-based powder bed with 25 mol.% excess of Li, as shown in Figure 4.3.  

This setup was then put in an alumina crucible, sealed with Al2O3 cement and annealed 

at 1000 °C for 60 hours.  The amount of lithium incorporated into the crystal was 

estimated by comparing the phase transition temperatures measured via dielectric 

studies to the KNN-LN phase diagram. 
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Figure 4.3: The modified vapour transport equilibration setup. 
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Table 4.1: Parameters used for vapour transport equilibration. 

Trial 
Annealing 

Temperature (°C) 
Dwell Time 

(Hours) 
Other Settings Results 

1 800 - 1000 30 - 60 

Used either Li-rich 
LiNbO3 ceramic or 
KNN-LN8 ceramic 

only 

No effect 

2 850 60 

Used Li-rich 
LiNbO3 ceramic + 

Li-rich LiNbO3 
powder 

No effect, but 
higher annealing 

temperature (>850 
°C) caused crystal 

to melt 

3 1000 60 
Used KNN-LN8 

ceramic + powder 

Two anomalies 
observed for TC 

(not uniform 
composition) 

4 1000-1050 30-60 
Used KNN-LN8 
ceramic + Li-rich 
LiNbO3 powder 

Longer time and 
temperature 
increased TC 

5 1000 60 

Used KNN-LN8 
with Li-rich  

25 mol.% ceramic 
+ powder 

Two anomalies 
observed for TC 

6 1000 60 
Used KNN-LN8 
ceramic + Li-rich 
LiNbO3 powder 

TC successfully 
increased 

KNN-LN8 – 0.92K0.5Na0.5NbO3–0.08LiNbO3 

4.4. Results and Discussion 

4.4.1. Phase Transition Analysis 

Figure 4.4 shows the variations of the dielectric permittivity and loss tangent as a 

function of temperature and frequency for an as-grown KNN-LN crystal [(001)cub-

oriented].  The room temperature permittivity and dielectric loss (tan δ) are found to be 

734 and 0.16, respectively, at 100 kHz.  There are three anomalies corresponding to 

three phase transitions upon cooling, from a high temperature paraelectric cubic phase 

to a ferroelectric tetragonal phase at TC = 411 °C, then from the tetragonal to an 

orthorhombic phase at TO-T = 186 °C, and finally from the orthorhombic to a 
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rhombohedral phase at TR-O = -78 °C.  Based on the phase transition temperatures, 

especially the values of TO-T and TC, the composition of the (1-x)KNN-xLN crystals is 

estimated to be around x = 0.02 by comparing them with the phase diagram developed 

by Klein et al. [29] (Figure 4.1). 
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Figure 4.4: High temperature (a) and low temperature (b) dielectric 
measurements as a function of temperature at several frequencies 
upon cooling. 
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Figure 4.5 shows polarized light microscopic images of a (001)cub-orientated and 

polished single crystal of KNN-LN at selected temperatures.  At high temperature, the 

crystal is cubic; however, due to some residual stress present within the crystal, weak 

birefringence is observed.  Upon cooling to TC = 434.5 °C, the cubic phase transforms 

into a tetragonal phase, as revealed by the development of the birefringent domains with 

extinction directions parallel to <100>cub (Figure 4.5(a)).  Upon further cooling, the 

tetragonal phase transforms into an orthorhombic phase at TO-T = 189 °C, which is 

characterized by domains with extinctions parallel to <110>cub and <100>cub directions, 

as shown in Figure 4.5(b).  The symmetry of the crystals at room temperature is 

therefore orthorhombic.  This series of phase transitions is consistent with the dielectric 

measurement results, as well as the phase diagram proposed by Klein et al. [29].  There 

are visible striated lines orientated at about 45° to <100>cub across the crystal in Figure 

4.5.  These lines must be domain walls as they separate the domains of different 

orientations in the tetragonal phase and move as the crystal transforms into the 

orthorhombic phase.  Interestingly, some walls still persist in the cubic phase, which 

could be pinned due to residual stress.  The orthorhombic phase contains significantly 

overlapping domains since there are no apparent regions that go fully extinct in the 45° 

or 0°/90° position as compared to the KNN crystal (see Section 3.4.3).  
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Figure 4.5: Polarized light microscopic images of a (001)cub-orientated and 
polished single crystal of (1-x)K1-yNayNbO3 – xLiNbO3 at selected 
temperatures, showing the domain structures and phase transitions 
upon cooling. (a) Development of the tetragonal domains following 
the cubic to tetragonal transition at TC = 434.5 °C. (b) Transformation 
of the tetragonal phase into the orthorhombic phase at TO-T = 189 °C. 

4.4.2. Piezoresponse Force Microscopy Analysis 

As mentioned in Section 3.4.5, KNN-based materials are known to exhibit 

conductive behaviour that may be caused by crystal defects such as A-site cation 

vacancies.  The KNN-LN crystals also suffer from the same issue as their polarization 

versus electric field measurements lead to circular loops, characteristic of conductive 

behaviour.  Therefore, it was necessary to use piezoresponse force microscopy (PFM) 

to analyze polar domain structure on a local scale in the nanometer range (~100 nm), 
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and to measure local piezo-/ferroelectric response in order to reveal the piezo-

/ferroelectricity in the KNN-LN single crystals. 

Figure 4.6 shows the piezoresponse force microscopic images in terms of 

topography and phase of a (001)cub-orientated 0.98K0.8Na0.2NbO3 – 0.02LiNbO3 crystal 

plate with a scanned area of 5 μm x 5 μm.  The topography image shows the surface 

roughness for the polished crystal, which is in the nanometer range (Figure 4.6(a)).  The 

out-of-plane phase image in Figure 4.6(b) reveals the polar local domains with the 

polarization vectors pointing either out of page (bright, 0°) or into page (dark, 180°).  An 

electric field is also applied through the PFM tip to pole a region of the material and to 

switch the polarization in the crystal.  The results of this poling are shown in Figure 4.7.  

When the single crystal is poled at a field of 4.1 kV/cm, almost all the polarization is 

orientated into the page (dark), except for some residual domains of opposite 

polarization (Figure 4.7(a)).  Conversely, when the single crystal is poled at a negative 

field of -4.1 kV/cm, the polarization is completely switched to the opposite direction, 

giving rise to a homogenous domain as shown in Figure 4.7(b).  The observation of polar 

domains and their switching signify that 0.98K0.8Na0.2NbO3 – 0.02LiNbO3 single crystals 

are indeed ferroelectric, which is consistent with the behaviour of the reported KNN-LN 

ceramics [28, 29].  In addition, the variation of the phase versus voltage exhibits a 

hysteresis loop (Figure 4.8).  The amplitude versus voltage curve in Figure 4.9 shows a 

butterfly-like strain loop, which is characteristic of piezoelectric response from the 

ferroelectric KNN-LN crystal. 
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Figure 4.6: Piezoresponse force microscopic images of (a) the topography and 
(b) the phase of a (001)cub-orientated (1-x)K1-yNayNbO3 – xLiNbO3 
crystal plate (scan area 5 μm x 5 μm).  The latter reveals the 180° 
polar domains.  
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Figure 4.7: PFM phase images of the (1-x)K1-yNayNbO3 – xLiNbO3 crystal plate 
after being poled at (a) 4.1 kV/cm and (b) -4.1 kV/cm, showing the 
poling effects and the switching of the 180° polarizations. 
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Figure 4.8: Variations of the phase versus the applied voltage for the  
(1-x)K1-yNayNbO3 – xLiNbO3 crystal, showing typical ferroelectric 
hysteresis loop-type behaviour. 
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Figure 4.9: Amplitude versus voltage curves for the (1-x)K1-yNayNbO3 – xLiNbO3 
crystal that displays a butterfly-like strain loop, characteristic of the 
piezoelectric response from the ferroelectric (1-x)K1-yNayNbO3 – 
xLiNbO3 crystal. 

4.4.3. Crystal Structure and Symmetry 

From Ahtee and Glazer’s work on the KNN phase diagram, it is known that some 

compositions of KNN have oxygen octahedral tilting [14].  Therefore, single crystal X-ray 

diffraction was performed to determine the possible tilts.  The results show that there are 

no tilts in the as-grown KNN-LN crystal (a0b0c0), neither at room temperature, nor at  

-103 °C (Figure 4.10), as there are no additional reflections to the normal perovskite 

reflections of (0 k l), (h 0 l) and (h k 0), and no reflections on (1 k l), (h 1 l) and (h k 1) of 

a doubled unit cell.  This suggests that the crystal should be K-rich in its composition.  

Because lithium is one of the lightest elements, most of the quantitative analytical 

techniques cannot detect it, and as a result, it is difficult to obtain accurate composition 

of the single crystal.  Given the small concentration of LiNbO3, i.e. x = 0.02 based on the 

phase transition temperatures from dielectric measurements as discussed in Section 

4.4.1, the composition of the bulk as-grown crystals is estimated to be very close to 

KNN.  Therefore, Rietveld refinements were performed on the powder X-ray diffraction 

pattern using an Amm2 space group (Figure 4.11).  The lattice parameters were 
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determined to be a = 3.96306 ± 0.00014, b = 5.67560 ± 0.00021 and c = 5.70477 ± 

0.00021 Å with R-weighted pattern (Rwp) = 8.894 %, as shown in Table 4.2.  Typically, 

an Rwp < 10 % is considered a good agreement between experimental and calculated 

results.  Then, the ratio of K/Na is estimated by comparing the lattice parameters 

obtained from the refinements of the X-ray diffraction data with those of the known 

compositions of KNN.  In this way, the composition of the crystals is determined to be 

0.98K0.8Na0.2NbO3 – 0.02LiNbO3, which is consistent with the crystal being K-rich with no 

oxygen octahedral tilts.   
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Figure 4.10: Single X-ray diffraction patterns of 0kl, h0l and hk0 planes at  
(a) 298 K (25 °C) and (b) 170 K (-103 °C). 
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Figure 4.11: Rietveld refinement results of the powder X-ray diffraction pattern of  
(1-x)K1-yNayNbO3 – xLiNbO3 with Rwp = 8.894 %. 

Table 4.2: Lattice parameters refined from Rietveld refinement using TOPAS-
academic software from powder X-ray diffraction pattern. 

