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Abstract 

The most widely used electro-optic (EO) materials in the integrated optics are 

single crystals and ceramics. As compared to the EO single crystals, the EO ceramics 

have several advantages, such as strong EO responses, ceramic ruggedness, easy 

fabrication, low fabrication cost and large available size. However, most of the EO 

ceramics available in the marked contain a large amount of lead (e.g. PLZT). For 

environmental protection reason, there is a need of replacing the lead-based materials 

by environmental-friendly lead-free materials. In this work, new lead-free 

transparent ceramics with good EO properties have been successfully developed. Via 

the co-modifications with Li and Bi, the optical transparency of potassium sodium 

niobate (K0.5Na0.5)NbO3 ceramics has been improved. The 

(K0.5Na0.5)1-xLixNb1-xBixO3 (KNNLB-100x) ceramics with x  0.05 become optically 

transparent. If proper antireflection coatings are applied on the surfaces to eliminate 

the reflection loss, the transmittance of the ceramics can reach as high as 95% in the 

near-IR region. The ceramics also exhibit a strong linear EO effect, giving a high 

effective linear EO coefficient (120-200 pm/V), which is about 10 times greater than 

that of LiNbO3 crystal (a widely used EO material in industries). The ceramics are 

also as good as the PMN-PT single crystals with rhombohedral structure and better 

than those with tetragonal structure. 

Hot-press sintering is a mature technique and is widely used in industries to 

produce pore-free ceramics. In this work, it is used to fabricate the KNNLB ceramics 

so as to improve their densification and hence optical quality to crystal-like 
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transparency. The effects of sintering pressure on the microstructure, optical, 

dielectric and electro-optic properties of the KNNLB-5-2 (i.e. KNNLB-5 ceramic 

added with 2 mol% excess Bi2O3) are investigated. It is found that the sintering 

pressure is effective in enhancing the optical transmittance of the KNNLB-5-2 

ceramics. A low sintering pressure (e.g. 2 MPa) is enough to enhance the optical 

transmittance, and the transmittance becomes saturated at around 10 MPa. Unlike the 

lead-based EO ceramics, the sintering pressure does not have significant effect on 

the grain growth. It is effective in improving the densification of the KNNLB-5-2 

ceramics. The enhancement in the optical transmittance should be partly due to the 

reduction of defects such as pores. Due to the better densification, the dielectric 

properties are also improved. However, the EO responses of the ceramics are not 

dependent on the sintering pressure. 

The effects of the co-modification with Li and Bi are investigated. It is found 

that the grain growth of the ceramics is considerably suppressed by the 

co-modification with Li and Bi. The ceramics generally possess a dense and 

fine-grained structure, and the light scattering by the grains (< 0.5 m) become 

negligible. Our results also reveal that the co-modification induces a transformation 

of crystal structure from orthorhombic to nearly cubic. As a result, the optical 

anisotropy and hence the scattering of light at the grain boundaries are greatly 

reduced. The co-modification also induces a diffuse phase transition, making the 

ceramics become more relaxor-like and contain more polar nano-regions. The 

amount of domain walls and then the resulting light scattering are further eliminated. 

Accordingly, the KNNLB-100x ceramics with x  0.05 become optically transparent, 
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giving a high optical transmittance (~60%) in the near-IR region. Owing to the large 

distortion of BO6 octahedron and increase in r arisen from the substitution of Li
+
 in 

the KNN lattices, the Li/Bi co-modified ceramics exhibit strong EO response, giving 

a large effective linear EO coefficient (120-200 pm/V). 

The effects of excess Bi2O3 on the microstructure, optical, dielectric and 

electro-optic properties of KNNLB-5 (as examples) are investigated. It is found that 

the excess Bi2O3 does not have significant effect on the grain growth of the ceramics. 

Although the crystal structure of the ceramics added with excess Bi2O3 becomes 

more cubic and the ferroelectric behavior becomes more relaxor-like, their optical 

and EO properties remain unchanged, giving a high optical transmittance (~60%) in 

the near IR-region and a large effective linear EO coefficient (~120 pm/V).  

The feasibility of preparing the transparent EO KNNLB ceramics by 

pressureless sintering is investigated. Due to the effective suppression of the grain 

growth by the Bi-doping, the KNNLB ceramics prepared by pressureless sintering 

also possess a fine-grained structure. However, our results reveal that the excess 

Bi2O3 is effective in promoting uniform densification under pressureless sintering. 

Because of the reduction of defects such as pore, the KNNLB-10 ceramics added 

with 4 and 6mol% excess Bi2O3 possess a dense structure and become optical 

transparent, exhibiting a high optical transmittance (60-70%) in the near-IR region. 

The good optical transparency may also be resulted from the changes to the more 

cubic-like crystal structure and more relaxor-like characteristics arisen from the 

diffusion of the excess Bi
3+

 into the A-sites of the lattices. Nevertheless, the EO 
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responses of the ceramics become weakened, showing a low effective linear EO 

coefficient of 40 pm/V and 29 pm/v, respectively. 
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Γ Phase retardation 

d Electrode spacing for EO sample 

T Transmittance 

Eg Optical band gap energe 

α Absorption coefficient 

h Plank’s constant 

v' Photon frequency 

Tm The temperature at maximum εr 

TB Curie-Weiss temperature 

 Diffusion coefficient 

a, b, c Lattice constant 
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List of Acronyms 

Acronyms Description 

EO electro-optic 

ADP ammonium dihydrogen phosphate, NH4H2PO3 

KDP potassium dihydrogen phosphate, KH2PO4 

KNN sodium potassium niobate, (K0.5Na0.5)NbO4 

PLZT lanthanum-modified lead zirconate titanate, 

Pb1-xLax(Zry,Ti1-y)1-0.25xO3 

XRD X-ray diffraction 

LNO LiNbO3 

PZT lead zirconate titante, Pb(Zrx,Ti1-x)O3 

KNNLB (K0.5Na0.5)1-xLixNb1-xBixO3 

PVA polyvinyl alcohol 

SEM  scanning electron microscope 

P-E loop ferroelectric hysteresis loop 

PERPIC        ferroelectric picture 

FERICON      a new type of image storage and display device 
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Chapter 1  Introduction  

1.1  Background 

In 1875 John Kerr carried out experiments on glass and observed a quadratic 

dependence of refractive index (n) on electric field E. This is called the Kerr 

electro-optic (EO) effect. A linear EO effect called Pockels effect was observed in 

quartz by Wilhelm Röntgen and August Kundt independently in 1883. Pockels 

analyzed the phenomenon and pointed that the EO effect was due to the direct 

field-induced change of refractive index. A theory of the linear EO effect was then 

developed by him in 1894 (Pockels, 1894). Only non-centrosymmetric crystal 

materials exhibit the Pockels EO effect, while all transparent media basically show 

the Kerr EO effect. The quadratic effect is typically much weaker than the linear 

effect. 

 For most of the materials, a relatively high electric voltage (tens and even 

hundreds of kilovolts) is needed to induce the EO effects, in particular for the Kerr 

effect. So the investigation of the EO effects and their applications had been 

restricted for a long time. Since the discovery of strong electro-optical properties in 

crystals of KDP (KH2PO4) (Bass, 1962) and some isomorphous compounds, the 

study of electro-optics has attracted considerable attention. Nowadays, 

electro-optical crystals have been widely used in modulators and deflectors. The 

electro-optic materials can also manipulate the laser input without the use of the 
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mechanical components. The resulting single-element beam control leads to rapid 

and programmable modulation with low optical loss. 

1.2  Motivation of Research 

In recent years, the demand for developing new EO materials with high 

performance continues to increase along with the rapid development of 

optoelectronic techniques. There are disadvantages for the existing EO materials. 

For liquid crystals, the main disadvantage is the stability of the molecules. Under an 

external electric field, the charge amount within the liquid crystal layer changes 

with time, and thus destabilizing the state of the liquid crystal molecules (Konuma, 

2009). On the other hand, the photo- and thermal-stability with time are the main 

drawbacks of EO polymers (Kuo, 2006, Sinyukov, 2004). Because of the small size, 

the application of EO film is limited. EO single crystals also have drawbacks such 

as low electro-optic effect, small size, susceptibility to moisture, high cost, and 

difficulty in being prepared with proper chemical stoichiometry, which make them 

difficult for widespread applications. In contrast, electro-optic ceramics have 

advantages of stronger EO responses, ceramic ruggedness, easy fabrication, low 

fabrication cost and large available size, and hence they have been used in various 

EO applications, such as optical filters, switches, modulators and data processing 

devices (Hartling, 1987, Jiang, 2005).  

Nowadays the most widely used EO ceramics in the market are 

lanthanum-modified lead zirconate titanate-based EO ceramics (Hartling, 1987, 

Uchino, 2000) because of their strong EO effect. However, the high lead content of 
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the materials raises serious environmental concerns. It has been known that lead can 

get into the environment during the sintering processing because of the evaporation. 

Once absorbed by a human body, the toxicity of lead presents serious threat to 

human health. Moreover, lead can accumulate in human organisms and is difficult 

to remove. 

Potassium sodium niobate (K0.5Na0.5NbO3) is considered as one of the best 

candidates for lead-free piezoelectric ceramics and has been studied extensively 

(Saito, 2004, Kakimoto, 2004, Guo, 2005). Because of the high volatility of alkali 

components during sintering, pure KNN ceramic is difficult to densify by ordinary 

sintering method. A number of studies have been carried out to improve the 

sinterability by using the formation of new solid solutions with other ferroelectrics, 

such as KNN-BaTiO3 (Park, 2006), KNN-SrTiO3 (Bobnar, 2004), KNN-LiNbO3 

(Kakimoto, 2004), KNN-LiSbO3 (Zang, 2006), and KNN-LiTaO3 (Guo, 2005). The 

other way to improve the densification of KNN ceramics is using special sintering 

methods, such as hot-pressing (Erling, 2005), hot isostatic pressing (HIP) (Jaeger, 

1962), cold isostatic pressing (CIP) (Kakimoto, 2004), spark plasma sintering 

(Wang, 2004, Wang, 2002), and hot forging (Ahn, 1987).  

Although the sinterability of KNN can be improved by different methods, 

there are few works reporting an improvement in the optical properties of the 

ceramics. It has been known that the light scattering at large grains, grain 

boundaries and pores can reduce the optical property of a material. Fine grains, less 

grain boundaries, good density and pure phase are hence the essential factors for 

ceramics possessing good optical property (Andreas, 2006, Moulson, 2003, Grimm, 

1971). Obviously, good optical property is the prerequisite of an EO ceramic. 
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It has been shown that the grain growth of KNN ceramics is dramatically 

suppressed and the density is enhanced with Bi doping (Wang, 2008). Due to the 

large difference in ionic radii, the substitution of Li
+
 in the KNN lattices will cause 

a large distortion of the BO6 octahedron (Mgbemere, 2011, Rubio-Marcos, 2010), 

which can improve the EO effect (Shih, 1982).  These hence suggest that, by the 

co-modification of Li and Bi, the KNN ceramic may exhibit good optical and EO 

properties. However, there are no studies investigating the optical or EO properties 

of Li and Bi-doped KNN ceramics. 

The hot-press sintering method was first reported by Hartling (Hartling 1971) 

for fabricating PLZT transparent ceramics (Stojanovic, 2001, Santos, 2001, 

Stojanovic, 2000). This technique is promising and has been used to prepare dense 

and high performance KNN ceramics successfully (Jaeger, 1962).  

1.3  Research Objectives 

The objectives of this study are as follows: 

1) To develop a new lead-free transparent ceramic with strong EO response and 

high transparency for optoelectronic applications. The potassium sodium 

niobate (K0.5Na0.5)NbO3 perovskite solid solution will be used as the base 

composition in this investigation. Modifiers such as lithium and bismuth will 

be adopted to improve the EO response as well as the transparency of the 

ceramics. 

2) To determine the optimum processing conditions, including the type and 

amount of modifiers and the sintering methods, for fabricating dense and 
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transparent ceramics. The hot-press sintering technique will be used as the 

main method for fabricating the ceramics. 

3) To study the crystalline structure and physical properties of the ceramics: the 

physical properties to be investigated include the phase transition, ferroelectric 

properties, optical properties and electro-optic properties. 

4) To investigate the relationship between the composition, processing conditions 

and physical properties of the ceramics. 

1.4  Thesis Outline 

The main objective of the present work is to fabricate Li and Bi co-modified 

KNN (KNNLB) transparent EO ceramics by hot-press sintering. The optical 

properties, microstructure, dielectric, ferroelectric and EO properties of the 

ceramics are studied. The thesis consists of eight chapters: 

Chapter 1 gives a brief introduction of the motivation and objectives of the 

present work. The contents of the thesis are also outlined in this chapter. 

Chapter 2 gives a review of the EO materials. According to the crystal 

morphology, the common electro-optic materials can be divided into five main 

groups: liquid crystals, single crystals, organic polymers, films and ceramics. The 

limitations of various EO materials are also presented. 

Chapter 3 introduces the fabrication methods for KNNLB ceramics. The 

characterization methods of the crystalline structure, ferroelectric, dielectric, optical 

and electro-optic properties are described. 

Chapter 4 reports the effects of the sintering pressure on the microstructure 
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and optical properties of the ceramics. 

Chapter 5 shows the effects of Bi and Li on the microstructure and physical 

properties of the ceramics fabricated by hot-press sintering. The physical properties 

include the phase transition, ferroelectric properties, optical properties and 

electro-optic properties. 

Chapter 6 discusses the effects of excess Bi on the physical properties of the 

KNNLB ceramics prepared by hot-press sintering. 

Chapter 7 presents the fabrication of the KNNLB ceramics by pressureless 

sintering. 

Conclusions are given in Chapter 8. 
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Chapter 2  Literature Review 

This chapter covers the background theory of electro-optic (EO) effect, relaxor 

behavior and reviews of current EO ceramics. A review of current research status of 

lead-free materials with special focus on sodium potassium niobate (KNN), which 

is the basic material system in this work, is also given. As good optical property is 

the prerequisite for an EO ceramic, the factors that affect the optical property are 

reviewed. The hot-press sintering method, which has been used to improve the 

sinterability of ceramics in this work, is reviewed. 

2.1  Electro-Optic Effect In Crystals 

2.1.1  Refractive Index 

Refraction is the bending of a wave when it enters from one medium to 

another medium where it travels at a different speed. The bending depends on the 

indexes of refraction (refractive indexes) of the two media and is described 

quantitatively by Snell's Law, which relates the angle of incidence θ1 to angle of 

refraction θ2 as: 

2

1

2

1

2

1
==

sin

sin

n

n

v

v




                                    (2.1) 

where v1 and v2 are the wave speeds in the respective media, and n1 and n2 are the 

refractive indexes. 

The refractive index of an isotropic material is defined as (Nye, 1976): 

http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/refr.html#c2
http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/refr.html#c3
http://en.wikipedia.org/wiki/Angle_of_incidence
http://en.wikipedia.org/wiki/Refractive_index
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v

c
n =                                              (2.2)    

where c is the speed of light in vacuum and v is the speed of light in the material. 

The speed of light in a vacuum is given by  

00

1
=


c                                          (2.3)    

where μ0 and ε0 are the permeability and permittivity of vacuum respectively. 

According to Maxwell’s equations, the speed of electromagnetic wave in a material 

can be expressed as 

rr

v
 00

1
=                                      (2.4)    

where μr and εr are the relative permeability and relative permittivity of the material, 

respectively (Maxwell's equations n.d.). For non-magnetic materials, the relative 

permeability (    ) is approximately equal to 1, and then v can be written as: 

r

c
v


=                                            (2.5)    

Substituting Eq. 2.5 into Eq. 2.2 gives: 

rn =                                            (2.6)    

2.1.2  Optical Birefringence  

For an anisotropic material, the dielectric displacement D is related to the 

applied electric field E as: 

  jijri ED 0                                       (2.7)    

where i, j = 1, 2, 3. Eq. 2.7 can also be written in the form of matrix: 
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                     (2.8)    

For a lossless and non-optically active material, the relative permittivity tensor 

(ɛ r)ij is represented by a real symmetric matrix, in which (ɛ r)xy=(ɛ r)yx, 

(ɛ r)yz=(ɛ r)zy and (ɛ r)zx=(ɛ r)xz. By rotating the coordinate axes, a new diagonal 

matrix can be obtained: 
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0
                    (2.9)    

The new coordinate system is called the principal-axis system. 

The energy density U is given as: 

iiEDU
2

1
=                                          (2.10)   

For convenience, a relative impermeability tensor ηij is defined as: 

 
ijr

ij



1

                                          (2.11)   

Since (ɛ r)ij is real and symmetric, ηij is also real and symmetric. From Eq. 2.7 and 

Eq. 2.11, 

jiji DE 
0

1
=                                        (2.12)   

Substituting Eq. 2.12 into Eq. 2.10 gives 

0211213313223

2

333

2

222

2

111 2222  UDDDDDDDDD    (2.13) 

This is an equation for an ellipsoid of constant energy density in the D space. 

Let 
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U

D
X i

i

02
                                        (2.14)   

Where i=1, 2 and 3. Eq. 2.13 becomes 

1222 211213313223

2

333

2

222

2

111  XXXXXXXXX   (2.15)   

Substituting Eq. 2.6 and Eq. 2.11 into Eq. 2.15 gives 

1222
2

12

21

2

31

13

2

23

32

2

33

2

3

2

22

2

2

2

11

2

1 
n

XX

n

XX

n

XX

n

X

n

X

n

X
         (2.16)   

The surface described by Eq.2.16 is called the optical indicatrix or index 

ellipsoid. For simplicity, Eq. 2.16 (written in tensor notation) can be re-written in 

matrix notation as: 

1222
2

6

21

2

5

13

2

4

32

2

3

2

3

2

2

2

2

2

1

2

1 
n

XX

n

XX

n

XX

n

X

n

X

n

X
         (2.17)   

In rewriting the equation, the scheme: 11  1, 22  2, 33  3, 23 or 32  4, 13 

or 31  5 and 12 or 21  6 is adopted. In the principal-axis system, Eq. 2.17 

becomes 

1
2

2

2

2

2

2


zyx n

z

n

y

n

x
                                    (2.18)   

where n1, n2 and n3 are called the principal refractive indexes. Eq. 2.18 defines the 

optical indicatrix in the principal-axis system as shown in Fig. 2.1. nx, for example, 

is the refractive index for a plane wave with the polarization parallel to the x axis 

and travelling along a direction normal to the x-axis. 
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Figure 2.1 Optical indicatrix or index ellipsoid for a uniaxial crystal, nx= ny≠nz . 

The optic axis is parallel to the z-axis. 

For a uniaxial crystal (e.g.; crystals with hexagonal, tetragonal and trigonal 

symmetry) with an optic axis along z axis, nx = ny = no (ordinary refractive index) 

and nz = ne (extraordinary refractive index). The optic axis is also called the 

extraordinary axis. For positive uniaxial crystals (e.g.; quartz SiO2 and rutile TiO2), 

ne > no, i.e.; the wave with the polarization parallel to the z axis travels slower than 

the wave with the polarization parallel to the x or y axis (Eq. 2.2). On the other 

hand, negative uniaxial crystals (e.g. calcite CaCO3 and ruby Al2O3) have ne < no. 

The difference between the two indexes, n = ne - no, is called the birefringence. So, 

there will be no birefringence for a plane wave travelling along the optical axis.  
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For a plane wave travelling along an arbitrary direction     in a positive 

uniaxial crystal, the corresponding refractive indexes can be determined from the 

optical indicatrix as follows: 

(1) Draw a straight line through the origin and along the wave vector    .  

(2) Locate the central section of the indicatrix which passes through the origin and is 

normal to     (i.e., shaded region in Fig. 2.1). In general, it will be an ellipse. 

(3) The axes of the elliptical section define the polarization directions of the two 

waves with the wave vector     that can propagate through the crystal. 

(4) The wave with the polarization parallel to the major axis will travel at a slower 

speed, and the corresponding refractive index ne(θ) is equal to the semi-axis OA. 

(5) The wave with the polarization parallel to the minor axis will travel at a faster 

speed, and the corresponding refractive index no(θ) is equal to the semi-axis OB. 

(6) If the angle between the wave vector     and the optic axis is , no() is constant, 

while ne(θ) is given as: 

2

2

2

2

2

sin
+

cos
=

)(

1

eoe nnn




                               (2.19)   

2.1.3  Linear EO Effect and EO Coefficients 

When an external electric field is applied to a crystal, ion displacement is 

induced and the refractive index is changed. This is called the electro-optic (EO) 

effect. Generally, subject to a low-frequency or static electric field, the charge 

distribution in the crystal will be re-arranged. In a macroscopic context the EO 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 2 

 

LI FaLiang                                                       13 

  

effect can be described starting from a power series expansion of the polarization P 

(Goovaerts, 2001) 

jijklkijkiji EEP )+++(= )3()2()1(

0                        (2.20)   

where 
(1)

ij  is the linear susceptibility, 
(2)

ijk  and 
(3)

ijkl  are the second- and 

third-order nonlinear susceptibilities of the material, respectively, Ej is the electric 

field, i, j, k, l = 1, 2, 3, 4. For low Ej, Eq. 2.20 can be approximated as 

jiji EP )1(

0=                                         (2.21)   

For an isotropic material, 

iii PED += 0                                       (2.22)    

Combining Eq. 2.6, 2.7, 2.21 and 2.22 gives: 

  )1(2

ijijijrijn                                   (2.23)    

This describes the linear optical properties of a medium. 

When an electric field is applied to a nonlinear optical material, the second 

term containing     
   

 in Eq. 2.20 causes a change in the refractive index. 

According to Eq. 2.20, the change is linearly proportional to the electric field. This 

linear EO effect is called the Pockels effect. Similarly, the third term containing 

     
   

 in Eq. 2.20 causes a change in the refractive index that is proportional to the 

square of the electric field. This quadratic EO effect is called Kerr effect. 

For convenience, the change in the refractive index can be described as the 

modulation of the optical impermeability by the external electric field 

 lkijklkijk

ij

ij EEREr
n

)
1

(
2

                     (2.24)   
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where i, j, k, l = 1, 2, 3, 4. Eq. 2.24 can also be written in matrix notation

 as: 

 lkpqkpk

p

p EEREr
n

)
1

(
2

                     (2.25)   

where p, q = 1, 2, 3, .., 6. The higher-order terms are neglected for low electric 

field. The first and second terms represent the linear EO effect (Pockels effect) and 

quadratic EO effect (Kerr effect), respectively. rpk and Rpq are the linear and 

quadratic EO coefficients, respectively. 

For the linear EO effect, 

kpk

p

Er
n

 )
1

(
2

                                     (2.26)   

or 
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                        (2.27)   

where the 6×3 matrix, rpk, is also called the first-order EO matrix. The linear 

electro-optic effect occurs only in materials lacking inversion symmetry. 

Depending on the crystal symmetry, some of the EO coefficients may become zero 

and some of them may be related to each other. For example, the EO matrix for 

crystals possessing the point group symmetry   2m (such as ADP and KDP) has the 

form as: 
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For crystals of class 3m (such as LiNbO3), the EO matrix has the form as: 
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And the EO matrix for crystals of the class 4mm (such as BaTiO3) has the 

form as: 
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rpk                                  (2.30)   

2.2  Relaxor Ferroelectric 

Materials exhibiting a domain structure and spontaneous polarization at 

temperatures below the Curie point are defined as ferroelectric materials. The 

spontaneous polarization makes the ferroelectric material present 

polarization-electric field (P-E) hysteresis loop. Relaxor ferroelectrics are those 
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ferroelectric materials that exhibit a broad phase transition from the paraelectric to 

ferroelectric state, a strong frequency dependence of the relative permittivity and a 

temperature-dependant remnant polarization. The relative permittivity maximum of 

relaxor ferroelectrics does not correspond to a transition from non-polar phase to a 

ferroelectric polar phase, such as lead magnesium niobate (Smolenskii, 1958). 

Frequency dispersion of the dielectric maximum, slim hysteresis loop, and the 

optical isotropy at the temperature below the dielectric maximum without external 

field is another distinct features for the relaxor ferroelectrics (Cross, 1987). 

For relaxor ferroelectrics, the temperature-dependent relative permittivity 

obeys the modified Curie-Weiss law (Uchino, 1982),  

1

)-(
=

1
-

1

C

TT m

mr




                                  (2.31)   

where m is the maximum value of r, Tm is the temperature of m, C1 is the 

Curie-like constant, and  is the diffusion coefficient.  can have a value ranging 

from 1 for a normal ferroelectric to 2 for an ideal relaxor ferroelectric. Owing to the 

large dielectric and electromechanical effects, relaxor ferroelectrics are widely used 

in capacitors, sensors, actuators, and transducers (Newnham, 1991, Uchino, 1996).  

2.3  Lead-Based EO Ceramics 

The lead-based EO ceramics mainly include (Pb1-xLax)(ZryTi1-y)1-x/4O3 with 

0.08<x<0.12 (PLZT) and (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 with 0.10<x<0.35 

(PMN-PT). These lead-based EO ceramic are introduced in the following sections. 
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2.3.1  PLZT Ceramics 

Because of the porosity, grain boundaries, and internal refraction at boundaries, 

transparent ceramics could not be fabricated before 1960s. By late 1969, the first 

transparent ferroelectric ceramic Pb1-xLax(ZryTi1-y)1-x/4O3 (PLZT) was successfully 

developed (Hartling, 1971). Since then, various methods have been developed for 

fabricating the transparent EO ceramics (Thomson, 1974, Murata, 1976, Snow, 

1973). The history from 1965 to 1979 of the evolution of the EO ceramics is 

outlined in Table 2.1 (Dekker, 1991). 

Table 2.1 History of the development of electro-optic ceramic. 

Year Development 

1965 Hot-pressing techniques developed for PZT ceramics 

1966 Optical scattering properties of Fe materials measured, polarization 

dependence defined 

1967 Optical birefringent properties of FE materials measured, polarization 

dependence defined 

1968 Reduced scattering measured in La-doped PZT 

1969 Development of transparent PLZT ceramics; phase diagram and 

properties defined 

1970 Development of oxygen hot-press technique 

1970 Development of chemical process for EO ceramics 

1970 FERPIC strain-biased device for image storage 

1971 EO goggles for eye protection; transverse –mode device 

1971 Ceramic device for image storage 

1971 Longitudinal mode in quadratic PLZT reported 

1972 PLZT ceramics sintered to optical quality 

1972 FERICON device for image storage 

1974 Photoinduced ∆n changes in PLZT reported 

1975 Vacuum/oxygen-sintered transparent PLZT ceramics 

1976 Photoferroelectric image storage devices 
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1979 Ion implantation in image storage devices 

Owing to the large nonlinear EO coefficient, fast responses and high optical 

transmittance in the visible wavelength region, PLZT ceramics are good candidates 

for optical waveguide applications. PLZT possesses a perovskite structure with the 

formulation of ABO3, as shown in Fig. 2.2. La
3+

 substitutes part of Pb
2+

 and they 

occupy the A-site, while the B-site is occupied by Zr
4+

 and Ti
4+

. The structure is 

shown in Fig. 2.2. is undistorted. 

 

Figure 2.2 Perovskite cell of PLZT. 

The perovskite structure can also be visualized as a corner-linked BO6 oxygen 

octahedron. For PLZT crystal, Zr
4+

 and Ti
4+

 locate at the center (B-site) of the 

octahedron while La
3+

 and Pb
2+

 fill up the dodecahedral hole (A-site) between the 

oxygen octahedral. The stability and distortion of a perovskite structure formed by 

various cations can be empirically predicted by the Goldschmidt tolerance factor: 

 
 OB

OA

RR

RR
t






2
                                    (2.32)   

where t is called Goldschmidt tolerance factor, RA, RB and RO are the ionic radii of 

the A cation, B cation and oxygen, respectively (Senyshyn, 2005). For a perfectly 
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fit perovskite structure, the tolerance factor is 1.0. As 0.95 < t < 1.0, the structure is 

cubic. The structure tends to be slightly distorted but non-ferroelectric when t < 

0.95, and those with t slightly greater than 1.0 are ferroelectric (Wood, 1951, Keith, 

1954). 