Lattice Parameters (Å) based on Amm2 

a 3.96306 ± 0.00014 

b 5.67560 ± 0.00021  

c 5.70477 ± 0.00021  
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4.4.4. Composition Analysis 

The low concentration of LiNbO3 in the as-grown KNN-LN crystals indicates 

severe composition segregation when forming the crystals, which is caused by the 

different crystal structures between the two end members, namely, the perovskite 

structure of KNN and the LiNbO3 structure.  In ceramic samples, the solubility limit of 

LiNbO3 in KNN was reported to be x ≈ 0.08 only.  In single crystals, it is even more 

difficult for LiNbO3 to be incorporated into KNN due to the expected composition 

segregation.  Therefore, the concentration of LiNbO3 in the as-grown KNN-LN is only  

2 %. 

Energy dispersive spectroscopy (EDS) was performed on the crystal surface to 

analyze the elements present.  As Li is very difficult to detect because of its small size 

and light weight, only the other elements were mapped out, as shown in Figure 4.12.  

The elemental mapping of K, Na, Nb and O show that these atoms are distributed 

uniformly across the crystal (Figure 4.12(a)).  This result also confirms that the crystal is 

K-rich (Table 4.3).  Additionally, the inductively coupled plasma-mass spectrometry via 

laser ablation (LA-ICP-MS) was performed.  This sensitive technique provides a more 

accurate composition and is one of the few techniques that can detect Li-content.  The 

results are given in Table 4.4, which show that the crystal indeed contains a trace 

amount of Li, but because the Li-content is low, and that Li is difficult to detect, the 

results may not reflect the actual amount of Li (it is in fact even lower than that estimated 

from the phase diagram).  The mole ratio of K:Na is about 2.8:1, which further confirms 

that the crystal is K-rich.  Based on these compositional analysis results, the composition 

of KNN is estimated to be approximately K0.78Na0.22NbO3, which is close to the K/Na ratio 

deduced based on the KNN phase diagram, as described previously. 
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Figure 4.12: (a) Elemental mapping of K (red), Na (purple), Nb (green) and O 
(blue) using energy dispersive spectroscopy on the surface of a  
(1-x)K1-yNayNbO3 – xLiNbO3 crystal, and (b) the corresponding EDS 
spectrum. 
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Table 4.3: Composition analysis by energy dispersive spectroscopy (ignoring 
Li-content). 

Element Mol.% 

O 59.14 

Na 4.50 

K 15.49 

Nb 20.87 

Total 100.00 

 

Table 4.4: Composition analysis by LA-ICP-MS. 

Element Run 1 Run 2 Run 3 
Average  

(mole fraction) 

Li 0.0036 0.0063 0.0055 0.0051 

Na 0.1763 0.1768 0.1782 0.1771 

K 0.4937 0.4965 0.5007 0.4970 

Nb 0.6147 0.6065 0.6297 0.6170 

4.4.5. Lithiation by Vapour Transport Equilibration 

The desired composition is 0.92KNN-0.08LN, but the as-grown crystals are Li-

deficient, 0.98KNN-0.02LN.  In order to increase the Li-content, a vapour transport 

equilibration technique was applied, which makes use of Li-enriched vapour phase to 

reach equilibrium at the solid/vapour interface and then by solid state diffusion to 

increase the Li-concentration of the bulk crystal.  Vapour transport equilibration was first 

developed by Holman [124] to investigate the non-stoichiometry of LiNbO3 crystals.  The 

growth of stoichiometric LiNbO3 single crystals is very important because of their superb 

electro-optical properties, and slight non-stoichiometry dramatically deteriorates their 

electro-optical performance.  However, it has been challenging to grow stoichiometric 

crystals, since there is only a narrow composition range for stoichiometric LiNbO3 to 

exist in the Li2O – Nb2O5 phase diagram [124].  Thus, the grown crystals are usually Li-

deficient or Li-rich.  In vapour transport equilibration, a Li-deficient single crystal of 

LiNbO3 is typically suspended from a platinum wire that is hanging from the top of a 

crucible and is annealed in the sealed crucible with Li-rich LiNbO3 (mixture of Li3NbO4 

and LiNbO3) powder that acts as an infinite source of Li2O.  The lithium in the vapour 
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diffuses into the Li-deficient crystal until equilibrium is reached, leading to stoichiometric 

LiNbO3.  The TC is used to monitor the composition changes.  This technique has been 

widely used for LiNbO3 and LiTaO3 single crystals [125-128].  A modified version of this 

method is developed in this work to enrich the Li-content in the as-grown KNN-LN 

crystal, as described in Section 4.3.3. 

Different conditions for vapour transport equilibration are investigated in this 

study.  The crystal was positioned on top of a ceramic disk with the desired composition 

of 0.92K0.5Na0.5NbO3-0.08LiNbO3.  However, solid state diffusion between the ceramic 

disk and the crystal (without a Li-enriched source) did not effectively increase the 

amount of Li-content in the crystal even at high temperatures (~1000 °C).  Therefore, the 

Li-rich LiNbO3 powder bed is essential to providing a Li-rich atmosphere for effective 

vapour transport to the surfaces of the crystal, which is then followed by solid state 

diffusion between the surface and the bulk of the crystal.  After a number of trials, the 

optimal conditions and process were found, which consist of placing the single crystal on 

a 0.92K0.5Na0.5NbO3-0.08LiNbO3 ceramic disk surrounded by a mixture of LiNbO3 and 

Li3NbO4 powder.  This setup has allowed us to obtain the best results for the vapour 

transport and solid state diffusion of Li into the KNN-LN single crystals. 

After the vapour transport equilibration reaction that took place at 1000 °C for  

60 hours, the Li-content of the annealed crystals was re-estimated based on the change 

in phase transition temperatures from dielectric measurements.  As shown in Figure 

4.13, the TC is increased from 411 °C to 483 °C, and the TO-T has disappeared.  The 

phase transition behaviour and the dielectric properties of the modified single crystal 

indicate that the Li-content has been successfully increased to the desired composition 

of 0.92KNN-0.08LN, based on the KNN-LN phase diagram.  The mechanism of this 

vapour/solid state diffusion can be described as follows: 
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Vapourization of gas: 

Li3NbO4(s)  Li2O(g) + LiNbO3(s) (at ≥1000 °C) (4.1) 

2LiNbO3(s)  Li2O(g) + Nb2O5(s) (at ≥1000 °C)  (4.2) 

Adsorption/Diffusion: 

K0.78Na0.20Li0.02NbO3(s) + [(a+b)/2]Li2O(g)   

K(0.78-a) Na(0.20-b) Li(0.02+a+b) NbO3 (s) + (a/2) K2O(g) + (b/2) Na2O(g) (4.3) 

where Li3NbO4 is from the Li-rich powder, K0.78Na0.20Li0.02NbO3 is the original 0.98KNN-

0.02LN crystal, a and b are the amounts of K or Na, respectively, that are substituted by 

Li.  In this case after vapour transport equilibration, the crystal became 0.92KNN-

0.08LN, thus (a+b)/2 is approximately 0.03.  The Li+ from the Li2O-rich atmosphere 

during annealing can diffuse into the Li-poor single crystal.  Conversely, the K+ or Na+ in 

the crystal can counter-diffuse out into the atmosphere in the form of volatile K2O or 

Na2O since the amount of these ions are low in the initial environment.  This process is 

driven by equilibrium.  These reactions take place until equilibrium is reached. 
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Figure 4.13: Variations of the real part of dielectric permittivity as a function of 
temperature (upon heating/cooling) of (1-x)K1-yNayNbO3 – xLiNbO3 
single crystals measured at f = 105 Hz: (a) before and (b) after vapour 
transport equilibration reactions. 
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4.5. Conclusions 

Single crystals of (1-x)K1-yNayNbO3 – xLiNbO3 (KNN-LN) have been grown using 

the high-temperature solution growth method with a mixture of K2CO3 and B2O as flux.  

Polarized light microscopic studies of the domain structures of the KNN-LN crystals as a 

function of temperature revealed two phase transitions, from a high temperature cubic 

phase to a tetragonal phase at TC = 434.5 °C and then to an orthorhombic phase at TO-T 

= 189 °C upon cooling.  The local polar domains were imaged using piezoresponse 

force microscopy.  The polarization switching was demonstrated by PFM in the KNN-LN 

crystals.  It is shown that the KNN-LN crystals are indeed piezoelectric and ferroelectric 

based on the ferroelectric hysteresis loop for the phase versus voltage relation and the 

butterfly-like strain loop for the amplitude versus voltage curve.  The dielectric 

measurements of (001)-orientated as-grown crystals show three phase transitions at TC 

= 411 °C, TO-T = 189 °C, and TR-O = -78 °C, respectively, which signify that the 

composition of (1-x)KNN-xLN is approximately x = 0.02.  The crystal structural 

refinements based on single crystal X-ray diffraction indicate that there are no oxygen 

octahedral tilts present at room temperature and at -103 °C.  As compared with the KNN 

phase diagram, this result suggests that the KNN-based crystal is potassium-rich.  

Based on the Rietveld refinement of the lattice parameters, the elemental analyses by 

energy dispersive spectroscopy and laser ablation – inductively coupled plasma – mass 

spectrometry, the composition of the as-grown crystals is estimated to be 

0.98K0.8Na0.2NbO3 – 0.02LiNbO3.  The Li-content in the crystal has been successfully 

increased to the desired MPB composition of approximately x = 0.08 by a modified 

vapour transport equilibration technique.  This vapour transport equilibration approach 

demonstrated to be useful in addressing the issue of composition segregation that is 

commonly found in single crystals of solid solution systems, in particular for LiNbO3-

based lead-free piezo-/ferroelectric materials. 
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Chapter 5.  
 
Novel Ternary Solid Solution of  
(1-x-y)(K0.5Na0.5)NbO3 – x(Bi0.5K0.5)TiO3 – yBaTiO3  

The following chapter is a revised version of the paper published: “Synthesis and phase 

analysis of a new ferroelectric (K0.5Na0.5)NbO3-Bi0.5K0.5TiO3-BaTiO3 ternary solid 

solution”, Jenny Y.Y. Wong and Zuo-Guang Ye, Journal of Advanced Dielectrics, 01(02), 

Copyright © 2011 by World Scientific Publishing Co. Pte. Ltd. 