 

Figure 2.3 Phase diagram of PLZT at room temperature (Hartling, 1987). 

AFE: antiferroelectric;     FERh: ferroelectric rhombohedral; 

PEcubic: paraelectric cubic;   FETet: ferroelectric tetragonal 

The phase diagram of PLZT at room temperature is shown in Fig. 2.3. 

Depending on the composition, PLZT ceramics present three types of EO responses: 

memory, linear and quadratic. The memory materials are largely located in the 

ferroelectric rhombohedral phase region with stable and electrically switchable 

optical states. The linear compositions possess the area encompassing the tetragonal 

phase with nonswitching and linear EO effect. The quadratic compositions are 

located along the phase boundary separating the ferroelectric and paraelectric 

phases with quadratic EO effect. A large range of compositions have been 
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investigated. Table 2.2 shows the EO coefficients for PLZT ceramics with different 

compositions (Moulson, 2003, Bailey, 2004).  

Table 2.2 EO coefficients of PLZT with different compositions (Moulson, 2003, Bailey, 

2004). 

Composition 

La/Zr/Ti 
Rc (10

-16
m

2
/V

2
) rc(10

-12
m/V) 

8.5/65/35 38.60 --- 

9/65/35 3.80 --- 

9.5/65/35 1.50 --- 

10/65/35 0.80 --- 

11/65/35 0.32 --- 

12/65/35 0.16 --- 

8/70/30 11.7 --- 

8/40/60 --- 1.0 

8/65/35 --- 5.2 

2.3.2  PMN-PT Ceramics 

PLZT ceramic is the widely used EO ceramic. However, there are some 

disadvantages of it, such as sensitive to temperature variation, significant field 

induced and polarization dependent scattering losses. Pb(Mg1/3Nb2/3)O3-PbTiO3 

(PMN-PT) is another important lead-based EO ceramic (Zou, 2004). It is a relaxor 

ferroelectric with minimal hysteresis, which resolves the issue of high hysteresis 

experienced by the PLZT EO ceramics. PMN-PT ceramic is suitable for almost all 

the visible to mid-IR optical applications because of the remarkably good 

transparency over a wide range of 500 nm-7000 nm. Moreover, the EO coefficient 

of PMN-PT is about 2 to 5 times larger than that of PLZT, which significantly 

lowers the applied voltage for achieving the same phase shift (Jiang, 2005). Similar 
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to PLZT, PMN-PT also possesses the perovskite structure, in which the A-site is 

occupied by Pb
2+

 and B-site is filled by Mg
2+

, Nb
5+

 and Ti
4+

 cations. 

As shown in Fig. 2.4, the phase diagram of PMN-PT can be mainly divided 

into two parts at room temperature: rhombohedral, relaxor side specific for 

materials with small PT amount, and tetragonal, ferroelectric with high PT content. 

Ran et al. have reported the quadratic EO coefficient of transparent PMN-PT 

ceramics: R11=5.1683×10
-14

 m
2
/V

2
 and R12=6.106×10

-14
 m

2
/V

2
 (Ran, 2011). 

 

Figure 2.4 Phase diagram of the PMN-PT solid solution system (Shrout, 1990) 

C: cubic; T: tetragonal; R:rhombohedral; M:monoclinic. 

2.4  Current Lead-Free EO Ceramics 

Most of the lead-free ceramics are opaque and hence there are few works 

reporting the EO properties of them. Recently, Jan Kroupa et al, have found that the 

(1-x)K0.5Na0.5NbO3-xSrTiO3 with 0.15<x<0.25 (KNN-STO) ceramics exhibit good 
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optical properties (Bobnar, 2004, Kroupa, 2005, Kosec, 2004). The ceramics 

possess a pseudo-cubic perovskite structure, a high density and uniform distribution 

of fine grains and pores (Fig. 2.5).  

 

Figure 2.5 Representative sample of transluent (1-x)KNN-xSTO (x=0.2) ceramics 

with the thickness of 0.25 mm (Kosec, 2004). 

 

Figure 2.6 Temperature dependence of the ε', measured at several frequencies  
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in KNN-STO samples of different compositions (Bobnar, 2004). 

They also show the relaxor-like dielectric characteristics, such as a broad 

dispersive dielectric maximum, Vogel-Fulcher temperature dependence of the 

characteristic relaxation frequency, and paraelectric-to-glass crossover in the 

temperature dependence of the dielectric nonlinearlity (Fig. 2.6). 

Moreover, the authors have also showed that the KNN-STO-0.2 ceramic is a 

typical quadratic EO material, exhibiting a considerably large quadratic EO 

coefficient (n
3
R33~1.9×10

-16
 m

2
/V

2
), which is suggested to be connected with its 

relaxor properties (Kroupa, 2005). The linear EO coefficient induced under a high 

electric field of 10 kV/cm of the ceramic has also been measured (n
3
r33~190×10

-12
 

m/V). Both the field-induced linear EO coefficient and quadratic EO coefficient 

exhibit similar frequency dependence as shown in Fig. 2.7. 

 

Figure 2.7 Dispersion of the field induced linear EO coefficient r33 and the 

quadratic R33 coefficient in KNN–STO ceramics (Kroupa, 2005). 
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2.5  Factors Affecting Transparency of Ceramics  

The ceramics used as EO materials must exhibit good optical transparency. It 

has been shown that the scattering of light at the surfaces, grains, grain boundaries, 

pores, and second-phase inclusions are the main factors affecting the transmittance 

of ceramics (Moulson, 2003, Krell, 2006, Grimm, 1971), as shown in Fig. 2.8. 

Diffuse scattering of light at rough surfaces reduces the intensity of incident 

light and therefore lowers the transparency of ceramic. This can be avoided by 

properly preparing or polishing the surfaces as the diffuse scattering of light at 

smooth surfaces can be neglected (Apetz, 2003). Effects of surface roughness on 

the optical properties should be considered (Retherford, 2001). Furthermore, the 

reflection loss at the air-ceramic interfaces, caused by the difference between the 

refractive indexes of air and ceramics, will reduce the transmittance of incident 

light (Apetz, 2003). The reflection loss at the surfaces of the ceramic can be 

calculated by R=(n-1)
2
/(n+1)

2
, where R is the reflectance and n is the refractive 

index of ceramic. Application of antireflection coating at the air-ceramic interfaces 

can eliminate the reflection loss. 
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Figure 2.8 Light transmission through polycrystalline (Krell, 2006). 

As shown in Fig. 2.8, diffuse scattering can also take place at the sites of 

second phases (such as pores or impurities) with different refractive indexes. 

Therefore, high density and purity are required for good transparent property. The 

studies of transparent Nd-doped YAG ceramics have showed that the optical 

transparency is improved significantly when the porosity is lower than 0.01% 

(Zhang, 2012). According to the Mie scattering theory, the incident light will be 

scattered significantly by grains of size close to the wavelength of light. Therefore, 

the grain size is an important factor for obtaining transparent ceramics. The 

influences of porosity and grain size for Al2O3 have been evaluated (Apetz, 2003) 

and are represented in Fig. 2.9. The influence of porosity (Fig. 2.9a) is calculated 

for a homogeneous material, while the effect of grain size is studied based on a 

ceramic with zero porosity (Fig. 2.9b). 
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(a)                                (b) 

Figure 2.9 Influences of porosity (a) and grain size (b) on the light  

transmission through Al2O3 (Krell, 2006). 

2.6  Sodium Potassium Niobate-based Ceramics  

Because of the strong EO response and good mechanical properties, PLZT 

ceramics have been widely used in different fields (Moulson, 2003). However, the 

well-known environmental hazard of lead has aroused attention on lead-free 

materials. Ferroelectric sodium potassium niobate, K0.5Na0.5NbO3 (KNN), has been 

considered as a promising candidate to replace lead-based ceramics for their high 

Curie temperature and good piezoelectric properties (Saito, 2004, Egerton, 1959). 

Owing to the high electromechanical coupling factor and low dielectric constant, it 

is particularly suitable for ultrasonic device applications (Egerton, 1959). 
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Figure 2.10 Binary phase diagram KNbO3-NaNbO3 (Kosec, 2008). 

P: paraelectric; F: ferroelectric; A: antiferroelectric; C: cubic; T: tetragonal  

O: orthorhombic;  R: rhombohedral;  MON: monoclinic; M: multiple cell. 

KxNa1-xNbO3 is a ferroelectric system with a perovskite structure. The A-site 

is shared by K
+
 and Na

+
 while the B-site is occupied by Nb

4+
. It is a mixed system 

of orthorhombic ferroelectric potassium niobate (KNbO3) and orthorhombic sodium 

niobate (NaNbO3). As shown in Fig. 2.10, KxNa1-xNbO3 exhibits a complicated 

phase diagram with several structural phase transitions. KxNa1-xNbO3 was first 

reported as a ferroelectric by Shirane et al. (Shirane, 1954), but its good 

piezoelectric properties were given by Egerton et al. a few year later (Egerton, 

1959). KNN shows the highest electromechanical coupling coefficient and 

moderate dielectric susceptibility (Shirane, 1954, Haertling, 1967), and its remnant 
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polarization reaches a maximum and decreases towards the both end members, 

whereas the coercive field has its minimum (Haertling, 1967). 

However, there are a few drawbacks hindering the wide industrial use of KNN. 

Owing to the high volatility of alkali metal compounds, stringent manufacturing 

conditions and low reaction temperatures are generally required. The phase stability 

of pure KNN ceramics is limited to 1140
o
C according to the phase diagram 

(Egerton, 1959). Therefore, high temperature sintering is also not desirable. 

Moreover, the pores cannot be easily eliminated with the grain growth because of 

the quadrate morphology of the grain for pure KNN (Maeder, 2004). Consequently, 

KNN generally exhibits poor densification behavior under the conventional 

pressureless sintering conditions. 

Various methods have been developed to improve the sinterability of KNN 

ceramics. One way is to form new solid solutions with other ferroelectrics, such as 

KNN-LiNbO3 (Guo, 2004) and KNN-SrTiO3 (Kroupa, 2005). Generally, the 

relative density of KNN ceramics fabricated by conventional sintering is about 

90-95%. It has been shown that the relative density of KNN-SrTiO3 ceramics 

fabricated by pressureless sintering can achieve above 99% (Kosec, 2004). For 

KNN-LiNbO3 ceramics, the relative density is about 97% and their piezoelectric 

and electromechanical responses are enhanced, giving d33=200-235 pC/N, 

kp=0.38-0.44, and kt=0.44-0.48. It has also been shown that the content of LiNbO3 

should remain below 8%, otherwise secondary phases begin to appear in the 

KNN-LiNbO3 system. 

Various sintering aids, such as CuO and MnO2, have also been exploited to 

improve the sinterability of KNN ceramics. Copper has been found as an effective 
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sintering aid, which can increase the relative density to about 97.5% and decrease 

the sintering temperature down to 950
o
C (Matsubara, 2004, Chen, 2007, Park, 2008, 

Park, 2007). It improves the sinterability by creating a liquid phase during sintering. 

The optimum content of the sintering aid is about 0.5%. On the other hand, the 

doping of Bi2O3 can also increase the relative density of KNN to above 99% (Fig. 

2.11) and hence improve the piezoelectric properties (Du, 2007). For the 

(K0.5Na0.5)0.97Bi0.01NbO3 ceramics, d33=164 pC/N, kp=0.47, and Qm=120.  

 

Figure 2.11 SEM micrographs obtained for the thermally etched surface of  

(a) KNN and (b) (K0.5Na0.5)0.97Bi0.01NbO3 ceramics (Du, 2007). 

Li and Bi co-modified KNN ceramics, [(K(1-x)/2Na(1-x)/2Lix)1-3yBiy]NbO3, have 

been studied by Du et al (Du, 2007). In their work, both Li
+
 and Bi

3+
 enter the 

A-site for replacing K
+
 and Na

+
. The grain growth is inhibited by the doping of Bi 

and the microstructure of the ceramics becomes uniform and fine (Figure 2.12). For 

the ceramic with x=0.06 and y=0.005, the piezoelectric properties become optimum, 

giving d33=185 pC/N, kp=0.43 and kt=0.45.  

(a) (b) 
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Figure 2.12 SEM micrographs obtained for the thermally etched surface of KNLBN 

ceramics.  (a) x=0.06, y=0.0 and (b) x=0.06, y=0.005 (Du, 2007). 

Another way to improve the densification of KNN ceramics is using special 

sintering method, such as hot-pressing (Ringgaard, 2005), hot isostatic pressing 

(HIP) (Jaeger, 1962), cold isostatic pressing (CIP) (Guo, 2004), spark plasma 

sintering (Wang, 2004, Wang, 2002), and hot forging (Wang, 2004). Hot-press 

sintering is used to overcome the poor densification of usually less than 96% 

theoretical density of KNN (Birol, 2006, Du, 2006). Hot isostatic pressing of KNN 

yields the relative density of above 99% and a finer grained microstructure 

compared to conventional sintering (Egerton, 1959, Jaeger, 1962). Spark plasma 

sintering is highly effective in enhancing sinterability of materials, inducing better 

densification with minimized grain growth. It’s reported that more than 99% 

relative density and grain sizes between 200 nm and 500 nm can be obtained (Li, 

2006). 

2.7  Hot-Press Sintering Technique 

  Hot-press sintering technique is a process that produces dense ceramics 

through the application of heat and pressure simultaneously (Basu, 2011). Hot-press 

(a) (b) 
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sintering is widely used to consolidate metal and ceramic powders to fully density 

with controlled microstructure. In the process, pressure and heat are applied to a 

green sample simultaneously, as shown in Fig. 2.13 (Fang, 2005, Viswanathan, 

2006). The green sample is embedded in a mold filled fully with powders in order 

to obtain uniform pressure across the sample and prevent high-temperature 

reactions with surrounding materials. Uniaxial pressure can be applied statically or 

dynamically. Heat can be provided directly (induction or wire resistance) or 

indirectly (convection or radiation). The main advantage of this technique in 

comparison to the pressureless sintering is the reduction in the process time due to 

the application of the pressure (Viswanathan, 2006) 

 

Figure 2.13 Schematic diagram of hot pressing furnace used for bulk materials. 

The hot-press sintering method was first reported by Hartling (Hartling, 1971) 

for fabricating PLZT transparent ceramics (Stojanovic, 2001, Santos, 2001, 
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Stojanovic, 2000). As the hot-press sintering can improve the density of samples 

effectively, it has been used in various material fabrication, such as nano-SiC 

ceramics (Ma, 1998), Si3N4-based ceramics (Kido, 2005), and dental glass-ceramics 

(Gonzaga, 2008). Table 2.3 compares the properties of KNN ceramics sintered by 

hot-press and pressureless sintering (Egerton, 1959, Jaeger, 1962). 

Table 2.3 Some physical properties of air-fired and hot-pressed ceramic. 

Physical Quantity KNN (Pressureless) KNN (Hot-press) 

εr 290 (100 kHz) 420 (100 kHz) 

Y (GPa) 104 104 

ρ (g/cm
3
) 4.25 4.46 

d31 (pC/N) -32 -49 

d33 (pC/N) 80 160 

g31 (mVm/N) 12.6 13.1 

g33 (mVm/N) 31.5 43 

kp 0.36 0.45 

k31 0.22 0.27 

k33 0.51 0.53 

Ps  22 --- 

Pr 18 --- 
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Chapter 3  Fabrication and 

Characterization of KNNLB 

Ceramics 

3.1  Fabrication of KNNLB Ceramics 

The ceramics for this study were prepared by the conventional solid-state 

reaction. Two sintering methods, hot-press and pressureless sintering, were used to 

densify the ceramics. Three groups of samples have been fabricated; they are: 

(a) (K0.5Na0.5)0.95Li0.05Nb0.95Bi0.05O3 + y mol% excess Bi2O3, with y = 0, 1, 2, 3, 4.  

The samples are abbreviated as KNNLB-5-y. 

(b) (K0.5Na0.5)1-xLixNb1-xBixO3 with x varying from 0 to 0.09. The samples are 

abbreviated as KNNLB-100x. 

(c) (K0.5Na0.5)0.9Li0.1Nb0.9Bi0.1O3 + z mol% excess Bi2O3 with z = 0, 2, 4, 6, 8. The 

samples are abbreviated as KNNLB-10-z. 

Generally, six main stages are included in the fabrication of the KNNLB 

ceramics; namely: selection of raw materials, preparation of precursor powders, 

calcination, shaping, binder burnout and sintering. In order to avoid contamination 

by impurities that could affect the properties of the ceramics, all the equipments and 

apparatuses were cleaned using pure ethanol and acetone before the experiments. 
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3.1.1  Raw Materials 

The label on a chemical container shows only the approximate composition of 

its contents and the maximum levels of certain impurities. Moreover, the moisture 

content is difficult to be specified accurately as it depends on the ambient humidity, 

the method of storage and the particle size. For non-hygroscopic materials the 

moisture content varies from less than 0.1% to more than 1%, which is much less 

than the hygroscopic materials (Moulson, 2003). Chemical composition, particle 

size and degree of aggregation are the important aspects of a raw material, which 

should be considered in selecting the raw materials. In this study, reagent grade 

metal oxides or oxalate powders: K2C2O4 (99.5%), Na2C2O4 (99.5%), Nb2O5 

(99.99%), CH3COOLi·H2O (99.5%) and Bi2O3 (99.99%) were used for fabricating 

the ceramics. 

3.1.2  Powder Preparation 

As inhomogeneity can be detected optically much more easily than electrically, 

precursor powders with higher purity, better homogeneity and high-reactivity are 

essentially required for fabricating transparent EO ceramics. Accordingly, a 

solution coating approach, which entailed coating the sodium-potassium-lithium 

(Na-K-Li) precursor solution on the niobium and bismuth oxide powders, was 

applied in this study to prepare the precursor powders (Li, 2009). Stoichiometric 

amounts of K2C2O4, Na2C2O4 and CH3COOLi·H2O were first dissolved in 

deionized water. Nb2O5 and Bi2O3 powders were then added and mixed thoroughly 
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to obtain a homogeneous suspension, which was then dried and grinded to obtain 

the precursor powders for the calcination. 

3.1.3  Calcination 

Although the precursor powders can be immediately pressed into a shape and 

sintered at high temperatures, an intermediate heating process at a relatively low 

temperature called calcination is preferred. The purpose of the calcination process 

is to cause the constituents to interact by inter-diffusion of their ions for forming a 

chemically and crystallographically uniform structure. Although the required final 

phase may not be completely formed after the calcination, the remaining chemical 

gradients may promote the formation of homogeneous body during sintering. The 

calcination conditions are hence important parameters which can affect the 

densification of the ceramics during sintering. In general, the calcined material is a 

porous and fragile solid because of the limited amount of sintering. So a grinding 

process is required to produce fine powders for shaping. In this study, the 

calcination was carried out at 850C for 5 h, and the calcined powders were 

ball-milled in alcohol using zirconia balls for 24 h and then dried. 

3.1.4  Shaping 

Various processes have been developed to shape the calcined powders into 

different final forms (Table 3.1) (Moulson, 2003). In general, an organic binder is 

required to give the dry forms a sufficient strength to avoid breakage during the 

handlings before sintering. Obviously, the binder must be able to be eliminated 
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completely after sintering. Otherwise the residue will produce disruptive effect on 

the sintered ceramics. In this study, a polyvinyl alcohol (PVA) solution was used as 

the binder for shaping and strengthening the dry forms. The concentration of the 

PVA solution is about 5 wt% in water. The solution was mixed thoroughly with the 

calcined powder in a weight ratio of 0.3:1. The mixture was then pressed into green 

disk samples with a diameter of 15 mm. A uniaxial pressure of ~400 MPa was used 

so as to remove the air inside and to obtain a well-packed disk sample. For the 

hot-press sintering, the thickness of the green samples was ~2.6 mm, while samples 

of thickness ~1.3 mm were prepared for the pressureless sintering. 

Table 3.1 Feed materials for various shaping methods and the type of product. 

Shaping method Type of feed material Type of shape 

Dry-pressing Free-flowing granules Small simple shapes 

Isostatic pressing Fragile granules Larger more intricate 

shapes 

Calendering; viscous 

plastic processing 

Plastic mass based on an 

elastic polymer 

Thin plated 

Simple shapes 

Extrusion Plastic mass using a viscous 

polymer solution 

Elongated shapes of 

constant cross-section 

Jiggering Stiff mud containing clay Large simple shaped 

Injection moulding Organic binder giving 

fluidity when hot 

Complex shapes 

Slip-casting Free-flowing cream Mainly hollow shapes 

Ban-casting Free-flowing cream Thin plates and sheets 

Screen-printing Printing ink consistency Thin layers on substrates 
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3.1.5  Binder Burnout 

The organic binder provides plasticity for shaping and green compact strength 

for handling (Reed, 1988, Richerson, 1992). Removal of the organic binder from 

the green samples after pressing and before sintering is a critical step. Thermal 

decomposition is generally used to remove the organic binder (Clark, 1988). Upon 

heating, the organic binder will decompose, generating various kinds of gasses and 

producing a gas pressure in the green samples. If the pressure increases too fast, 

cracks or voids will be generated and the green samples will break. Accordingly, 

the heating rate, temperature and duration time are the key processing parameters, 

which have to be optimized to burnout the organic binder completely as quickly as 

possible without damaging or breaking the green samples (Ewsuk, 1995). 

In this study, the PVA organic binder was burned out at 850C for 2 h. The 

green disk samples were placed on an alumina plate and embedded with sintered 

ceramic powders of the same composition. The samples were then heated in a 

muffle furnace under an oxygen-rich environment so that carbon dioxide instead of 

carbon monoxide was produced. For burning out the binder effectively, the 

temperature was first increased at a rate of 3C/min to 600C. Then the temperature 

was increased at a slower rate of 1C/min and kept at 850C for 2 h to completely 

burn out the binder. For hot-press sintering, the samples were then cooled down to 

room temperature. For pressureless sintering, the samples were heated immediately 

to higher temperatures for the sintering process. 
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3.1.6  Sintering 

After the binder burnout process, the samples were heated at high temperatures 

for densification. The process is completed either by solid state or liquid phase 

sintering, and the driving force for it is the decrease in surface energy resulted from 

the disappearance of the solid-vapour surface. For solid state sintering, the process 

takes place at the temperature of about 0.8 to 0.9 Tm (Tm is the melting temperature 

in K). First, owing to the sufficient mobility, the constituent ions diffuse from 

convex surfaces (where their energy is high) to the concavities at particle contact 

points (where their energy is lower), and thus leading to changes in microstructure. 

At this stage, no noticeable densification is resulted. Mass transport from grains to 

pores then occurs to achieve the densification. This is a process arisen from the 

diffusion of vacancies from regions close to the pore surface (having a higher 

vacancy concentration as compared to the equilibrium concentration in the bulk) to 

the grain boundaries. In liquid phase sintering, a small amount of liquid is formed at 

the sintering temperature, which can facilitate the movement of ions via dissolving 

them at high energy sites and precipitating at low energy sites. For both solid state 

and liquid phase sintering, due to the reduction in overall grain boundary energy, 

densification is normally accompanied by significant grain growth. A number of 

factors, such as the particle size, heating schedule and chemical composition, can 

affect the grain size, which may affect the mechanical and electrical properties of 

the ceramics to a great extent. 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 3 

 

LI FaLiang                                                       39 

  

In this study, two solid state sintering methods, hot-press and pressureless 

sintering, were used to fabricate the KNNLB ceramics. Fig. 3.1 shows the 

experimental setup for the hot-press sintering. The hot-press sintering method was 

first reported by Hartling (Hartling, 1971) for fabricating PLZT transparent 

ceramics (Stojanovic, 2001, Santos, 2001, Stojanovic, 2000). The method has also 

been successfully used to sinter other ceramics for improving the sinterability (Ma, 

1998). The bending strength, relative density, hardness and fracture toughness of 

Si3N4-based ceramics were improved by hot-press sintering (Kido, 2005). Dental 

glass-ceramics have been fabricated by hot-press sintering successfully (Gonzaga, 

2008).  

 

Figure 3.1 Typical hot-pressing setup for fabricating KNNLB electro-optic 

ceramics. 
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As shown in Fig. 3.1, the green sample was embedded in a tungsten carbide 

mold filled fully with zirconium dioxide powders so that a pressure could be 

applied uniformly across the sample. The high pressure was applied by a hydraulic 

system to the sample through an Al2O3 rod. A computerized system was used to 

control the temperature and pressure. Fig. 3.2 shows the temperature and pressure 

profiles used for sintering the KNNLB samples. 
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Figure 3.2 Schematic diagram of the hot-press sintering program for  

the KNNLB ceramics. 
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Figure 3.3 Schematic diagram of the pressureless sintering program for  

the KNNLB ceramics. 
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For pressureless sintering, the samples were placed on an alumina plate and 

embedded with sintered ceramic powders of the same composition and heated in a 

muffle furnace right after the calcination process to high temperatures for 

densification. The temperature profile for the process is shown in Fig. 3.3. 

3.1.7  Poling and Short-Circuit Aging 

After sintering, the ceramics were polished to different thicknesses for various 

measurements. For optical measurements, the ceramics were polished with 1-m 

diamond paste to obtain smooth and parallel surfaces. The thickness of the ceramics 

was 0.5 mm. For other measurements, the ceramics were simply polished with fine 

silicon carbide abrasive papers to obtain parallel surfaces. The thickness of the 

sample was in the range of 0.5 to 1 mm. 

 

(a)                           (b) 

Figure 3.4  Schematic diagram of polarization.  

(a) before poling;  (b) after poling. 

As shown in Fig. 3.4, the ferroelectric domains in the as-sintered KNNLB 

ceramics are randomly oriented, so that the material is isotropic. An external 
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electric field is required to align the domains to the field direction so as to induce 

the linear electro-optic response. This process is called poling. The poled ceramics 

are anisotropic, possessing a net permanent polarization. In this work, Au/Cr 

electrodes were deposited on the top and bottom surfaces of the ceramics by 

magnetron sputtering for poling and subsequent measurements. The poling circuit is 

shown in Fig. 3.5. The sample was first heated in an oil bath to a temperature of 

150C. A d.c. electric field of 5.0 kV/mm was then applied for 30 min to fully 

polarize the sample. After that, the sample was cooled down with the electric field 

kept on. To remove the charges which may inject into the sample during the poling 

process, the samples were short-circuited by wrapping in an aluminum foil at room 

temperature for 24 h. 

 

Figure 3.5 Schematic diagram of the d.c. poling circuit for ceramic sample. 
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3.2  Characterization of KNNLB Ceramics  

The characterization methods for the structural, electrical, optical and 

electro-optical properties of the KNNLB ceramics are described in the following 

sections. 

3.2.1  Structural Characterization 

3.2.1.1  X-ray Diffraction 

In this study, the crystalline structure of the KNNLB ceramics was 

investigated using a Rigaku SmartLab high-resolution diffraction system equipped 

with CuK radiation ( = 0.154 nm). The common -2 scan was conducted to 

reveal the crystalline phase and lattice parameters of the ceramics. 

X-ray diffraction (XRD) is a versatile, non-destructive method for obtaining 

information about the crystalline structures such as phases, orientation, lattice 

parameters and strain of single crystals, ceramics, and thin films. It is also widely 

used to determine the atomic arrangement and measure the thickness of thin films 

and multi-layers. The interaction of X-rays with a crystalline material is a complex 

process, often described as a diffraction phenomenon. It consists of the scattering 

and interference effects. The scattering of X-ray is related to the interaction 

between X-rays and crystal lattices of the materials. The X-rays diffracted from 

different crystal planes interfere with each other, producing a diffraction pattern 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 3 

 

LI FaLiang                                                       44 

  

upon the change of incident angle of the X-ray beam. The detailed geometry of 

XRD is shown in Fig. 3.6. 

 

Figure 3.6 Detailed geometry of X-ray reflection. 