5.1. Abstract 

In order to develop new lead-free pieozo-/ferroelectric materials, the 

y(K0.5Na0.5)NbO3 – (1-y)[(1-x)Bi0.5K0.5TiO3 – xBaTiO3] (KNN-BKT-BT) solid solution 

system is investigated and the partial ternary phase diagram in the KNN-rich region with 

compositions of y = 0.96 to y = 0.98 is established.  All the compositions studied show a 

gradual phase change from a tetragonal to an orthorhombic structure as the BaTiO3 

component increases.  A mixture of tetragonal and orthorhombic phases is found in the 

composition range of x= 0.25 to 0.60 and y = 0.97, and x = 0.50 to 0.75 and y = 0.96, 

indicating a possible ternary morphotropic phase boundary region.  The piezoelectric 

and ferroelectric properties of the 0.97(KNN)-0.03[0.60BKT–0.40BT] ceramics are 

characterized.  The increase in remanant polarization as compared with pure KNN, 

shows improved ferroelectricity by forming the ternary solid solution 

5.2. Introduction  

The composition of (1-x)KNbO3 - xNaNbO3 (KNN) perovskite solid solution that 

has been intensively studied in the past decade is at the morphotropic phase boundary 
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(MPB) region of (K0.5Na0.5)NbO3 [14, 23, 24, 26]. These KNN ceramics have better 

properties, such as a high TC (420 ºC) as compared to other lead-free materials like 

BaTiO3 (TC = 115 ºC), which make them suitable for high-temperature applications like 

fluid injection systems [108, 129].   However, their piezo-/ferroelectric performance (a d33
 

of 80 pC/N and a planar electromechanical coupling factor (kp) of 36 %) are still far lower 

than that of lead-based piezoelectric ceramics [129].  

In order to design new perovskite piezoelectric materials, different A-site or B-site 

cations of the perovskite ABO3 unit cell can be replaced, as well as adding different 

components to make solid solutions.  In fact, it has been shown that the solid solutions 

of KNN with various oxides, such as in KNN-(Bi0.5K0.5)TiO3 [38, 130-133], and KNN-

SrTiO3 [123, 134] systems exhibit enhanced piezoelectric properties with increased d33.  

Recently, the KNN-AgNbO3 solid solution was investigated in our laboratory, which 

shows good piezoelectric properties (d33 = 186 pC/N) [31, 90].  In particular, the 

piezoelectricity exhibits very good thermal stability up to high temperatures, which is a 

significant improvement from other KNN-based ceramics. Although KNN-based 

materials show promising properties, they are difficult to form dense ceramics due to 

such problems as volatilization of alkali oxides, Na2O and K2O, which occurs during the 

sintering process.  Therefore, different preparation methods are needed in order to 

produce useful dense ceramics, such as hot-pressing [26] or sintering under a powder 

bed [113].  

Because many lead-free binary systems have been investigated, new ternary 

and quaternary systems are currently being investigated.  Doped KNN ceramics with 

compositions in the vicinity of the morphotropic phase boundary were found to have 

significantly better properties [38, 123, 131, 133-135]. For instance, Du et al. [135] 

reported that the 0.98KNN-0.02(Bi0.5K0.5)TiO3
 ceramics exhibit a d33 of 251 pC/N and a kp 

of 49 %.  In another case, Park et al. [38] found that 0.95KNN-0.05BaTiO3 ceramics 

possess a d33 of 225 pC/N and a kp of 36 %.  Since these binary systems appear to be 

quite promising for applications as lead-free piezoelectric materials, it would be 

interesting to investigate a new ternary system of KNN-(Bi0.5K0.5)TiO3-BaTiO3
 (KNN-BKT-

BT) in terms of phase formation, structure, and ferroelectric properties.  The composition 

range studied is represented in Figure 5.1 which shows the partial ternary phase 

diagram. 



 

96 

 

Figure 5.1: Partial ternary phase diagram of the KNN-BKT-BT system showing 
(i) the various compositions studied (•); (ii) the tetragonal (T) or 
orthorhombic (O) phases; and (iii) the potential region with mixed 
phases (shaded area), corresponding to the ternary morphotropic 
phase boundary region.  The compositions with (*) represent the 
KNN-BKT and KNN-BT pseudo-binary morphotropic phase boundary 
compositions reported in Ref. [38, 135]. 
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5.3. Experimental 

The KNN-BKT-BT ceramics were prepared by a solid state reaction method, 

followed by a ceramic sintering process. Fine starting powders of K2CO3, Na2CO3•H2O, 

Nb2O5, BaCO3, Bi2O3 and TiO2 (all with purity >99 %) were weighed to yield various 

compositions of y(K0.5Na0.5)NbO3 – (1-y)[(1-x)Bi0.5K0.5TiO3 – xBaTiO3]  with y = 0.96, 0.97 

and 0.98, and x = 0.00, 0.25, 0.40, 0.50, 0.60, 0.75 and 1.00 (see Figure 5.1).  Each 

mixture was hand-ground for 1 hour in ethanol and then pressed into pellets before 

being calcined at 950 ˚C for 4 hours.  Afterwards, the calcined powder was reground for 

another hour with 1 drop of polyvinylalcohol (PVA, 6 wt.% in water) per gram of powder 

added in as binder.  The powders were pressed into pellets of 10 mm diameter and  

2-5 mm thickness via uniaxial pressing.  In order to drive off the PVA binder, the pellets 

were heated in a muffle furnace at 500 ˚C for 1 hour and then 950 ˚C for 0.5 hour.  

Finally they were sintered at 1140-1180 ˚C for 4 hours, depending on the composition.         

The density of the ceramics was determined by the mass and volume of each 

pellet.  X-ray powder diffraction patterns were recorded using a Rigaku (Cu Kα radiation: 

46 kV, 42 mA) and a Bruker X-Ray diffractometer (Cu Kα radiation: 40 kV, 40 mA).  MDI 

Jade software was used to analyze the X-ray patterns and to refine the structural 

parameters.  The circular surfaces of the ceramics were polished to a thickness of 

approximately 0.50 mm and sputtered with gold layers as electrodes.  Ferroelectric 

hysteresis measurements were performed by means of an RT66A Standard 

Ferroelectric Testing System.  Poling was carried out by immersing the ceramic sample 

in silicone oil and applying an electric field using a Stanton PS350 high voltage power 

source. The piezoelectric coefficient, d33, of the poled ceramics was measured using a 

ZJ6B Quasistatic d31/d33 meter. 

5.4. Results and Discussion 

The X-ray diffraction (XRD) patterns of the KNN-BKT-BT ternary ceramics with y 

= 0.96 to 0.98 KNN are shown in Figure 5.2 (a-d) with various compositions of [(1-x)BKT 

– xBT].  The XRD patterns show that pure perovskite phases were obtained for all the 

compositions studied, signifying the formation of the KNN-BKT-BT solid solution in the 

perovskite structure.  For the compositions of y = 0.97 and x = 0.60, and y = 0.98 and x 
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= 0.50, a trace amount of impurity phases of KTiNbO5 or Ba6Ti2Nb8O30 seemed to exist, 

as indicated by the peaks at 29˚ and 35˚ [133].  This points to the limits of solubility for 

the ternary solid solution.  
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Figure 5.2: X-ray diffraction patterns of (a) pure KNN, (b) 0.98(KNN)-0.02[(1-
x)BKT–xBT], (c) 0.97(KNN)-0.03[(1-x)BKT–xBT] and (d) 0.96(KNN)-
0.04[(1-x)BKT–xBT], where x = 0 to 1.00 (* - impurity) 

Figure 5.3(a) shows the variation of the lattice parameters apc, bpc, and cpc of an 

orthorhombic unit cell along the pseudo-binary line of y = 0.98 (KNN).  From this 

variation and the XRD pattern in Figure 5.2(b), it can be seen that as the concentration 

of BKT decreases and that of BT increases along y = 0.98, the orthorhombic structure, 

based on the {200} splitting, changes gradually to the one similar to pure KNN (Figure 

5.2(a)).  If the parameters apc, bpc and cpc at x = 0.00 were largely different from one 

another, the positions of (200), (020) and (002) peaks should be distinct and resolved.  
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However, since these peaks are relatively close to each other, they overlap to some 

extent, leading to a broad trough-like peak, as seen in the XRD patterns.  Depending on 

the difference between the d-spacings of these planes, one of the intensities may be 

stronger due to the overlap of the peaks.  As seen for x = 1.00 in Figure 5.3(a), the apc 

and cpc parameters have similar values, causing one of the {200} peaks to have a 

greater intensity and thereby the diffraction pattern is reminiscent of a tetragonal 

structure. 

For the y = 0.97 series (Figure 5.2(c)), there is an apparent transition from a 

tetragonal phase to an orthorhombic phase as the composition of BT increases from x = 

0.00 to 1.00, based on the gradual shift in the {200} peak intensity.  However, the {200} 

peaks for x = 0.25 to 0.60 are quite broad and it is not possible to conclusively resolve 

whether they are due to a mixture of phases or to a significantly large amount of overlap 

between the peaks.  Additionally, the lattice parameters between these compositions do 

not appear to follow any trend (Figure 5.3(b)), which could result from the coexisting 

MPB phases.  Therefore, a higher resolution method, such as synchrotron XRD that was 

used to resolve the phases in the MPB compositions of the (1-x)Pb(Mg1/3Nb2/3)O3-

xPbTiO3 [136] and (1-x)PbZrO3-xPbTiO3 [137] systems, would be useful to distinguish 

these peaks to confirm the phase symmetry and phase component.  Although the true 

phases between these compositions could not be determined, there is a definite 

structural change from x = 0.25 to x = 0.60 on the XRD pattern.   

For the y = 0.96 series (Figure 5.2(d)), there is also a gradual change of phase 

from a tetragonal to an orthorhombic symmetry as the concentration of BT increases.  

Based on the fitting results using the MDI Jade software and comparison with the XRD 

patterns from Du et al. [135], and Lin et al. [130], the x = 0.00 to 0.25 samples should be 

in the tetragonal phase since the intensity of the peaks for {200} has a ratio of 2:1.  The 

compositions between x = 0.50 to 0.75 may contain mixed phases. The composition of x 

= 1.00 is confirmed to be of orthorhombic phase, in agreement with the results by Lin et 

al. [130].  

Based on the above structural data, a partial ternary diagram of the KNN-BKT-BT 

system is proposed in Figure 5.1, which shows (i) the various compositions studied; (ii) 

the tetragonal (T) and orthorhombic (O) phases; and (iii) the potential region with mixed 
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phases (shaded area) (the pseudo-binary MPB compositions for KNN-BKT and KNN-BT 

are marked with an (*) according to Refs. [38, 103]).  Du et al. [103] claimed that there is 

an MPB with mixed phases for the yKNN-(1-y)BKT solid solution at y = 0.98, however, 

careful examination of the XRD pattern of the {200} peak in their study and in this study 

clearly shows that there is no strong evidence for mixed phases at this composition, 

instead it crystallizes in a pure orthorhombic phase. The absence of conclusive evidence 

stems from the unresolved {200} peak in the XRD patterns for both cases, which does 

not allow us to distinguish the presence of mixed phases, and thereby to confirm the 

existence of the MPB.  On the other hand, by comparing the various compositions of 

KNN in the KNN-BKT series (x = 0), it becomes clear that there is a definite phase 

transition from a tetragonal phase to an orthorhombic phase at compositions around y = 

0.98 (see Figure 5.2(a-d)). 
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Figure 5.3: Variation of lattice parameters as a function of composition (x = 0.00 
– 1.00) for (a) 0.98(KNN)-0.02[(1-x)BKT–xBT], (b) 0.97(KNN)-0.03[(1-
x)BKT–xBT], and (c) 0.96(KNN)-0.04[(1-x)BKT–xBT], pseudo-binary 

series. 
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Due to the possible volatilization of potassium and sodium oxides at high 

temperatures during the fabrication of KNN, it is rather difficult to find an optimum 

sintering temperature, while minimizing the degree of volatilization, to obtain dense 

ceramics.  For example, increasing the sintering temperature, which is usually required 

for densification, would increase the volatilization of sodium and potassium oxides, thus 

resulting in lower density ceramics.  A lower density (and high porosity) is usually 

associated with poorer mechanical (elastic) properties, which, in turn, will negatively 

affect the piezoelectric properties (with a lower d33 value). The relative densities of the 

ceramics were measured to be between 56 % and 82 % (relative density = actual 

density / theoretical density x 100 %), which are generally not high enough to provide 

optimal electric performance for practical applications.  The ceramics of compositions y = 

0.98 and x = 0.00 to 1.00; y = 0.97 and x = 0.00, 0.25, 0.50, 0.75 and 1.00; and y = 0.98 

and x = 0.00 to 1.00, that exhibited lower densities (56 % to 74 %) appear to be brittle, 

while the ceramic of the composition of 0.97KNN-0.03[0.60BKT–0.40BT] shows an 

improved density of 82 %.   

The polarization - electric field relationships, measured on various compositions 

at different fields, are displayed in Figure 5.4.  A saturated ferroelectric hysteresis loop 

was obtained on the ceramic of 0.97KNN-0.03[0.60BKT–0.40BT], indicating its 

ferroelectricity.  This ceramic has a significantly higher remnant polarization (Pr) value of 

5.91 μC/cm2, compared with the values found in pure KNN ceramics (Pr = 2.65 μC/cm2) 

with a density of 78 % in this work.  It is also found that the KNN-BKT-BT ceramics 

exhibit a higher coercive field than pure KNN, which may offer advantages in high-power 

piezoelectric applications.  The hysteresis loop measurements were attempted on some 

of the low-density ceramics, but they experienced dielectric break down before a 

saturated loop could be reached or displayed leakage behaviour (not shown), which may 

be due to their poor quality.  Therefore, the ferroelectricity of KNN has been improved by 

forming the ternary solid solution of KNN-BKT-BT.  If the ceramics of this ternary system 

could be further densified, they are expected to show saturated hysteresis loops with a 

much higher Pr than that of pure KNN. The piezoelectric measurements show that the 

0.97KNN-0.03(0.60BKT-0.40BT) ceramics have a d33 value of 64 pC/N when poled at 25 

kV/cm, which is slightly lower than that of pure KNN (80 pC/N [24]).  A higher poling field 

may potentially produce a higher d33.  Other synthetic methods, such as hot pressing 
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may enhance the quality of these ceramics, and thereby improve their piezo-

/ferroelectric properties. 
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Figure 5.4: Ferroelectric hysteresis loops for pure KNN (Pr = 2.65 μC/cm2) and 
0.97(KNN)-0.03[0.60BKT–0.40BT]  (Pr = 5.91 μC/cm2 ) ceramics, 
measured with an applied field of ±18 kV/cm at room temperature. 

5.5. Conclusions 

A new ternary solid solution of y(K0.5Na0.5)NbO3 – (1-y)[(1-x)Bi0.5K0.5TiO3 – 

xBaTiO3] has been prepared by solid state reaction in the form of ceramics with various 

compositions on the KNN-rich end of the ternary system.  The crystal structure and 

piezo-/ferroelectric properties of the ceramics have been characterized.  Structural 

analysis based on the XRD patterns reveals that there is a phase transition from 

tetragonal to orthorhombic phase for the y = 0.97 series between x = 0.25 and 0.60.  For 

the y = 0.96 series, the transition from the tetragonal to orthorhombic phases with 

increasing x occurs around x = 0.50 to 0.75.  For the y = 0.98 series, it appears that all 
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the compositions of [(1-x)BKT - xBT] crystallizes in an orthorhombic structure, but with 

different lattice parameters apc, bpc and cpc, resulting in the change in {200} intensities.  

The remnant polarization Pr of the 0.97(KNN)-0.03[0.60BKT–0.40BT] ceramics is 

found to be 5.91 μC/cm2 which is significantly higher than that of the pure KNN ceramic, 

suggesting that the formation of the ternary solid solution has improved the 

ferroelectricity of pure KNN.  The d33 of this ceramic is found to be 64 pC/N, which is 

lower than that of KNN.  Further optimization of sintering conditions would be rewarding 

to fully explore the potentially enhanced piezo-/ferroelectric properties of this system, as 

it appears to be a promising lead-free candidate for actuators and transducers. 
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Chapter 6.  
 
Translucent and Constant-Dielectric Ceramics of (1-
x)(Na0.5Bi0.5)TiO3 – xAgNbO3 and  
(1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 Solid Solutions 

6.1. Abstract 

New translucent ceramics of (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 (NBT-AN) and (1-

x)(Na0.5Bi0.5)TiO3 – xAgTaO3 (NBT-AT) solid solutions have been synthesized via solid 

state synthesis under oxygen atmosphere.  Dielectric measurements showed two high-

temperature diffuse anomalies that are believed to arise from the transitions from a cubic 

to a tetragonal and then to a rhombohedral phase upon cooling as in pure 

(Na0.5Bi0.5)TiO3.  Interestingly, the dielectric permittivity appears to be constant for 

compositions of x > 0.12, such that the relative variation in permittivity values, Δε’, is 

within ±21 % over a wide temperature range of -33 °C to 350 °C for NBT-AN (x = 0.16) 

and within ±19 % over -54 °C to 350 °C for NBT-AT (x = 0.16).  These values not only 

satisfy, but also exceed the upper temperature limit for the Y5V and X7S specifications 

of the Electronics Industries Alliance standards.  Moreover, for the high temperature 

range between 0 °C and 350 °C, the Δε’ is within ±10 % for both NBT-AN and NBT-AT (x 

= 0.16).  The variation of polarization versus electric field measured at various 

temperatures shows pure capacitive behaviour up to 250 °C and can withstand electric 

fields of 80 to 100 kV/cm.  These properties make NBT-AN and NBT-AT ceramics 

promising candidate materials for high-temperature capacitors. 

Additionally, these ceramics are found to be optically translucent, with the 

composition of x = 0.16 displaying the highest translucency.  The optical translucency of 

these ceramics is attributed to the high quality and high density of the ceramics with 

minimal amount of porosity or secondary phases, which reduces light scattering.  
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Integrating sphere measurements were performed in visible light (400 nm -700 nm) to 

study the absorbance, transmittance, and reflectance of the samples.  The value of 

transmittance explains the translucency of the ceramics.  Given the scarcity of 

transparent/translucent ferroelectrics, especially the lead-free feature, these two solid 

solutions are potentially useful as alternatives to the commercially used (Pb, La)(Zr, Ti)O3 

for electro-optic devices. 

6.2. Introduction 

Piezoelectrics are an important class of materials that convert mechanical energy 

into electrical energy and vice versa, thus they are useful in transducer applications such 

as sonars and ultrasound-imaging.  Ferroelectrics are a sub-class of piezoelectrics that 

have switchable polarization under an application of an electric field, which are useful for 

memory, such as in random access memories and smart card chips.  Another 

characteristic of piezo-/ferroelectric materials is their high dielectric permittivity, which 

makes these materials good candidates for high energy density capacitors.  Hence, 

ferroelectrics are usually used for Class II ceramic capacitors where high capacitance is 

required [138].  Although high dielectric permittivity is favourable for capacitors, 

temperature stability of the permittivity is equally important, as well as the strength of 

electric field that the material can withstand before electric breakdown [138].  These are 

important factors to consider when selecting capacitors for specific applications. 

Ceramic capacitors are widely used in a variety of electronic circuits, such as in 

cameras, cell-phones and computers.  The dielectric ceramic materials used in 

multilayer ceramic capacitors (MLCCs) have evolved rapidly to meet the increasing 

demands for miniaturization, high-frequency operation, stable response over a wide 

temperature range, improved reliability, reduced manufacturing costs, and improved 

volumetric efficiency [139].  Most of the MLCCs are based on BaTiO3-modified materials, 

in which the ferroelectric and piezoelectric properties of the pure BaTiO3 (BT) have been 

suppressed in order to achieve temperature-stable capacitance [139, 140].  Numerous 

chemical modifications to the BT system have been performed, in order to suppress its 

ferroelectricity and to either maintain or increase its dielectric constant for its use as a 

capacitor.  Generally, there are two types of additives, the first type are TC shifters that 
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can increase or decrease TC based on the purpose of the application, and the second 

are TC depressors that can reduce the sharpness of the dielectric constant at TC, which 

in turn can reduce the temperature dependence of the capacitance.  Usually, a 

combination of both TC shifters and depressors is used to enhance the dielectric 

constant, reduce the dielectric loss and provide a temperature-stable capacitance.  