As shown in Fig. 3.6, when the X-ray beams are diffracted from a given 

crystal plane, they travel the same distance and then remain in phase with each 

other. However, there is a path difference 2dhklsinhkl between the beams diffracted 

from adjacent crystal planes. dhkl is the interplanar spacing of the {hkl} set of lattice 

planes with Miller indices h, k, l, and hkl is the incident angle of the beam. 

According to Bragg’s Law, constructive interference between the rays occurs when 

their path difference is equal to an integral number n of wavelengths: 

 nd hklhkl sin2                                    (3.1)    

where n is called the order of diffraction and λ is the wavelength of the X-ray. 
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3.2.1.2  Scanning Electron Microscope  

In this study, a JEOL JSM-6490 scanning electron microscope was used to 

examine the microstructure of the KNNLB ceramics. The scanning electron 

microscope (SEM) is a type of electron microscope capable of producing high 

resolution images of a sample surface. A schematic diagram of a SEM is shown in 

Fig. 3.7.  

 

Figure 3.7 Schematic diagram of an SEM set-up. 

Owing to the production mechanism, SEM images exhibit three-dimensional 

characteristics and then are useful for examining the surface structure of a sample. 

In operation, a narrow beam of accelerated electrons is focused on and scanned 

across the specimen surface. Three types of radiations will be generated by the 

interaction of the incident electron beam with the atoms of the specimen (Fig. 3.8): 
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Figure 3.8 Electron beam interaction. 

(1) Secondary electrons. These electrons are weekly bound conduction electrons 

from the outmost shells of the atoms. They usually have low energy and then 

only those originated within a few nanometers from the sample surface are 

collected for forming an image. The brightness of the image is determined by 

the number of electrons collected by the detector, so the images can show 

morphology and topography of a sample. 

(2) Backscattered electrons. These electrons are scattered by the specimen atoms 

and reflected backward out of the sample. As heavy atoms with a high atomic 

number can scatter more electrons, images formed by collecting the electrons 

contain compositional information. Backscattered electron imaging can then be 

used to locate regions of different atomic numbers, such as metal voiding and 

high atomic number impurities. It is also useful in examining samples with 

relatively smooth surface. 
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(3) Characteristic X-rays. The incident high-energy electron beam may remove the 

inner shell electrons of the specimen atoms, forming holes in the shell. When 

these holes are filled by the outer shell electrons, the energy difference of the 

electron will be released in the form of X-ray of which the energy is 

characteristic of the specimen atomic number. So these characteristic X-rays 

can be used to identify the elements in the sample. 

3.2.2  Ferroelectric Hysteresis Loop Measurement 

The polarization P is a double-valued function of the applied electric field E. 

A typical P-E hysteresis loop is shown in Fig. 3.9. A number of material parameters, 

such as coercive field (Ec), remnant polarization (Pr), spontaneous polarization (Ps), 

and saturation polarization (Psat), can be determined from the P-E loop. Ec is 

commonly used to estimate the d.c. electric field required for poling the ceramic 

samples, which is about two to three times of Ec. 

 

Figure 3.9 A typical P-E loop for a ferroelectric material. 
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In this project, a Sawyer-Tower circuit (Sawyer, 1930) is used to measure the 

ferroelectric hysteresis loop of the KNNLB ceramics. A schematic diagram of the 

experimental setup is shown in Fig. 3.10. The sample was immersed in a silicone 

oil bath. A HP 8116A function generator was used to generate an a.c. voltage, 

which was then amplified by a voltage amplifier (Trek 609D-6) and fed to the 

sample. A digital oscilloscope (HP 5465A) was used to record the input voltage Vi 

applied to the sample and the output voltage Vo across the reference capacitor. The 

polarization of the sample was given as:  

P = CrefVo/A                                      (3.2)   

where Cref is the capacitance of the reference capacitor and A is the area of 

electrode on the both surfaces of the sample. A computer program was written to 

control the whole process. 

 

Figure 3.10 Schematic diagram of the hysteresis loop measurement. 
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3.2.3  Density Measurement 

The density of a ceramic is an indicator of its quality which is affected by the 

fabrication conditions, for example, the sintering temperature and pressure. It has 

been shown that the density will affect the dielectric loss (Zuo, 2008, Singh, 2010), 

piezoelectric properties (Du, 2007, Guo 2004), and dielectric properties (Singh, 

2010) of ceramics. There are a number of ways to measure density. In this work, 

the measurement based on Archimedes' principle was applied. Following the 

principle, the mass of the sample in air (mdry) and the mass of the sample suspended 

in water (mwater) were measured using an electronic balance. With these two 

parameters and the density of water ρwater (= 1000 kg/m
3
), the density of the sample 

ρ was calculated by the following equation: 

water

waterdry

dry

mm

m
 


                               (3.3)   

3.2.4  Dielectric Measurement 

The dielectric properties of the ceramic samples, including the relative 

permittivity εr and dielectric loss tanδ, were measured as a function of temperature 

using a HP 4192A impedance analyzer. The measurement setup is shown in 

Fig.3.11. The ceramic sample was connected to the impedance analyzer and placed 

inside a Carbolite furnace. The temperature inside the furnace was measured using 

a thermocouple connected to a Keithley multimeter. Both the multimeter and 

impedance analyzer were connected to a computer for controlling and data 
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collection. The relative permittivity εr of the sample was calculated by: 

L

A
C

r0
=                                         (3.4)   

where C is the measured capacitance, ε0 is the permittivity of free space, A is the 

electrode area and L is the thickness of the sample. 

The relative permittivity εr can be expressed as εr = ε' - ε'', where ε' is the real 

part of the relative permittivity and ε'' is the imaginary part. The dielectric loss tanδ 

is given by the following equation: 






′

′′
=tan                                        (3.5)   

 

Figure 3.11 Schematic diagram of the dielectric measurement setup. 

3.2.5  Linear Electro-Optic Coefficient Measurement 

Various experimental techniques have been developed to characterize the 

induced birefringence, electro-optic coefficients and the half-wave voltage of 

electro-optic materials (Aillerie, 2000). In this study, the modified Sénarmont 
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method was used to measure the EO coefficients of the KNNLB ceramics. Coplanar 

electrodes, with a parallel spacing of 1 mm, were adopted for the poling and EO 

measurement (Fig.3.12). To improve the uniformity of the electric fields, the 

coplanar electrodes were deposited on both the top and bottom surfaces of the 

sample. 

 
Figure 3.12 Schematic diagram of electrodes for the EO measurement. 

A schematic diagram of the experimental setup for the EO measurement is 

shown in Fig. 3.13. A 2-mW frequency and intensity stabilized He-Ne laser (Model 

117A, Spectra-Physics) is used as a light source. The sample is inserted in the light 

path with its polarization (i.e. the poling direction) aligning along the z-axis. The 

polarizer and quarter-wave plate are oriented with their optical axes (P and Q) 

making an angle of  and , respectively, with the z-axis. The analyzer will be 

rotated during the measurement, and its orientation is indexed as , an angle 

between the optical axes of the analyzer (A) and quarter-wave plate. 
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Figure 3.13 The schematic arrangement of the optical and electronic  

components in the modified Sénarmont system. 

Let the amplitude of the incident light beam equal Ein. The two components of 

the light beam incident normally on the sample are given as: 

)+(sin= tkyi

inx eEE                                   (3.6)    

)+(cos= tkyi

inz eEE                                   (3.7)   

After passing the sample which is subjected to an electric field E along the 

z-direction, the components become: 

)+()(1sin= tkyiLEikn

inx eeEE                              (3.8)   

)()(3cos tkyiLEikn

inz eeEE                               (3.9)   

where L is the thickness of the sample (along the y-direction). Define the phase 

retardation  as 
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LE-nEn=k )]()([ 13                                   (3.10)   

Eq. 3.9 becomes 

 )-()(1cos= tkyiiLEikn

inx eeeEE                            (3.11)   

After passing through the quarter-wave plate, the light beam, represented in terms 

of the components along and normal to the optical axis of the quarter-wave plate, Q 

and Q', respectively, becomes: 

LEkntkyii

inQ eeEE
)(+)-( 1•]•coscos+sin[sin=

 
       (3.12)   

LEkntkyiii

inQ eeeEE
)(+)-(2/

′
1•]•sincos-cos[sin=

 
     (3.13)   

The light beam component which can pass through the analyzer and arrive at the 

photodetector is given as: 

(E)Lknii

ii

inA

ee

eeEE

1+t)-(ky/2)+(

2/

•]•sinsincos-        

•sincossin+•coscoscos+cossin[sin=













(3.14) 

In practice,  and  are set as 45. Then Eq. 3.14 becomes 

LEknkyiiiin

A eee
E

E
)(+)t-()2/+( 1•]•sin+•cos+[cos

2
=

 
    (3.15)  

Using Euler’s formula, Eq. 3.15 can be written as 

{ } LEknkyiin

A ei
E

E
)(+)t-( 1•)]-sin(+[sin•+])-(cos+[cos

2
=

  (3.16) 

The intensity of the laser beam (which is proportional to E
2
) is then given as: 

[ ]{ }

])2-cos(+[1
2

=

)-sin(sin+)-cos(cos+12
4

=









in

in

A

I

I
I

             (3.17) 

The photodetector signal is: 
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 )]2-cos(+1[
2

= 
in

s

GI
V                             (3.18)   

where G is a constant depending on the properties of the photodetector. 

 The fully poled KNNLB ceramics possess uniaxial symmetry, with the optical 

axis aligned along the poling direction (i.e., z-direction). In the absence of an 

applied electric field, the equation of the optical indicatrix for the ceramics is given 

as: 

1=++ 2

2

2

2

2

2

eoo n

z

n

y

n

x
                                  (3.19a)   

The (x, y, z) coordinate is in the principal-axis coordinate system. no and ne are 

the ordinary and extraordinary refractive index, which equal to the semi-minor and 

semi-major axis of the indicatrix, respectively (Fig. 2.1). When an electric field Eo 

is applied to the ceramics along the z-axis (Fig. 3.13), the optical indicatrix will be 

modified. For the linear EO (Pockels) effect, the changes in refractive indexes are 

given as: 
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The equation of the optical indicatrix now becomes: 
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        (3.20)   

The new indicatrix has different dimensions, but is not rotated. The new 

semi-minor and semi-major axis, i.e. no(E) and ne(E), respectively, are given as: 

o

oo

Er
nEn 1322 +
1

=
)(

1
                                 (3.21a)   

o

ee

Er
nEn 3322 +
1

=
)(

1
                                 (3.21c)   

or 
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=)(                  (3.22a)   
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En 33
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33
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1
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)+1(
=)(                  (3.22c)   

Approximations oEr13  2/1 on  and oEr33  2/1 en  have been used in deriving Eq. 

3.22. 

As shown in Fig. 3.13, the laser beam travels along the y-axis incident 

normally on the sample, i.e. normal to the optical axis of the sample. Following the 

procedures described in Chapter 2, the refractive indexes for the waves travelling in 

the sample n1 and n3 are determined to be no(E) and ne(E), respectively. 

Accordingly, the phase retardation becomes: 

])-(
2

1
-)-[(

2
=)-(

2
= 13
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13 ooeoe Ernrnnn
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nn
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         (3.23)    

Define the effective EO coefficient rc as 

3

1333 )(-=
e

o

c n

n
rrr                                     (3.24)   

Eq. 3.23 becomes 

]
2

1
-)-[(

2
= 3

oecoe Enrnn
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                            (3.25)   
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To improve the precision, a lock-in detection technique is adopted in the 

measurement. A small a.c. voltage is applied to the sample, i.e. 

t
d

V
E

o

o sin=                                       (3.26)   

where Vo is the amplitude of the applied voltage,  is the angular frequency and d is 

the gap between the coplanar electrode. For this case, Eq. 3.25 becomes:

 

tmo sin-=                                      (3.27)   

where 

)-(
2

= oeo nn
L




                                    (3.28a)   
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3




                                      (3.28b) 

The detected signal is then: 

)]sin2cos(21[
2
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2
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s









                    (3.29)    

where 2' = 2 - o. Using the Jacobi-Anger expansion and Bessel functions, Eq. 

3.29 can be approximated as: 

)sin2sin-2cos1(
2

t
GI

V m
in

s                      (3.30)   

The d.c. component Vs,dc and a.c. component Vs,ac of the detected signal are: 

  2

, cos)2cos1(
2

in
in

dcs GI
GI

V                    (3.31a)   

tVt
GI

V acsm
in

acs  sinsin2sin
2

,,                    (3.31b)   



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 3 

 

LI FaLiang                                                       57 

  

In the measurement, the analyzer will be rotated by 360, in a step of 2, i.e.;  

as well as ' will vary from 0 to 360. By the measurements of the difference 

between the maximum and minimum values of Vs,dc: 

indcsdcsppdcs GIVVV =-= min,,max,,-,,                         (3.32)   

and the difference between the maximum and minimum amplitude of Vs,ac: 

minacsacsppacs GIVVV  min,,max,,-,, -                       (3.33)   

the phase retardation  is obtained and the effective EO coefficient rc can be 

calculated as: 

ppdcs

ppacs

oe

c V

V

VLn

d
r

-,,

-,,

3=



                                  (3.34)   

where λ is the wavelength of the laser, d is the electrode spacing, L is the thickness 

of the sample and Vo is the applied voltage.  
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Chapter 4  Effects of Sintering Pressure  

4.1  Introduction 

Because of the high volatility of alkali components, pure KNN ceramics are 

difficult to densify by ordinary sintering method. One way to improve the 

densification of KNN ceramics is the use of special sintering methods, such as 

hot-pressing (Ringgaard, 2005), hot isostatic pressing (HIP) (Jaeger, 1962), cold 

isostatic pressing (CIP) (Guo 2004), spark plasma sintering (Wang, 2004, Wang, 

2002), and hot forging (Ahn, 1987). Among the methods, hot-pressing is a mature 

sintering technique widely used in industries to produce pore-free ceramics. It can 

consolidate ceramic powders/nanopowders into highly dense microstructures 

without inducing exaggerated grain growth. The technique has been applied to 

prepare KNN ceramics in 1962 (Jaeger, 1962), and the influences of hot-pressing 

temperature have been studied (Gonzaga, 2008, Kim, 2007). 