Some examples of TC-shifters are SrTiO3, CaZrO3 and BaSnO3, while Bi2(SnO2), 

MgZrO3, CaTiO3 and NiSnO3 are used as TC-depressors [2].  The BT-modified ceramic 

capacitors satisfy X7R specifications of the EIA (Electronic Industries Alliance) standard 

[141], which have dielectric constants up to 3000, loss tangents ≤1 %, and capacitance 

change within ±15 % over the temperature range of  –55°C to +125 °C (reference to  

25 ºC) [64, 140, 141].  However, the temperature range after chemical modification of 

BT-based systems does not increase greatly.  In fact, sometimes a decrease in TC is 

desired because of a higher dielectric constant associated with the proximity to the 

phase transition.  Thus, the temperature range restricts the use of BT capacitors for 

potential high temperature applications.  Other higher performance dielectric materials 

have been investigated, such as (Pb,Ba)[(Zn1/3Nb2/3)(Mg1/3Nb2/3)Ti]O3 and 

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) [139, 142].   

Complex oxide ceramic materials that exhibit transparency (with very high quality 

and almost 100 % relative density) along with good dielectric and piezo-/ferroelectric 

properties are ideal for electro-optical devices.  Electro-optic materials are important 

functional materials that exhibit electric field (E)-dependent optical properties, such as 

the Pockels effect (refractive index n ∝ E) and the Kerr effect (n ∝ E2).  They can be 

used in tunable optical attenuators, optical shutters and filters.  One of the conventional 

materials for electro-optics is single crystals of LiNbO3, but the production costs are high 

and good quality stoichiometric crystals are hard to obtain, thus transparent or 

translucent ceramics that exhibit electro-optical properties are useful alternatives to 

single crystals [142].  The (Pb, La)(Zr, Ti)O3 solid solution (PLZT) has been intensively 

investigated, and developed commercially for electro-optic applications as it exhibits a 

high optical transparency and large electo-optic effects at a wide-range of wavelengths.  

In addition, PLZT displays a large functional flexibility such that it can be used in optical 

memories, and quadratic or linear modulation devices depending on the composition in 

its phase diagram [142-144].  Previous studies on Ba(Sr, Ti)O3 [145], 
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(K0.5Na0.5)0.9Li0.1Nb0.9Bi0.1O3 [146], 0.8(K0.5Na0.5)NbO3 – 0.2SrTiO3 [123] and PMN-PT 

[142] ceramics also display high transparency, however, they all require specialized 

preparation methods such as spark plasma sintering [145], sintering under pressure 

[146], atmosphere sintering [147], or the hot-press method [148].  Hot-press sintering 

remains the most commonly used method to fabricate optically transparent ceramics.  

But, it has several drawbacks, such as the high production costs that prevent mass 

production from being achieved.  More importantly, residual strain may be induced 

during pressing that can cause optical anisotropy, and the hot-press die materials, such 

as those based on carbon, may contaminate the ceramics [149].  There have been very 

few reports on transparent ferroelectric ceramics other than the lead-containing PLZT 

and PMN-PT, which attest to the difficulty in achieving pore-free materials even by 

specialized sintering techniques, not to mention ambient ceramic processing methods. 

In this study, new candidates for high temperature capacitors and electro-optics 

materials have been discovered in the ceramics of (1-x)(Na0.5Bi0.5)TiO3 – xAgMO3 (M = 

Nb5+ or Ta5+) solid solutions.  These ceramics were synthesized via solid state reaction 

and sintering process at ambient pressure, and their structures and optical properties 

were investigated by means of X-ray diffraction, dielectric spectroscopy, scanning 

electron microscopy, and integrating sphere measurements. 

6.3. Experimental 

6.3.1. Synthesis 

The (1-x)(Na0.5Bi0.5)TiO3 – xAgMO3 (M = Nb5+ or Ta5+) ceramics with x = 0.00 to 

0.16 were prepared by a solid state method followed by a conventional sintering process 

under atmospheric pressure.  Stoichiometric amounts of metal oxides/carbonates: 

Na2CO3∙H2O, Bi2O3, TiO2, Ag2O, Nb2O5 and Ta2O5 (>99 % purity) were weighed and ball-

milled using zirconium beads in ethanol for 24 hours.  The dried powder was calcined at 

850 °C for 4 hours, and then was ball-milled again for 24 hours.  Pellets of 10 mm in 

diameter were pressed and sintered at 1000-1200 °C for 4 hours in oxygen atmosphere. 
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6.3.2. Characterization 

Silver electrodes were pasted on the polished surfaces of the ceramics for 

dielectric measurements.  The dielectric measurements were performed as a function of 

temperature and frequency on a high-temperature Novocontrol Alpha high resolution 

broadband dielectric analyzer equipped with a Novotherm heating system.  Ferroelectric 

hysteresis measurements were displayed using an RT66A Standard Ferroelectric 

Testing System.  The microstructures were characterized using a FEI Strata DualBeam 

235 field emission scanning electron microscope (SEM).  The average grain size of the 

ceramics was estimated using the mean lineal intercept method based on the SEM 

images and the density was calculated via the Archimedes method.  Powder X-ray 

diffraction was performed on a Bruker D8 Discover diffractometer (Cu Kα source) and 

the patterns were analyzed by the Rietveld refinements in the R3c space group using 

TOPAS-Academic software.  The (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 ceramics were 

polished to approximately 0.3 mm for integrating sphere measurements using a 

Labsphere with Mightex high-resolution high-stability CCD spectrometer (HRS-Series) 

and a Thorlabs high power light source. 

6.4. Results and Discussion 

6.4.1. Structural Analysis 

The powder X-ray diffraction patterns of (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 (NBT-

AN) and (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 (NBT-AT) are shown in Figure 6.1(a) and 

6.1(b).  Because these compositions are on the NBT-rich side of the solid solutions, the 

diffraction data are fitted using the R3c space group.  The refined lattice parameters are 

shown in Figure 6.1(c), which indicates that the pseudo-cubic parameter apc increases 

as the amount of AgNbO3 (AN) or AgTaO3 (AT) increases.  In addition, the α-angle 

increases toward 90° as x increases, which signifies that the rhombohedral phase is 

gradually transformed to a pseudo-cubic phase at room temperature with the substitution 

of AN or AT for NBT. 
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Figure 6.1: Powder X-ray diffraction patterns of (a) (1-x)(Na0.5Bi0.5)TiO3 – 
xAgNbO3 and (b) (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 (x = 0.02 – 0.16).  
Variation of their lattice parameters apc (Å) and α (°) as a function of 
composition (c), obtained from the Rietveld refinements using space 
group R3c at room temperature. 

6.4.2. Constant-Dielectric Behaviour 

The dielectric permittivity (ε') and loss tangent (tan δ) of the (1-x)NBT–xAN (x=0–

0.16) ceramics were measured as a function of composition x at room temperature, and 

the results are shown in Figure 6.2(a).  It is found that the dielectric permittivity increases 

while the loss tangent decreases with the increasing amount of AN substitution, which 

may be attributed to the improved quality of the ceramics with increasing AN addition.  

Figure 6.2(b) shows the frequency dependences of dielectric permittivity and loss 

tangent for NBT-AN.  It can be seen that the dielectric permittivity of NBT-AN ceramics is 

relatively stable in the frequency range of 100 Hz to 10 MHz.  Figure 6.3 shows the 

variations of dielectric permittivity and loss tangent as a function of temperature 

measured at 100 kHz for NBT-AN.  Two diffuse phase transitions can be seen in Figure 

6.3.  Based on previous reports from Isupov [87] and Jones et al. [47], the NBT system 
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undergoes two high temperature phase transitions.  From the X-ray and neutron 

diffraction and second harmonic generation experiments, it is currently believed that the 

NBT system transforms from a room temperature rhombohedral ferroelectric phase 

(R3c) to a tetragonal ferrielectric phase (P4bm) at TR-T ≈ 200 - 240 °C and finally to a 

high-temperature cubic paraelectric phase (Pm-3m) at TC ≈ 320 °C [47, 150].  However, 

the crystal symmetries near the phase transitions still remain unclear, possibly with a 

mixture of phases.  These phase transitions in NBT appear to be diffuse and they are 

fairly close to one another in temperature.  From the curves in Figure 6.3(a), it seems 

that the two phases are merged together for x = 0.00.  As the amount of AN is increased 

in NBT-AN, the temperature of the second phase transition decreases from 

approximately 250 °C for x = 0.00 to 80 °C for x = 0.16, but the diffuseness of the 

permittivity peak remains in the system (Figure 6.3(a)).  More interestingly, the 

permittivity appears to be nearly constant in the temperature range of 25 °C to 500 °C for 

x = 0.12 – 0.16.  The relative variation of the dielectric permittivity, Δε’ (={[ε’ (T) - ε’ (24 

°C)] / ε’ (24 °C)} x 100 %), for x = 0.16 is within ±21 % over the temperature range of -33 

°C to 350 °C with reference to ε' at 24 °C (≈1139) (Table 6.1).  This temperature range 

and the stability in permittivity for x = 0.16 not only satisfy, but also exceed significantly, 

the upper limit of temperature defined by the Y5V specifications (i.e. ±22 % between -30 

°C and +85 °C) in the EIA standard [151].  The selected permittivity values at specific 

temperatures along with their temperature variations Δε’ are shown in Table 6.1.  The 

temperature stability in permittivity is further improved significantly at higher temperature 

ranges, e.g. between 0 °C and 350 °C, Δε’ is within ±10 % for x = 0.16.  
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Figure 6.2: (a) Variations of the dielectric permittivity (ε') and loss tangent  
(tan δ) of the (1-x)NBT–xAN ceramics as a function of composition x 
measured at various frequencies (102 to 105 Hz), and (b) frequency 
dependences of ε' and tan δ measured at room temperature for 
compositions between x = 0.00 to 0.16 (adapted from Ref. [90]). 
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Figure 6.3: Variations of (a) dielectric permittivity (ε’) and (b) dielectric loss  
(tan δ) as a function of temperature measured at 100 kHz upon 
cooling for the (1-x)NBT-xAN ceramics of different compositions. 
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Table 6.1: Dielectric permittivities (ε’) and their relative variations referenced to 
ε’ at 24 °C (Δε’) at selected temperatures for the (1-x)NBT-xAN 

ceramics.  