In this work, the hot-press sintering technique is used to fabricate the KNNLB 

ceramics so as to improve their densification and hence optical quality to 

crystal-like transparency. In this chapter, the effect of the pressure applied during 

the sintering on the optical, structural, dielectric and electro-optic properties of the 

(K0.5Na0.5)0.95Li0.05Nb0.93Bi0.07O3 (KNNLB-5-2) ceramic is studied. The 

KNNLB-5-2 ceramic has good optical properties, so it is chosen for the 

investigation of the pressure effect, expecting that its optical properties will be more 

sensitive to the processing conditions. On the basis of the results, the optimum 
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pressure is determined and will be used for preparing the other KNNLB ceramics. 

4.2  Optical Properties  

(a)        (b)        (c) 

(d)        (e)        (f) 

Figure 4.1 Photographs of the KNNLB-5-2 ceramics: (a) 0 MPa; (b) 2 MPa;  

(c) 3 MPa; (d) 6 MPa; (e) 10 MPa; (f) 20 MPa, the thickness is 0.5 mm 

The KNNLB-5-2 ceramics were sintered under different pressures at 1060
o
C 

for 4 h. The photographs of the KNNLB-5-2 ceramics are shown in Fig. 4.1. The 

photographs were taken under a stereo-microscope. The letters covered by the 

samples are in 8 point Times New Roman font. As demonstrated in Fig. 4.1, the 

ceramic sintered under 0 MPa is opaque. As the pressure increases, the optical 

transparency improves, and the ceramics sintered under a pressure higher than 6 

MPa become optically transparent. It is noted the translucent ceramics (Fig. 4.1 b 

and c) contain a larger number of white spots, which are uniformly distributed in a 

transparent "matrix". It is suggested that these white spots are the cause for the poor 

optical transparency and should be produced from the non-optimized processing 

conditions. 
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The optical transmittances T of the KNNLB-5-2 ceramics sintered under 

different pressures are shown in Fig. 4.2. It can be seen that a low pressure (e.g. 

2MPa) is effective in enhancing the transmittance, and the enhancement increases 

with increasing the pressure and becomes saturated quickly at around 10 MPa. 

Similar results have been observed for Ba(La0.5Nb0.5)O3-PbZrO3-PbTiO3 

(Yokosuka, 1992). As shown in Fig. 4.1, the enhancement in transmittance should 

be partly resulted from the reduction of the white spots. 
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Figure 4.2 Optical transmittance spectra for the KNNLB-5-2 ceramics.  

The thickness is 0.5 mm. 

For each ceramic (except the one sintered under a pressure of 0 MPa), the 

observed T increases rapidly from zero as the wavelength increases from ~390 nm 

and then becomes almost saturated in the near-IR region (Fig. 4.2). It can be seen 

that the KNNLB-5-2 ceramic sintered under a pressure of 15 MPa shows the 

highest transmittance in the wavelength range studied, and the observed T reaches a 

high value of 70% in the near-IR region. The reflection loss at the air-ceramic 

interface can be estimated from R = (n - 1)
2
/(n + 1)

2
, where R is the reflectance and 
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n is the refractive index. By using n = 2.257 which is measured on the ceramic at 

633 nm using a prism coupler (Metricon Model 2010), the reflection loss arisen at 

the two air-ceramic interfaces is calculated as ~28%. This indicates that if proper 

antireflection coating is applied, the transmittance to the ceramic can increase to 

higher than 90%. 

Due to the interband transition, the observed T for the ceramics decreases to 

zero at wavelengths shorter than 390 nm (Fig. 4.2). According the Tauc equation 

(Tauc, 1972), the optical band gap energy Eg can be estimated from the absorption 

spectra. For direct transition, the relationship between Eg and the absorption 

coefficient α is given as: 

)-′(=)′( 2

gEvhAvh                                   (4.1)   

where v' is the photon frequency, h is the Plank’s constant and A is a constant. The 

absorption coefficient can be calculated from the transmittance T by (Naser, 2009) 

)
1

ln(
1

TL
                                          (4.2)   

where L is the thickness of the sample. Accordingly, the band gap energy Eg can be 

obtained by plotting (αhν')
2
 versus hv' and extrapolating the linear portion of the 

curve to zero (Fig. 4.3). As shown in Table 4.1, the observed Eg increases slightly 

from 3.10 to 3.15 eV as the pressure increases from 2 to 20 MPa. This is reasonable 

that the sintering pressure (one of the processing conditions) does not have 

significant effect on Eg. Our results are close to the reported value for KNN 

nanorods (3.09 eV) (Wang, 2010). For KNN, the band gap is corresponding to the 

transition from the top of the valence bands occupied by O2p electron state to the 

bottom of the conduction bands dominated by the empty Nb4d electron states. 
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Figure 4.3 Plots of (αhν')
2
 against hν' for the KNNLB-5-2 ceramics with different 

pressure, from which the optical band gap energy Eg is obtained by extrapolating 

the linear portion of the curve to zero. 

 

Table 4.1 Optical band gap energy Eg for the KNNLB-5-2 ceramics at different 

pressure. 

Pressure (MPa) 0 2 3 6 10 15 20 

Eg (eV) - 3.08 3.09 3.14 3.14 3.15 3.15 

 

4.3  Microstructure  

The SEM micrographs of the thermally etched surfaces of the KNNLB-5-2 

ceramics sintered under different pressures are shown in Fig. 4.4. The average grain 

size is determined by the measurement of 200 grains on the SEM micrographs 

using the linear intercept method with a correction factor of 1.56 (Mendelso, 1969, 

Krell, 2003), and the results are shown in Table 4.2. It can be seen that all the 
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ceramics possess fine grains (normally < 0.8 m) and good densification. Grain size, 

grain-boundary phase and pores are generally considered as the main factors 

affecting the transmittance of ceramics (Moulson, 2003, Apetz, 2003). So the good 

optical transparency of the ceramics sintered under a pressure higher than 6 MPa 

should be partly resulted from the reduced scattering of visible and IR lights by the 

fine grains (Apetz, 2003). For the ceramics sintered under a pressure less than 6 

MPa, pores are observed from the SEM micrographs of the fracture surfaces of 

these ceramics (Fig. 4.5). It is suggested that the pores will scatter the light 

(appeared as white spots) and deteriorate the optical properties of the ceramics. 

     

(a) pressure=0 MPa                            (b) pressure=3 MPa 

     

(c) pressure=10 MPa                           (d) pressure=20 MPa 

Figure 4.4 SEM micrographs of the thermally etched surfaces of the KNNLB-5-2 

ceramics with different pressure. 
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(a) pressure=0 MPa                         (b) pressure=10 MPa 

Figure 4.5 SEM micrographs of the fracture surfaces of the KNNLB-5-2 ceramics 

with different pressure. 

Table 4.2 Average grain size of KNNLB-5-2 ceramics at different applied pressure. 

Pressure (MPa) 0 2 3 10 15 

Grain size (µm) 0.80 0.78 0.73 0.56 0.55 

On the basis of the results, it is suggested that the pressure applied in the 

hot-press sintering does not have significant effect on the grain growth. It is 

effective only in promoting uniform densification. As Table 4.3 shown, the 

observed density of the ceramics increases with increasing the sintering pressure, 

and a relative density of above 98% is obtained for the ceramic sintered under a 

pressure  10 MPa. 

Table 4.3 The density of KNNLB-5-2 ceramics at different applied pressure. 

Pressure (MPa) 0 2 3 6 10 15 20 

Density (g/cm
3
) 4.12 4.22 4.45 4.51 4.57 4.58 4.62 

Relative density (%) 88.6 90.8 95.7 97.0 98.3 98.5 99.4 

The effects of the sintering pressure on lead-base EO ceramics are different. It 

will enhance the densification as well as promote the grain growth for PLZT or 

PMN-PT ceramics, making them possess a dense structure with large grains 

(normally larger than 5 m). The grain-boundaries also become thin and the area of 
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the grain-boundaries becomes small. As a result, the optical scattering at the grain 

boundaries is reduced and the optical clarity is improved. 

4.4  Dielectric Properties  

Fig. 4.6 shows the relative permittivity εr and dielectric loss tan (measured at 

100 kHz) for the KNNLB-5-2 ceramics sintered under different pressures. As the 

pressure increases from 0 to 3 MPa, the observed εr increases from 915 to 1041, and 

then remains almost unchanged with increasing the pressure. Unlike εr, the 

observed tanδ decreases with increasing pressure and then remains at a value 

smaller than 0.03 at the pressure higher than 10 MPa. The enhancement in the 

dielectric properties should be partly due to the improvement in densification, as 

shown in Table 4.2.  
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Figure 4.6 Variations of εr and tanδ for the KNNLB-5-2 ceramics sintered under 

different pressures, measured at 100 kHz and room temperature. 
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4.5  Electro-Optic Properties 
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Figure 4.7 Variations of rc (measured at 1kHz and room temperature) for the 

KNNLB-5-2 ceramics sintered under different pressures. 

Fig. 4.7 shows the effective linear EO coefficient rc for the KNNLB-5-2 

ceramics sintered under different pressures. The ceramics were polarized under a 

d.c. field of 5 kV/mm at 150
o
C for 30 min, and the measurements were carried out 

one day after the poling. A ne value of 2.257 (approximated by the value of an 

un-poled sample) was used to calculate the rc (Eq. 3.34). As shown in Fig. 4.7, the 

observed rc for the ceramics sintered under a pressure higher than 6 MPa are almost 

the same, ~ 115 pm/V. This indicates that the sintering pressure does not affect the 

EO properties of the ceramics significantly. The relatively lower value (~ 98 pm/V) 

of the ceramics sintered under lower pressures may be due to the error arisen from 

the weaker detected signal and the relatively lower relative permittivity (Fig. 4.6). 

 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 4 

 

LI FaLiang                                                       67 

  

4.6  Conclusions 

Lead-free transparent electro-optic (K0.5Na0.5)0.95Li0.05Nb0.93Bi0.07O3 ceramics 

have been successfully fabricated by hot-press sintering under different applied 

pressures. The effects of sintering pressure on the microstructure, optical, dielectric 

and electro-optic properties are investigated and the following conclusions are 

obtained: 

(1) The sintering pressure is effective in enhancing the optical transmittance of 

the KNNLB-5-2 ceramics. A low sintering pressure (e.g., 2 MPa) is enough to 

enhance the optical transmittance, and the transmittance becomes saturated at 

around 10 MPa. The enhancement in transmittance should be partly due to the 

reduction of defects (e.g. white spots).  

(2) Unlike the lead-based EO ceramics, the sintering pressure does not have 

significant effect on the grain growth. The pressure is effectively in improving the 

densification of the KNNLB-5-2 ceramics. In general, the density of the ceramics 

increases with increasing the pressure. 

(3) Partly due to the improvement in densification, the dielectric properties are 

enhanced with increasing the sintering pressure. The observed εr increases from 915 

to 1041 when the sintering pressure increases from 0 to 3 MPa, and then remains 

almost unchanged with increasing the pressure. The observed tanδ decreases with 

increasing pressure and then remains at a value smaller than 0.03 at the pressure 

higher than 10 MPa. 
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(4) The sintering pressure does not have significant effects on the optical band 

gap energy Eg and the effective linear EO coefficient rc. For the KNNLB-5-2 

ceramics sintered under a pressure higher than 6 MPa, Eg ~ 3.14 eV and rc ~115 

pm/V. The discrepancies for the ceramics sintered under a lower pressure should be 

due to the weaker signal arisen from the poorer optical transparency. 

 (5) Owing to the optimum optical and EO properties, the sintering pressure 

for the other KNNLB ceramics is selected as 10 MPa.  
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Chapter 5  Effects of Lithium and 

Bismuth Co-modification 

5.1  Introduction 

As a good candidate for lead-free piezoelectric ceramic, the sinterability of 

KNN has been improved by using different sintering aids. It has been shown that 

the grain growth of KNN ceramics is dramatically suppressed and the density is 

enhanced with Bi doping (Wang, 2008). Due to the large difference in ionic radii, 

the substitution of Li
+
 in the KNN lattices will cause a large distortion of the BO6 

octahedron, which can improve the EO effect. These hence suggest that, by the 

co-modification of Li and Bi, the KNN ceramic may exhibit good optical and EO 

properties. In this chapter, the effects of the Li and Bi co-modification on the 

optical properties, crystallite structure, microstructure, and EO properties of 

KNNLB ceramics are investigated. (K0.5Na0.5)1-xLixNb1-xBixO3 (x varying from 0 to 

0.09) ceramics (abbreviated as KNNLB-100x) are used for this investigation. The 

ceramics were sintered at 1060C for 4 h under a uniaxial pressure of 10 MPa. The 

sintered ceramics were polished to 0.5mm with 1-µm diamond paste for the 

following measurements. 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 5 

 

LI FaLiang                                                       70 

  

5.2  Optical Properties 

 

A photograph of the KNNLB-100x ceramics is shown in Fig. 5.1, while their 

optical transmittances T measured in the range of 300-900 nm are shown in Figs. 

5.2 and 5.3. As demonstrated in Fig. 5.1, the ceramics with x ≤ 0.02 are opaque. As 

x increases, the optical transparency improves and the ceramics with x  0.05 

become optically transparent. The improvement in optical transparency is also 

revealed in the optical transmittance spectra. As shown in Fig. 5.2, the observed T 

(at any wavelengths) increases considerably as x increases from 0.02 to 0.05, and 

then decreases slightly and becomes almost unchanged with increasing x. For each 

ceramic (with x  0.04), the observed T increases rapidly from zero as the 

wavelength increases from ~390 nm, and becomes almost saturated in the near-IR 

region (Fig. 5.3).  

 

                 (d)        (c)         (b)         (a)               

Figure 5.1 Photograph of the KNNLB-100x transparent ceramics:  

       (a) x = 0.02; (b) x = 0.03; (c) x = 0.05; and (d) x = 0.07. 
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Figure 5.2 Optical transmittances measured at different wavelengths for the 

KNNLB-100x ceramics. 
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Figure 5.3 Optical transmittance spectra for the KNNLB-100x ceramics. 

It can be seen that the KNNLB-5 ceramic exhibits the highest transmittance in 

the wavelength range studied, and the observed T reaches a high value of 60% in 

the near-IR region. It is anticipated that the transmittance in the visible region can 

be further improved by optical-grade polishing. Moreover, if proper antireflection 

coating is applied to eliminate the reflection loss at the air-ceramic interfaces, the 

transmittance of the ceramic can be increased to a high value of ~90%. The 
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reflection loss at the air-ceramic interface can be estimated from R = (n - 1)
2
/(n + 

1)
2
, where R is the reflectance and n is the refractive index (2.257). 

Due to the interband transition, the observed T for the ceramics decreases to 

zero at wavelengths shorter than 390 nm (Fig. 5.3). The optical band gap energy Eg 

for KNNLB-100x ceramics is list in Table 5.1 

Table 5.1 Optical band gap energy Eg for the KNNLB-100x ceramics. 

x 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

Eg (eV) 2.93 3.08 3.09 3.11 3.12 3.12 3.12 

 

   

   
Figure 5.4  Plots of (h')

2
 versus h' for the KNNLB-100x ceramics, from which 

the optical band gap energy Eg is obtained by extrapolating the linear portion of the 

curve to zero. 

As shown in Table 5.1, the observed Eg increases slightly from 3.08 to 3.12 eV 

as x increases from 0.04 to 0.09, suggesting that there is only a minor effect of the 

modifiers (Li and Bi) on the band gap of the ceramics. As the observed T for the 

KNNLB-3 ceramic is small, the linear portion of the curve is short and hence the 
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extrapolated Eg value (2.93 eV) may not be accurate enough (Fig. 5.4a). Our results 

for the ceramics with x  0.04 are close to the reported value for KNN nanorods 

(3.09 eV) (Wang, 2010). For KNN, the band gap is corresponding to the transition 

from the top of the valence bands occupied by O2p electron state to the bottom of 

the conduction bands dominated by the empty Nb4d electron states.  

5.3  Microstructure 

   

       (a)                        (b) 

   

      (c)                         (d) 

Figure 5.5 SEM micrographs of the fracture surfaces of the KNNLB-100x ceramics: 

(a) x = 0; (b) x = 0.03; (c) x = 0.05; (d) x = 0.07. 

Fig. 5.5 shows, as examples, the SEM micrographs of the fracture surfaces of 

the KNNLB-100x ceramics with x = 0, 0.03, 0.05 and 0.07. Similar results have 

been observed for the other KNNLB-100x ceramics. It can be seen that all the 
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ceramics are dense and exhibit cuboid morphologies, which are typical for 

KNN-based ceramics. The density results and average grain size for the 

KNNLB-100x ceramics are shown in Table 5.2 and 5.3 separately. It can be seen 

that with increasing x, the densification is improved and the average grain size 

decreases. The grains of the modified ceramics (< 1 m) are substantially smaller 

than those of the un-modified ceramic (> 20 m). Similar results have been shown 

that the grain growth of perovskite ceramics can be significantly suppressed by 

Bi-doping (Skidmore, 2010, Wang, 2004). 

Table 5.2 Density for the KNNLB-100x ceramics. 

x 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

Density 

 (g/cm
3
) 

4.30 4.33 4.38 4.43 4.57 4.61 4.62 4.66 4.68 

Relative  

density (%) 
94.3 94.5 95.0 95.5 98.1 98.3 97.9 98.1 98.1 

 

Table 5.3 Average grain size for the KNNLB-100x ceramics. 

x 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

Grain size (µm) 0.76 0.72 0.70 0.69 0.67 0.67 0.66 0.66 0.62 

 

      (a)                      (b) 

Figure 5.6 SEM micrographs of the thermally etched surfaces of the KNNLB-100x 

ceramics:  (a) x = 0.04; (b) x = 0.06. 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 5 

 

LI FaLiang                                                       75 

  

In the KNNLB-x ceramics, Bi
3+

 may concentrate near the grain boundaries 

and decrease their mobility during the densification. As a result, the mass 

transportation becomes weakened and the grain growth is inhibited.  For the 

ceramics with x  0.04, the grains are even smaller, generally < 0.7 m (Fig. 5.6 

and Table 5.3). Therefore, unlike the lead-based EO ceramics, the good optical 

transparency of those ceramics (Figs.5.1 – 5.3) should be partly resulted from the 

reduced scattering of visible and IR lights by the fine grains (Apetz, 2003). Grain 

size, grain-boundary phase and pores are generally considered as the main factors 

affecting the transmittance of ceramics (Moulson, 2003, Apetz, 2003). Owing to the 

hot-press sintering, the microstructure of the lead-based EO ceramics is dense and 

the grains are large, normally larger than 5 m (Jiang, 2005). The grain-boundary 

then becomes thin, the area of the grain-boundary becomes small, and thus the 

optical scattering is reduced. 

5.4  Crystalline Structure 

The XRD patterns of the KNNLB-100x ceramics are shown in Fig. 5.7. All the 

ceramics possess a single-phase perovskite structure. This suggests that Li
+
 and Bi

3+
 

have diffused into the KNN lattices, with Li
+
 entering the (K0.5Na0.5)

+
 sites and Bi

3+
 

occupying the Nb
5+

 sites. As the ionic radius ratio of Bi
3+

 (0.96Å) to O
2-

 (1.32 Å) is 

smaller than 0.732, the Bi
3+

 ions enter the B-sites. After the modification, the two 

diffraction peaks (202) and (020) of the ceramics become merged together (Fig. 

5.7b), suggesting that the lattice constants a, b and c become close to each other. 

This also suggests that the ceramics may have a tendency to transform into another 
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phase, e.g., pseudocubic. Similar results have been observed for other KNN-based 

ceramics, e.g., Ta-modified KNN (Lin, 2008), KNN-BaTiO3 (Lin 2007) and 

KNN-AgSbO3 (Lin 2009) ceramics. 
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Figure 5.7 XRD patterns for the KNNLB-100x ceramics. 

The lattice constants of the ceramics were refined using all the diffraction 

peaks shown in Fig. 5.7 by the Rietveld method. Although the results on phase 

transition (given below) suggest that the crystal structure of the KNNLB-1 ceramic 

may be orthorhombic while the ceramics with x  0.02 may be tetragonal, the exact 

crystal structure of the KNNLB-100x ceramics is not very clear yet. In this work, 

different crystal models, including tetragonal P4mm, orthorhombic Amm2 and 

monoclinic Pm, have been used for the refinements. Probably due to the cubic-like 

crystal structure, similar results with reasonably good fits have been obtained for all 

the models. Both the orthorhombic (Wu, 2008) and monoclinic (Shiratori, 2005, 

Tellier, 2009) unit cells have been used for the refinement of the KNN cell 

parameters, and only a small difference between the orthorhombic and monoclinic 

structures is noted. More detailed investigations are needed to identify the crystal 
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structure of the KNNLB-100x ceramics. However, with the aim of revealing the 

cubic-like crystal structure, the calculated lattice parameters together with the 

reliability factor Rwp and goodness-of-fit indicator S using the monoclinic model 

which provides the best fit are given in Table 5.4 for discussion. The low Rwp 

(<15%) and S (<2) values denote a good fit between the observed and calculated 

patterns (MAUD n.d.). 

As shown in Table 5.4, the lattice constant c remains almost unchanged after 

the co-modification with Li and Bi. On the other hand, as x increases, a decreases 

and b increases, and both become saturated at high x. It can also be seen that the 

difference between c and b decreases with increasing x. For the ceramics with x  

0.03, the difference is only about ~0.04 Å (or ~ 1%). This suggests that those 

ceramics possess a cubic-like crystal structure with minimal optical anisotropy. As 

a result, the light scattering is reduced and the optical transparency is improved 

(Figs. 5.1 – 5.3). It has been known that one of the major causes for the high 

transparency of the electro-optically useful PLZT is their cubic-like structure, with 

c being typically about 1% larger than a (Moulson, 2003). 

Table 5.4 Lattice constants a, b and c for the KNNLB-100x ceramics. 

x 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

a (Å) 3.999 3.981 3.981 3.978 3.974 3.975 3.970 3.973 3.968 3.970 

b (Å) 3.942 3.956 3.955 3.960 3.960 3.958 3.960 3.958 3.955 3.957 

c (Å) 4.002 4.001 4.002 3.999 3.998 3.998 3.999 3.996 3.996 3.994 

β (
o
) 90.03 90.29 90.31 90.31 90.34 90.33 90.43 90.34 90.40 90.35 
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5.5  Dielectric Properties 

 

Figure 5.8 Temperature dependences of εr for the KNNLB-100x ceramics. 

The temperature dependence of r for the KNNLB-100x ceramics is shown in 

Fig. 5.8. To eliminate the contributions of space-charge polarization/ionic 

conduction at low frequencies and high temperatures, the observed r at 100 kHz 

are used for the temperature plots as well as the subsequent analyses. As shown in 

Fig.5.8, the un-modified (i.e. x = 0) ceramic exhibits two transition peaks: one is 

associated with the paraelectric cubic-ferroelectric tetragonal phase transition at 

425C and the other is the ferroelectric tetragonal-ferroelectric orthorhombic phase 

transition at 226C. After the co-modifications with Li and Bi, all the ceramics 

exhibit a broadened cubic-tetragonal transition peak at lower temperatures. As x 

increases from 0 to 0.06, the observed Tm (the temperature of maximum r) 

decreases from 425 to 330C, and then remains almost unchanged with increasing x 
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(see Fig. 5.10). It can also be seen that only the KNNLB-1 ceramic exhibits a very 

weak tetragonal-orthorhombic transition (~230C) in the temperature range studied 

(i.e. 25 - 500C). As discussed in the previous section, the exact crystal structure of 

the ceramics is not clear yet. The “disappearance” of the tetragonal-orthorhombic 

transition in the temperature range studied may be arisen from the cubic-like crystal 

structure.  

The broadening of the cubic-tetragonal transition peaks suggests that a diffuse 

phase transition is induced in the modified ceramics (Fig. 5.8). For a normal 

ferroelectric, the relative permittivity ɛ r above the Curie temperature TC should 

obey the Curie-Weiss law: ɛ r = C/(T-TC), where C is the Curie-Weiss constant. 

Deviation from the Curie-Weiss law can be defined by Tm = TB - Tm, where TB is 

the temperature from which ɛ r starts to follow the law. At T < TB, the paraelectric 

phase transforms into the ergodic relaxor state and forms the polar nano-regions 

(Bokov, 2006). 

Fig. 5.9 shows, as examples, the plots of 1/r versus T for the ceramics with x 

= 0, 0.03, 0.06 and 0.09, while the observed TB, Tm and Tm for all the ceramics are 

shown in Fig. 5.10. As shown in Fig. 5.9a, the observed TB is the same as Tm for the 

KNNLB-0 ceramic, indicating that it is a classical ferroelectric. For the modified 

ceramics, the observed r starts to obey the Curie-Weiss laws at a temperature 

higher than Tm. The calculated Tm increases with increasing x (Fig. 5.10), 

suggesting that a diffuse phase transition is induced and becomes enhanced in the 

ceramics with higher x. 
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Figure 5.9 Plots of 1/ɛ r versus T for the KNNLB-100x ceramics. The symbols 

denote the experimental data, while the solid lines denote the least-squares fitting 

lines to the Curie-Weiss law. 
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Figure 5.10 Variations of TB, Tm and ∆Tm with x for the KNNLB-100x ceramics. 
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Figure 5.11 Plots of ln(1/r -1/m) versus ln(T-Tm) for the KNNLB-100x ceramics. 

The symbols denote the experimental data, while the solid lines denote the 

least-squares fitting lines to the modified Curie-Weiss law. 

Table 5.5 Degree of diffuseness  for the KNNLB-100x ceramics. 

x 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

 1.04 1.67 1.72 1.87 1.80 1.81 1.81 1.87 1.74 1.73 

The diffuseness of a phase transition can be determined from the modified 

Curie-Weiss law (Uchino, 1980),  

 
1

r
 

1

m
 

( )
m-TT

 

1C
                                 (5.1)   

where m is the maximum value of r at Tm,  is the degree of diffuseness, and C1 is 

the Curie-like constant.  can have a value ranging from 1 for a normal ferroelectric 

to 2 for an ideal relaxor ferroelectric. Fig. 5.11 shows, as examples, the plots of 

ln(1/r-1/m) versus ln(T-Tm) for the KNNLB-x ceramics with x = 0, 0.01 and 0.03. 

By least-squares fitting the experimental data to the modified Curie-Weiss law,  is 

determined, giving the results listed in Table 5.5. It can be seen that the observed  

for the modified ceramics is quite large, in the range of 1.73 - 1.87. This suggests 
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that the ceramics, in particular for those with x  0.03, become more relaxor-like, 

i.e. more close to a relaxor ferroelectric.  

  

   

Figure 5.12 Temperature dependences of εr and tan at different frequencies for the 

NNLB-100x ceramics:  (a) x = 0; (b) x = 0.03; (c) x = 0.06; (d) x = 0.09. 

Fig. 5.12 shows, as examples, the temperature dependences of r and tan 

measured at 1 kHz, 10 kHz, 100 kHz and 1 MHz for the ceramics with x = 0, 0.03, 

0.06, 0.09. Similar results have been observed for the other KNNLB-100x ceramics. 

For the modified ceramics, the observed r decreases generally with increasing the 

frequency. However, unlike the typical relaxor ferroelectrics, an increase in Tm with 

frequency has not been observed. This may be partly due to the increase in 

electronic conduction at high temperatures (see the tan plots in Fig. 5.12), which 

causes the observed r to increase significantly and the transition peak to become 

distorted asymmetrically with Tm shifted to higher temperatures. It has been 
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reported that the change in Tm for KNN-based relaxors is not large (Du, 2007, Guo 

2004); for instance, it increases only from 145 to 152C as the frequency increases 

from 100 Hz to 1 MHz for the 0.9KNN-0.1SrTiO3 relaxor (Guo 2004). 