(1-x)NBT-xAN x = 0.14 x = 0.16 

T (°C) ε’ Δε’ ε’ Δε’ 

24 °C 1067 0 % 1139 0 % 

-54 °C 716 33 % 817 28 % 

-33 °C 780 27 % 896 21 % 

0°C 953 11 % 1031 9 % 

125°C 1268 19 % 1253 10 % 

300 °C 1138 7 % 1122 1 % 

350 °C 1087 2 % 1075 6 % 

497 °C 768 28 % 781 31 % 

Δε’ = {[ε’ (T) - ε’ (24 °C)] / ε’ (24 °C)} x 100 % 

Compared with Nb5+, Ta5+ ion has a similar ionic radius.  Therefore, it is not 

surprising that similar behaviour in dielectric permittivity is observed in the (1-x)NBT–xAT 

solid solution, as shown in Figure 6.4 and Figure 6.5.  As the concentration of AT 

increases, the permittivity increases and stays nearly constant as a function of 

composition at room temperature for compositions x = 0.05 to 0.16 (Figure 6.4(a)).  In 

addition, the frequency dependence of permittivity at room temperature is nearly 

constant for each of the compositions (Figure 6.4(b)).  Figure 6.5 shows the variations of 

dielectric permittivity and dielectric loss as a function of temperature measured at  

100 kHz for NBT-AT.  Upon cooling from high temperatures, there are two diffuse 

anomalies at TC ≈ 320 °C and TR-T ≈ 250 °C for x = 0.005 in Figure 6.5, which are 

believed to arise from the same phase transitions as observed in NBT-AN, i.e. from the 

cubic to the tetragonal and then to the rhombohedral phase.  The TR-T decreases with 

increasing AT concentration to approximately 80 °C for x = 0.16.  The permittivity 

appears to be nearly constant in the temperature range between 25 °C and 500 °C for x 

= 0.12 – 0.16.  The variation of permittivity for NBT-AT at x = 0.16 is within ±19 % over 

the temperature range of -54 °C to 350 °C with reference to ε' at 24 °C (Table 6.2).  This 

stability in permittivity also exceeds the upper limit of the X7S specification (i.e. ±22 % 

between -55 °C and +125 °C) [151].  For the high temperature range of 0 °C to 350 °C, 

the variation of permittivity Δε’ is within ±8 % to ±10 % for x = 0.16 and x = 0.14, 

respectively.  A similar result of nearly constant permittivity is also seen in NBT-NaTaO3 
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reported by König et al. [152].  In their temperature dependence of dielectric permittivity, 

two broad anomalies were observed at Tmax ≈ 260 °C and T2 ≈ 230 °C for 0.95NBT-

0.05NaTaO3.  The 230 °C phase transition temperature decreases with increasing 

concentrations of NaTaO3 to 140 °C for 10 mol.% and finally to -125 °C for 30 mol.% 

NaTaO3, which is a similar behaviour to the TR-T observed in this work.  In addition, for 

30 mol.% NaTaO3, they observed a variation in permittivity of 6 % over the temperature 

range of -20 °C to 250 °C.  Following the same trend as NBT-NaTaO3, it is reasonable to 

believe that the TR-T in NBT-AT will continue to decrease and the permittivity to become 

more stable with further increase in AT concentration. 
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Figure 6.4: (a) Variations of the dielectric permittivity (ε') and loss tangent  
(tan δ) of the (1-x)NBT–xAT ceramics as a function of composition x 
measured at various frequencies, and (b) frequency dependence of 
ε' and tan δ measured at room temperature. 
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Figure 6.5: Variations of (a) dielectric permittivity (ε’) and (b) dielectric loss  
(tan δ) as a function of temperature measured at 100 kHz upon 
cooling for the (1-x)NBT-xAT ceramics of different compositions. 
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Table 6.2: Dielectric permittivity (ε’) and their relative variations as referenced 
to ε’ at 24 °C (Δε’) at selected temperatures for the (1-x)NBT-xAT 
ceramics. 

(1-x)NBT-xAT x = 0.12 x =0.14 x = 0.16 

T (°C) ε’ Δε’ ε’ Δε’ ε’ Δε’ 

24 °C 1123 0 % 1026 0 % 1001 0 % 

-54 °C 804 28 % 789 23 % 811 19 % 

-33 °C 883 21 % 856 17 % 873 13 % 

0°C 1018 9 % 958 7 % 954 5 % 

125°C 1359 21 % 1126 10 % 1042 4 % 

300 °C 1226 9 % 1041 1 % 930 7 % 

350 °C 1088 3 % 962 6 % 925 8 % 

497 °C 795 29 % 730 29 % 717 28 % 

Δε’ = {[ε’ (T) - ε’ (24 °C)] / ε’ (24 °C)} x 100 % 

Although the NBT-AN and NBT-AT ceramics with compositions of x = 0.12 - 0.16 

have slightly lower dielectric permittivity compared to the well-known BaTiO3-based X7R 

dielectric ceramic [64, 140, 141], they exhibit highly temperature-stable permittivity 

between 0 and 350 °C, which suggest that NBT-AN and NBT-AT would be useful for 

high temperature capacitors.  Additionally, the polarization versus electric field (P-E) 

measurements were performed on these ceramics at various temperatures to investigate 

their ferroelectric behaviour.  Pure NBT is known to display square ferroelectric 

hysteresis loops, while AN is known to be ferrielectric at room temperature [89, 153].  

However, with the substitution of AN or AT, the coercive field of NBT-AgMO3 (M = Nb or 

Ta) solid solutions is significantly increased and becomes higher than the breakdown 

field, such that the ferroelectric behaviour is suppressed or cannot be displayed (Figure 

6.6 and 6.7).  The NBT-xAN ceramics with x = 0.05 shows a ‘peanut’ – shape P-E loop 

around 100 °C, which may arise from a transition between ferroelectric and ferrielectric 

phase.  Ferrielectric materials have both ferroelectric and antiferroelectric behaviours, 

i.e. the polarizations are aligned in opposite directions as in the antiferroelectric manner, 

while the magnitude of the polarizations are different, thereby creating an overall net 

polarization as in the ferroelectric case.  As a result, the P-E loop will also be a mixture 

of a square hysteresis loop observed in ferroelectrics and a double hysteresis loop 

observed in antiferroelectrics, hence a ‘peanut’-shape.  At higher compositions (x > 

0.10), the polarization versus electric field appears to be linear, which signifies a pure 
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capacitor behaviour.  Most importantly, the ceramics of NBT-AN and NBT-AT are able to 

withstand high electric fields of greater than 80 kV/cm for x = 0.12 to 0.16, and  

100 kV/cm for NBT-AT x = 0.16, at temperatures as high as 250 °C.  These polarization 

versus electric field results further show the potential of NBT-AN and NBT-AT as 

promising materials for high temperature and high power capacitors. 
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Figure 6.6: Polarization versus electric field (P-E) loops for the (1-x)NBT-xAN 
ceramics measured at various temperatures upon heating. 
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Figure 6.7: Polarization versus electric field (P-E) loops for the (1-x)NBT-xAT 
ceramics measured at various temperatures upon heating. 

6.4.3. Translucency in NBT-AN and NBT-AT Ceramics 

An interesting feature for the NBT-AN system is that its high-quality ceramics can 

be obtained by solid state reaction and conventional sintering process under ambient 

pressure.  Moreover, these ceramics are found to be translucent, as seen in the 

photograph of Figure 6.8.  It is usually difficult to synthesize translucent or transparent 

ceramics because in ceramics there are many defects that can scatter or reflect light, 

such as grain boundaries, pores and rough surfaces [154, 155].  The cause for the 

translucent character of these ceramics is first believed to originate from the large grain 

growth and the nearly pore-free microstructure of the ceramics with the substitution of 

AN, which may reduce the amount of light scattering.  The average grain size for pure 

NBT is 8.7 ± 0.9 μm [156], which increased to 13.9 ± 2.2 μm for x = 0.02 (Table 6.3).  

However, as the amount of x increases further, the grain size starts to decrease (Figure 

6.9), but the degree of translucency continues to increase.  The most translucent 
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compositions are found to be x = 0.14 and 0.16 with a rather small average grain size of 

3.5 ± 0.3 μm and 3.6 ± 0.8 μm, respectively (Figure 6.8).  For comparison, the highly 

transparent PLZT ceramics have an average grain size of 3 - 6 µm as reported by Snow 

[147] and Kong et al. [157].  Therefore, the translucency is not necessarily due to large 

grain size.  In Apetz and van Bruggen’s study [154], the grain size is related to the 

amount of diffuse transmission, where large-grained alumina has a high diffuse 

transmission (translucent), and fine-grained alumina has a low diffuse transmission 

(transparent).  They have calculated that with 0.01 % porosity, the transmission can be 

reduced by 35 % [154].  In addition, Peelen and Metselaar [158] showed that the 

porosity contributes significantly to the scattering of light, both from the distribution of 

pores and the pore size, which will reduce the degree of transparency.  Therefore, 

extremely high density and good quality of ceramics are necessary to achieve 

transparency or translucency.  Another factor that causes scattering of light is 

birefringence (different values of refractive index along different crystallographic 

directions within the material), thus optically homogenous materials, where there are no 

birefringence (isotropic) or secondary phases, such as glasses tend to be transparent 

[155].  As for the electro-optic ceramics that have been extensively studied and available 

commercially, i.e. PLZT and PLZT-based materials, they are relaxor ferroelectrics which 

have a cubic-like isotropic structure.  These materials have to be prepared via hot-press 

method, which enhances densification and grain growth (grain size ≈ 5 μm) such that the 

grain boundaries become thin and their surface areas are reduced.  Therefore, the light 

scattering at the grain boundaries is decreased, giving rise to the transparency of the 

materials [146]. 
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Figure 6.8 Polished (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 ceramics of x = 0 to 0.16 
with a thickness of about 0.3 mm. 

Table 6.3: Grain size and density of the (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 
ceramics. 

Composition Average Grain Size (µm) Density (g/cm3) Relative Density (%) 

x = 0.02 13.9 ± 2.2 5.84 96.9 

x = 0.05 7.7 ± 1.0 5.87 97.2 

x = 0.08 5.3 ± 0.7 5.90 97.3 

x = 0.10 4.3 ± 0.5 5.97 98.1 

x = 0.12 4.0 ± 0.3 5.97 97.8 

x = 0.14 3.5 ± 0.3 5.96 97.5 

x = 0.16 3.6 ± 0.8 5.91 96.7 

 



 

124 

 

Figure 6.9: Scanning electron microscopy images of the as-sintered surface of 
the (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 ceramics (x = 0.02 to x = 0.16). 
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The determining factor to obtain high-quality and high-density NBT-AN ceramics 

is the oxygen atmosphere during the sintering process.  The binary system of NBT and 

AN may display eutectic behaviour, thus a potential liquid phase may be present at high 

sintering temperatures which can help densify the ceramics.  Liquid phase sintering can 

be described by the classical model and theory by Kingery [159], which consists of the 

following steps: i) particles rearrangement by liquid flow, ii) contact flattening by 

solution/re-precipitation process and iii) solid state sintering.  Alternatively, the pore filling 

model was proposed based on more recent experimental data and describes the 

process from a liquid point of view [160]: i) liquid coagulation, ii) liquid redistribution and 

iii) liquid filling of pores.  The liquid phase moves through the pores via capillary forces, 

and re-precipitates to fill the pores.  Additionally, it has been found that pore filling is 

reduced when there is excess internal pressure, and enhanced when there is excess 

external pressure.  The excess internal pressure or entrapped gas will cause gas 

bubbles during the pore-filling process, thereby reducing the density.  The usage of an 

inert gas (N2) atmosphere during sintering had been found to result in a limited 

densification, because the isolated pores can coalescence and become bigger, and thus 

would reduce the capillary action [160].  Conversely, the use of oxygen atmosphere can 

potentially enhance the density of the ceramics.  The possible equilibrium reactions 

during liquid sintering in the oxygen atmosphere are proposed as follows [90]:   

 𝑂2 + 2𝐵𝑖3+ ⇌ 2𝑂2− + 2𝐵𝑖5+  (6.1) 

 𝑂2 + 4𝐴𝑔+ ⇌ 2𝑂2− + 4𝐴𝑔2+  (6.2) 

From Table 6.3, the relative densities of the ceramics are fairly similar, between 

96 % and 97 %, so the amount of porosity can be assumed to be comparable.  However, 

the ceramics with x = 0.14 - 0.16 display higher translucency, which suggests that AN 

may reduce the scattering effect in NBT, thus the chemical reaction (6.2) may have a 

dominant effect.  The same idea can apply to the ceramics of NBT-AT solid solution 

(Table 6.4 and Figure 6.10) which also display translucency (Figure 6.11).  Furthermore, 

the oxygen atmosphere is crucial in preventing the reduction of Ag+ to Ag(s), which would 

result in dark-coloured ceramics.  Ag2O decomposes to Ag(s) and O2(g) at around 200 °C, 

which makes the solid state synthesis of AN or AT rather challenging [153].  As the 
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amount of Nb5+ or Ta5+ is increased, higher sintering temperatures are required, at which 

even the oxygen atmosphere cannot prevent the reduction of Ag+ to Ag(s) [153, 161].  As 

a result, the solubility of AN and AT into NBT to form the (1-x)NBT-xAN and (1-x)NBT-

xAT solid solutions, respectively, is limited to only x = 0.16.  Higher contents of AN and 

AT will result in black silver precipitates that can be visually detected.  

 

Table 6.4: Grain size and density of the (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 
ceramics. 

Composition Average Grain Size (µm) Density (g/cm3) Relative Density (%) 

x = 0.02 13.1 ± 2.3 5.96 98.3 

x = 0.05 5.4 ± 1.0 5.66 91.9 

x = 0.08 5.4 ± 0.8 5.76 92.2 

x = 0.10 5.8 ± 0.9 5.71 90.1 

x = 0.12 4.4 ± 0.6 5.86 91.5 

x = 0.14 3.4 ± 0.5 6.09 94.2 

x = 0.16 2.9 ± 0.6 6.04 92.4 
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Figure 6.10: Scanning electron microscopy images of the as-sintered surface of 
the (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 ceramics (x = 0.02 to x = 0.14). 

 



 

128 

 

Figure 6.11: Polished (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 ceramics of x = 0 to 0.16 with 
a thickness of about 0.3mm. 

Integrating sphere measurements were performed on the translucent NBT-AN 

ceramics to study their transmittance, reflectance and absorbance.  As shown in Figure 

6.12, the ceramic with x = 0.16 exhibits the highest transmittance, which is consistent 

with the visual inspection of the highest translucency shown in Figure 6.8.  However, the 

transmittance is only 7 % at 500 nm wavelength.  The reflectance is almost uniform for 

all the compositions.  Most of the wavelength in the visible region is absorbed by the 

ceramics.  The absorbance decreases almost linearly as the wavelength increases.  The 

ceramics absorb the most near 400 nm (in the blue/violet region), thus they appear to be 

yellow.  As stated by Krell et al. [155], the first criterion for transparent ceramics is that 

they should have minimal absorbance, and then no secondary phases and/or no 

birefringence that would cause additional light scattering.  In the present case, the NBT-

AN ceramics absorb quite heavily in the region of visible light studied.  Nevertheless, 

they appear to be translucent.  In addition, the degree of transparency or translucency 

depends on the level of in-line transmission over scattering losses or absorption, which 

is obviously dependent on the thickness of the material.  As a result, thin samples 

display higher transparency/translucency than thick samples, because their in-line 

transmissions are stronger than scattering losses.  For example, corundum Al2O3 can be 

either transparent or translucent depending on its thickness [155].  Hence, it is expected 
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that the NBT-AN and NBT-AT ceramics will display a greater translucency when 

polished to a thickness of < 0.3 mm. 
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Figure 6.12: Integrating sphere measurements showing the wavelength 
dependences of (a) transmittance, (b) reflectance and (c) 
absorbance for 400 – 700 nm light on the (1-x)(Na0.5Bi0.5)TiO3 – 
xAgNbO3 ceramics of different compositions with a thickness of 

about 0.3 mm. 

6.5. Conclusions 

High-quality and high-density ceramics of (1-x)(Na0.5Bi0.5)TiO3 – xAgNbO3 (NBT-

AN) and (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 (NBT-AT) solid solutions have been 

synthesized via the solid state method under oxygen atmosphere at ambient pressure.  

These two solid solutions exhibit similar dielectric behaviour, in which two diffuse 

anomalies are observed in the variation of dielectric permittivity as a function of 

temperature.  They are believed to result from the transition from the cubic to the 

tetragonal phase and then to the rhombohedral phase upon cooling, as in 

(Na0.5Bi0.5)TiO3.  Interestingly, the dielectric permittivity appears to be constant in a wide 

temperature range for the compositions of x > 0.12, such that the relative variation in 

permittivity, Δε’, is within ±21 % over the temperature range of -33 °C to 350 °C for NBT-

AN (x = 0.16) and within ±19 % over -54 °C to 350 °C for NBT-AT (x = 0.16).  This 

performance not only satisfies, but also exceeds, the upper temperature limit defined by 

the Y5V and X7S specifications of the Electronics Industries Alliance standards.  In 



 

131 

particular, for the high temperature range of 0 °C to 350 °C, the Δε’ is within ±10 % for 

both NBT-AN and NBT-AT (x = 0.16), showing a stable permittivity over a wide range of 

temperatures.  On the other hand, the polarization versus electric field relations at 

various temperatures show pure capacitive behaviour up to 250 °C.  Impressively, the 

ceramics can withstand electric fields of 80 to 100 kV/cm without breaking down.  

Therefore, these results indicate that the NBT-AN and NBT-AT ceramics are promising 

candidate materials for high-density capacitors that can operate at high temperature and 

under high power. 

Furthermore, these ceramics are found to display translucency, especially for 

compositions of x ≥ 0.12.  Integrating sphere measurements show a strong absorption in 

the visible light region, despite of which the ceramics are translucent.  Aside from the 

well-developed and well-known PLZT and PLZT-based transparent ceramics, and the 

recently developed PMN-PT transparent ceramics, there have been very few other 

transparent or translucent ceramics reported.  Therefore, the new NBT-AN and NBT-AT 

ceramics which exhibit translucency, form a new family of ceramic materials that are 

potentially useful for electro-optical devices.  In particular, in view of their lead-free 

feature, these materials show some advantages over the lead-containing PLZT and 

PMN-PT ceramics in terms of health care and environment protection. 
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Chapter 7.  
 
General Conclusions and Future Directions 

7.1. General Conclusions 

Material science consists of the development of new functional materials and the 

understanding of structure and properties of the materials synthesized.  This thesis work 

is concerned with the development of new synthesis techniques for well-known lead-free 

perovskite systems, along with the design and synthesis of new lead-free binary and 

ternary solid solutions.  The first part of this work was the development of the high-

temperature solution growth method for the growth of K1-xNaxNbO3 (KNN) single crystals.  

Single crystals of lead-free piezoelectric systems have not been extensively studied as 

compared with their ceramic counterparts and the knowledge on the single crystal 

growth of these systems is scarce.  Therefore, the optimized chemical and 

thermodynamic conditions for KNN single crystal growth, such as the usage of K2CO3 

and B2O3 as flux and the growth temperatures, respectively, provide useful information 

for future research.  The examination of the Na-rich K0.1Na0.9NbO3 single crystals by 

means of polarized light microscopy reveals that it transitions from a high-temperature 

tetragonal to a low-temperature tetragonal phase at TC = 400 °C and then to a 

ferroelectric orthorhombic phase at TO-T = 199 °C upon cooling.  The structural analysis 

by single crystal X-ray diffraction shows the oxygen octahedral tilts to be of a+b-c- type, 

which is an important characteristic of the KNN system.  The domain observation by 

polarized light microscopy and the structural analysis by X-ray diffraction provide clear 

evidence that the room temperature phase of the KNN crystal is indeed orthorhombic.  

This has solved the long-standing debate on whether it is monoclinic or orthorhombic.  

Hence, the phase diagram of the KNN system has been revisited and updated 

accordingly.  
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Single crystals of 0.98K0.8Na0.2NbO3 – 0.02LiNbO3 (KNN-LN) have been grown 

using the high-temperature solution method with similar conditions as found for the 

growth of KNN crystals.  Because of the different structures between KNN and LiNbO3, 

and the resulting limited solubility of LiNbO3 into KNN, the grown crystals are found to be 

K-rich.  This has been confirmed by the absence of oxygen octahedral tilt reflections 

observed in the KNN-LN single crystal by X-ray diffraction.  The KNN-LN single crystals 

transition from a cubic phase to a tetragonal phase at TC = 411 °C, then to an 

orthorhombic phase at TO-T = 189 °C and finally to a rhombohedral phase at TR-O = -78 

°C upon cooling.  Piezoresponse force microscopy (PFM) has revealed the polar domain 

structure and local piezo-/ferroelectric behaviour of the KNN-LN single crystals for the 

first time.  By local poling with a PFM tip at an applied electric field of ±4.1 kV/cm, polar 

domain switching has been realized in the KNN-LN crystals.  On the other hand, the 

vapour transport equilibration technique has been successfully used to achieve chemical 

modification.  It is shown to be an effective method to increase the LiNbO3-content in the 

KNN-LN crystals. 

To develop lead-free materials beyond the KNN system, a new ternary solid 

solution, y(K0.5Na0.5)NbO3 – (1-y)[(1-x)Bi0.5K0.5TiO3 – xBaTiO3] (KNN-BKT-BT) has been 

prepared in the form of ceramics.  A partial ternary phase diagram in the KNN-rich 

region with the compositions of y = 0.96 to y = 0.98 was established.  From structural 

analysis based on powder X-ray diffraction patterns, all the compositions studied show a 

gradual phase change from a tetragonal to an orthorhombic structure as the BaTiO3 

component increases.  A mixture of tetragonal and orthorhombic phases is found in the 

composition range of x= 0.25 to 0.60 and y = 0.97, and x = 0.50 to 0.75 and y = 0.96, 

indicating a possible ternary morphotropic phase boundary region.  The increase in the 

remanant polarization of 0.97[(K0.5Na0.5)NbO3] - 0.03[0.60Bi0.5K0.5TiO3 – 0.40BaTiO3] as 

compared with pure KNN, shows improved ferroelectricity.  Therefore, the design and 

synthesis of higher component systems beyond KNN, such as the KNN-BKT-BT ternary 

solid solution, is proved to be a viable method to enhance the piezoelectric and 

ferroelectric properties of lead-free systems. 

In addition to the KNN-based systems, (Na0.5Bi0.5)TiO3-based materials have 

been intensively studied as promising candidates for lead-free piezoelectric materials.  
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High-quality and high-density ceramics of two new binary systems of the (1-

x)(Na0.5Bi0.5)TiO3 – xAgNbO3 (NBT-AN) and (1-x)(Na0.5Bi0.5)TiO3 – xAgTaO3 (NBT-AT) 

solid solutions have been synthesized via the conventional solid state method under 

oxygen atmosphere at ambient pressure.  Interestingly, these ceramics are found to be 

translucent, in particular, the ceramics with x = 0.16 display the highest translucency.  

One important factor to produce these high-quality ceramics is the usage of oxygen 

atmosphere during the sintering process, which is believed to help the liquid phase 

sintering process to form dense ceramics, as well as to prevent the reduction of Ag+ to 

Ag(s).  Integrating sphere measurements were performed in visible light (400 nm - 700 

nm) to study the absorbance, transmittance, and reflectance of the samples.  It is found 

that most of the wavelengths in the visible region are absorbed by the ceramics, with the 

highest transmittance of only 7 % for x = 0.16 at 500 nm.  Since there are very few 

transparent and translucent dielectric/ferroelectric materials reported, especially lead-

free systems, these two candidates are potentially useful as alternatives to the 

commercially used (Pb, La)(Zr, Ti)O3 system for electro-optic devices.   

Additionally, the dielectric measurements of the NBT-AN and NBT-AT ceramics 

showed two high-temperature diffuse anomalies that are believed to be from the 

transitions from a cubic phase to a tetragonal phase and then to a rhombohedral phase 

upon cooling as in pure (Na0.5Bi0.5)TiO3.  Notably, the dielectric permittivity appears to be 

constant for the compositions of x > 0.12.  The variations in permittivity, Δε’, satisfy and 

exceed the upper temperature limit defined by Y5V and X7S specifications of the 

Electronics Industries Alliance standards [151].  For the high-temperature range of 0 °C 

to 350 °C, the Δε’ is within ±10 % for both NBT-AN and NBT-AT (x = 0.16), showing a 

stable permittivity over a wide range of temperatures.  Moreover, polarization versus 

electric field measurements at various temperatures show pure capacitive behaviour up 

to 250 °C and can withstand electric fields of 80 to 100 kV/cm without breaking down.  

These properties make the NBT-AN and NBT-AT ceramics promising candidates for 

high-temperature capacitors in energy storage.  

Through this work, many important aspects of lead-free systems have been 

investigated, which provides a better understanding of the structures, phase transitions 

and properties of the existing materials on the one hand, and explores new material 
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systems that exhibit improved properties on the other hand.  Fundamental studies on the 

crystal and domain structure have led to updated phase diagrams of the KNN and KNN-

BKT-BT systems (Chapters 3 and 5), while new preparation techniques have been 

demonstrated to be effective in modifying the KNN-LN single crystals (Chapter 4) and in 

improving the quality of the NBT-AN and NBT-AT ceramics (Chapter 6).  These studies 

provide an enriched basis for the design, synthesis, and potential applications of lead-

free piezo-/ferroelectric materials.  The results support the statement mentioned 

previously in Chapter 1, that instead of attempting to find one lead-free system that 

exhibits all the properties of the PZT system, different lead-free systems could be 

developed and used for specific applications.  This work has demonstrated a number of 

lead-free systems with their own sets of properties, like the high-TC KNN-LN crystals and 

the constant-permittivity NBT-AN and NBT-AT ceramics, which could become the 

materials of choice for specific purposes.  

7.2. Future Directions 

The growth conditions have been optimized to grow either Na-rich or K-rich KNN 

single crystals, as described in the Na-rich KNN single crystals (Chapter 3), and the K-

rich KNN-LN single crystals (Chapter 4).  Further optimization is required to grow the 

crystals with compositions near the morphotropic phase boundary, namely 

K0.5Na0.5NbO3, where they are believed to display the highest piezo-/ferroelectric 

properties (as mentioned in Section 1.4.1).  From the structural point of view, it would be 

interesting to investigate compositions closer to the Na-rich side of the KNN phase 

diagram, such as K0.05Na0.95NbO3 or even closer to the NaNbO3 composition, since the 

phase symmetry and the temperature-dependent phase sequence on the NaNbO3-side 

are quite complicated and still remain unclear.  Two batches of Na-rich KNN single 

crystals have been grown recently, but not reported in this thesis.  Thus more work can 

be done to determine their compositions and to characterize their structures and 

properties. 

For the KNN-LN single crystals that have their Li-content increased by vapour 

transport equilibration technique, their surfaces appear to be etched which suggest 

inhomogeneous ionic diffusion.  Therefore, more adjustments of the thermal parameter 
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on this method need to be performed in order to optimize the reaction process.  

Potentially, longer annealing times at lower temperatures would provide better-quality 

single crystals.  In addition, the single crystals may be tied with a platinum wire and 

suspended in a crucible instead of sitting on top of a ceramic disk during the annealing 

process.  This would allow more homogenous vapour transport and solid state diffusion 

to occur since a larger surface area of the crystals is exposed.  On the contrary, the 

piezo-/ferroelectric properties, as well as the exact composition, have yet to be 

characterized for these chemically modified crystals.  Alternatively, more Li2CO3 can be 

added to the nominal solute concentration in the high-temperature solution growth of the 

single crystals, which would increase the probability of having higher Li-content single 

crystals, overcoming the issue of phase segregation.  A growth mixture with a nominal 

solute composition of 0.8K0.5Na0.5NbO3 – 0.2LiNbO3 has been attempted recently, and 

single crystals were obtained.  Further analysis is underway to determine their 

composition and properties. 

For the KNN-BKT-BT ternary system, only the ceramics of three lines near the 

KNN-rich end of the ternary phase diagram have been studied.  Thus, more 

compositions need to be synthesized, analyzed structurally, and their piezo-/ferroelectric 

properties characterized in order to find the optimum composition that would display the 

highest properties for potential applications.  Additionally, the sintering process for the 

ceramics near the KNN-rich end needs to be improved since most of the ceramics 

prepared so far are too brittle to be used for dielectric and ferroelectric characterizations.  

Other specialized preparation techniques, such as the hot-press method, may be used 

to produce better quality ceramics.  Ceramics near the BKT-rich have been synthesized, 

and the properties are currently being investigated.   

The ceramics of NBT-AN and NBT-AT solid solutions both display constant 

dielectric permittivity over a wide temperature range and translucency.  Their potential as 

high-temperature capacitors is certainly interesting to explore.  Information on their aging 

behaviour, i.e. the stability of the material’s properties over time, is important for 

applications.  Therefore, their capacitance should be measured repeatedly over a long 

period of time, along with temperature and voltage changes to determine their stability 

under different conditions before they can be actually used in device applications.  
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Alternatively, the quality of the ceramics can be further improved to enhance their 

translucency by using the hot-press method which is the main method to make high-

quality transparent PLZT and other ceramics [142, 143, 162].  In addition, the refractive 

index and birefringent measurements as a function of applied electric field should be 

performed in order to determine the nature, linear or non-linear, and the magnitude of 

the electro-optical effects which are useful for opto-electric applications [143].  Further 

structural investigations with high-resolution X-ray or neutron diffraction would be useful 

to verify the different phases at the various temperatures and whether they are the same 

as, or different from, the pure NBT.  One important factor to assign the possible space 

group is to determine whether the materials are polar or non-polar.  Since neither the 

NBT-AN nor the NBT-AT ceramics display ferroelectric hysteresis loops, there is no 

conclusive evidence that shows they have a polar structure.  Therefore, second 

harmonic generation measurements are currently underway to determine whether or not 

NBT-AN and NBT-AT are polar.  Preliminary results on these ceramics have proved that 

they are indeed polar at room temperature.  Also, the growth of the NBT-AN and NBT-

AT single crystals can be explored.  These single crystals would offer more information 

on their structures, domain patterns and polar properties, and can provide a better 

understanding of their structure – property relationships.  

Structural studies along with updating and developing phase diagrams are crucial 

in order to understand a material’s structure-property relationships and develop it for 

specific applications.  In this thesis, we have studied the crystal structures, developed 

phase diagrams, and analyzed properties of different lead-free piezo-/ferroelectric 

systems which are the initial steps to finding novel lead-free materials with high-

performance properties for specific applications.  Through the development of high 

performance lead-free piezo-/ferroelectrics, we can replace the currently used high-

performance PZT materials, such as in ultrasound imaging, sonars, and non-volatile 

memories.  In addition, lead-free materials can open up new areas of applications 

because there are fewer concerns over toxicity, such as in biomimetic and medical 

applications.  These lead-free materials can also be incorporated into roads without 

environmental risks and the energy generated based on the piezoelectric effect can be 

stored and used for other applications.  As a result, these lead-free piezoelectric 

materials can be a solution for renewable green energy.   
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