A diffuse phase transition has been observed in a number of ABO3-type 

perovskites (Guo 2004, Lin 2007, Lin 2009). In those compounds, either the A-sites 

or the B-sites are occupied by two or more cations. It is known that a large 

difference in ionic radii of the A-site cations or B-site cations is favorable for the 

formation of ordered structures (Uchino, 1980). As Li
+
 (0.68 Å) is much smaller 

than Na
+
 and K

+
 (0.97 and 1.38 Å), the substitution of Li

+
 in the KNN lattices 

should be favorable for forming an ordered structure and hence would not induce a 

diffuse phase transition (Lin 2007). On the other hand, the differences in valences, 

ionic radii and electronegativities between different ions are the main reasons for 

the disorder structure (Samara, 2003). As a result, with increasing Bi
3+

 content, the 

degree of disorder on the B-sites and the local compositional fluctuation in the 

KNNLB-100x ceramics increase, making the ceramics become more relaxor-like 

and exhibit a diffuse phase transition. Accordingly, the KNNLB-100x ceramics 

should contain considerable amount of polar nano-regions (which may have a 

slightly larger size and higher relaxation frequency as compared with a relaxor 

ferroelectric (Wei, 2003) ), and hence the light scattering (arisen at the domain 

walls) is reduced and the optical transparency is improved (Figs. 5.1 – 5.3). 
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Figure 5.13 Variations of εr and tan (measured at 100 kHz and room temperature) 

with x for the KNNLB-100x ceramics. 

The variations of r and tan (measured at 100 kHz and room temperature) 

with x for the KNNLB-100x ceramics are shown in Fig. 5.13. As x increases from 0 

to 0.06, the observed r increases from 290 to 980, and then remains almost 

unchanged with increasing x. Unlike r, the observed tan decreases with increasing 

x and then remains at a value smaller than 0.03 at x  0.04. The enhancement in the 

dielectric properties should be partly due to the improvement in densification and 

partly due to the substitution of Li
+ 

(Lin 2007, Hollenstein, 2007). The low 

dielectric loss (< 0.03) suggests that the ceramics (with x  0.04) are ready for use 

in practical applications. 
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5.6  Ferroelectric Properties 

Fig. 5.14 shows the ferroelectric hysteresis (P-E) loops for the KNNLB-100x 

ceramics, while Fig. 5.15 summarizes the variation of the remnant polarization Pr 

and coercive field Ec with x. The P-E loops were measured at a frequency of 100 

Hz under an electric field of 8.4 kV/mm at room temperature. 

 
Figure 5.14 Hysteresis loops of KNNLB-100x ceramics at room temperature. 

As shown in Fig. 5.15, a small amount of Li and Bi doping (x=0.03) weakens 

the Pr and Ec significantly. The ferroelectric response of lead free ceramics is 

favored by the larger grain size, the homogeneous microstructure, and tetragonal 

symmetry (Rubio-Marcos, 2007). Partly due to the small grain size (see Fig. 5.5) 

and cubic-like symmetry (see Fig. 5.7), the ceramics with x ≥ 0.03 exhibit slim P-E 

loop. The difference between c and a/b decreases with increasing x (Table 5.2). 

This is another reason for the slimmer P-E loop (Hao, 2005). Combined with the 
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previously shown dielectric properties, KNNLB-100x ceramics with x ≥ 0.01 have 

relaxor-like characteristics. 

 

Figure 5.15 The composition dependence of Pr and Ec. 

5.7  Electro-Optic Properties 

The effective linear EO coefficient rc of the KNNLB-100x ceramics have been 

measured and the results are listed in Table 5.6. The ceramics were polarized under 

a d.c. field of 5 kV/cm at 150C for 30 min, and the measurements were carried out 

one day after the poling. A ne value of 2.257 (approximated by the value of an 

un-poled sample) was used in the calculation of rc. As shown in Table 5.4, the 

observed rc increases with increasing x. Although a relax behavior is induced, the 

observed rc for the KNNLB-x ceramics with x  0.04 is quite large (120 - 200 

pm/V), which is about 6-10 times larger than that of LiNbO3 (19.9 pm/V) (Aillerie, 

1989). It is also as good as the PMN-PT single crystals with rhombohedral and 

tetragonal structures (Wan, 2004) 
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Table 5.6 Effective linear EO coefficient rc for the KNNLB-100x ceramics. 

x 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

rc (pm/V) 44 133 121 155 160 168 198 

As compared with the Bi-modified KNN ceramics, the Li/Bi co-modified 

KNN ceramics generally exhibit larger rc and r (Li, 2011, Kwok, 2011). For 

example, the observed rc and r for the KNNLB-7 ceramic are 160 pm/V and 1000, 

respectively; while those for the K0.45Na0.52Nb0.925Bi0.075O3 ceramic are 43 pm/V 

and 716 (Li, 2011). The improvement of rc in the Li/Bi co-modified ceramics 

should be partly due to the large distortion of BO6 octahedron (Shih, 1982) and 

partly due to the increase in r (DrDomenico, 1969, Burns, 1968), both are resulted 

from the substitution of Li
+
 in the KNN lattices. On the basis of theoretical 

calculations, Shih and Yariv have shown that a distorted octahedral structure is a 

promising mechanism for a strong electro-optic response (Shih, 1982). By 

considering the ferroelectric phase as a quadratic phase biased with a spontaneous 

polarization Ps, rc can be related to r and Ps via a general equation (DrDomenico, 

1969, Burns, 1968): 

 scroc Pgr 2                 (5.3)    

where gc is the polarization-related quadratic electro-optic coefficient and o is the 

vacuum permittivity. The equation has been found to hold in a number of 

oxygen-octahedra crystals, such as LiNbO3, LiTaO3, NaBa2Nb5O15, KSr2Nb5O15, 

and 0.88Pb(Zn1/3Nb2/3)O3-0.12PbTiO3 (DrDomenico, 1969, Burns, 1968, He, 2012). 

It is probable that the Li
+
 content and then the lattice distortion in the KNNLB-3 

ceramic are not large enough to engender a strong electro-optic response. 
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5.8  Conclusions 

Lead-free transparent electro-optic ceramics (K0.5Na0.5)1-xLixNb1-xBixO3 have 

been successfully fabricated by hot-press sintering. The grain growth of the 

ceramics is considerably suppressed. The ceramics hence generally possess a dense 

and fine-grained structure. Our results reveal that the co-modification with Li and 

Bi induces a transformation of crystal structure from orthorhombic to nearly cubic. 

As a result, the optical anisotropy and hence the scattering of light at the grain 

boundaries are greatly reduced. The co-modification also induces a diffuse phase 

transition, making the ceramics become more relaxor-like and contain more polar 

nano-regions (i.e., the relaxor characteristics). The amount of domain walls and 

then the resulting light scattering are further eliminated. For the KNNLB-5 ceramic, 

the observed T reaches a high value of 60% in the near-IR region. Owing to the 

large distortion of BO6 octahedron and increase in r arisen from the substitution of 

Li
+
 in the KNN lattices, the Li/Bi co-modified ceramics exhibit strong EO response, 

giving a large effective linear EO coefficient (120-200 pm/V), which is about a few 

times larger than that of the Bi-modified KNN ceramics.  
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Chapter 6  Effects of Excess Bismuth  

6.1  Introduction 

It has been shown that the grain growth of perovskite ceramics can be 

significantly suppressed by Bi-doping as well as excess Bi2O3 (Wang, 2005).
 
It is 

hence of interest to study the effects of excess Bi2O3 on the optical properties of the 

KNNLB ceramics. It is anticipated that the excess Bi2O3 can further suppress the 

grain growth of the KNNLB ceramics and then reduce the light scattering by the 

grains (at the grain boundaries). As excess Bi2O3 has also been shown to be 

effective in promoting liquid phase sintering and then densification (Du, 2007, Yu, 

2008, Wu, 2010), the grains of the KNNLB may become more uniform after the 

addition of excess Bi2O3, which can also reduce the light scattering and hence 

enhance the optical properties of the ceramics. In this chapter, the effects of excess 

bismuth on the physical properties, in particular the optical and EO properties, of 

the KNNLB ceramics are investigated. (K0.5Na0.5)0.95Li0.05Nb0.95Bi0.05O3 (KNNLB-5) 

+ y mol% excess Bi2O3 (y varying from 0 to 4) ceramics (abbreviated as 

KNNLB-5-y) sintered under a pressure of 10 MPa at 1060C for 4 h are used for 

the investigation. The sintered ceramics were polished to 0.5mm with 1-µm 

diamond paste for the following measurements. 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 6 

 

LI FaLiang                                                       90 

  

6.2  Crystalline Structure 

The XRD patterns of the KNNLB-5-y ceramics are shown in Fig. 6.1. It is 

evident that all the KNNLB-5-y ceramics show a pure perovskite phase. Probably 

due to the small amount, no secondary phases relating to the excess Bi2O3 are 

observed. In fact, some of the excess Bi2O3 may evaporate during the process. 

Some of them may also diffuse into the KNN lattices, causing changes of the XRD 

patterns for the KNNLB-5-y ceramics.  
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       Figure 6.1 XRD patterns for the KNNLB-5-y ceramics. 

As shown in Fig. 6.1, as y (the content of excess Bi2O3) increases, the merged 

peak of (202) and (020) in the 2θ ranges of 44.5-46.5
o
 becomes sharper. As 

discussed in the previous chapter, the merging of the (202) and (020) peaks is 

ascribed to the very similar lattice constants of the ceramics. The lattice constants 

of the ceramics were refined using all the diffraction peaks shown in Fig. 6.1 by the 

Rietveld method. Similar to the KNNLB-100x ceramics, a monoclinic Pm model 

was used in the refinement for the KNNLB-5-y ceramics. As shown in Table 6.1, 
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the lattice constants become closer as y increases. For the KNNLB-5-4 ceramic, the 

difference between b and c is only about 0.007Å. This indicates that the crystal 

structure of the ceramics with excess Bi2O3 becomes more cubic-like. This may be 

caused by the distortion of the lattices resulting from the diffusion of the excess Bi 

ions into the KNN lattice. Because of the similar radii, the excess Bi
3+

 (0.96 Å) may 

diffuse into the A-sites to compensate the loss of the alkaline elements Na
+
 (0.97 Å), 

K
+
 (1.38 Å) as well as Li

+
 (0.68 Å). However, owing to the different charges, A-site 

vacancies will be formed and hence lattice distortion may be resulted. The lattice 

strain arising from the different ion radii may also be resulted and attributed to the 

changes in lattice constants. Some of the excess Bi
3+

 may also diffuse into the 

B-sites for compensating the loss of Bi
3+

.  

Table 6.1 Lattice constants a, b and c for the KNNLB-5-y ceramics. 

y a (Å) b (Å) c (Å) β (
o
) 

0 3.965 3.995 3.966 90.33 

1 4.000 3.931 4.019 90.46 

2 3.972 3.937 4.030 90.47 

3 3.977 3.932 4.028 90.28 

4 3.982 3.937 3.930 90.41 

6.3  Microstructure 

Fig. 6.2 shows the SEM micrographs of the thermally etched surfaces of the 

KNNLB-5-y ceramics while those of the fracture surfaces, as examples, are shown 

in Fig. 6.3. The density and average grain size of the KNNLB-5-y ceramics are 

exhibited in Table 6.2 and 6.3 separately. 
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Table 6.2 Density results for the KNNLB-5-y ceramics. 

y 0 1 2 3 4 

Density (g/cm
3
) 4.57 4.55 4.57 4.59 4.70 

Relative density (%) 98.1 98.1 98.3 98.5 98.7 

Table 6.3 Average grain size for the KNNLB-5-y ceramics. 

y 0 1 2 3 4 

Grain size (µm) 0.67 0.64 0.56 0.57 0.59 

It can be seen that all the ceramics possess a dense microstructure with 

basically identical grain shape and similar sizes. It seems that the excess Bi2O3 does 

not have significant effect on the grain growth of the ceramics, which is different 

from the previous research results (Wang, 2005). It has been shown that the excess 

Bi may aggregate at the grain boundaries impeding the grain growth and hence 

decrease the grain size (Nagata, 2005). In the KNNLB-5-y ceramics, some of the 

excess Bi2O3 may evaporate and some of them may diffuse into the KNN lattices 

resulting in the changes of the XRD patterns as shown in Fig. 6.1. Some of them 

may also aggregate at the grain boundaries. However, as the grains of the 

KNNLB-5-0 ceramic are already very small (< 0.7 m, Table 6.3), the aggregation 

may not be able to further impede the grain growth and hence decrease the grain 

size. This also implies that there may exist a limit of the grain size prepared by the 

conventional mixed-oxides method.  
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Figure 6.2 SEM images of the thermally etched surfaces of the KNNLB-5-y 

ceramics:  (a) y=1; (b) y=3 

 

 

 

Figure 6.3 SEM images of the fracture surfaces of the KNNLB-5-y ceramics:   

(a) y=0; (b) y=1; (c) y=2; (d) y=4. 

6.4  Optical Properties 

Fig. 6.4 shows the photograph of the KNNLB-5-y ceramics, while their optical 

transmittances T measured in the range of 300-900 nm are shown in Figs. 6.5 and 

(a) 

(d) (c) 

(b) 

(b) (a) 
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6.6. As demonstrated in Fig. 6.4, all the KNNLB-5-y ceramics are optically 

transparent. The difference in optical transparency is not large and barely visible, 

which is also revealed in the optical transmittance spectra (Fig. 6.6). 

 

(a)       (b)      (c)      (d)      (e) 

Figure 6.4 Photograph of the KNNLB-5-y transparent ceramics: 

(a) y=0; (b) y=1; (c) y=2; (d) y=3; (e) y=4. 

As shown in Fig.6.5, the observed T (at any wavelength) increases slightly 

as y increases from 0 to 2, and then decreases with increasing y. For each 

ceramic, the observed T increases considerably from zero as the wavelength 

increases from ~390 nm, and then becomes almost saturated in the near-IR 

region (Fig. 6.6). As shown both in Figs. 6.5 and 6.6, the KNNLB-5-2 ceramic 

exhibits the highest transmittance in the wavelength range studied. This may be 

partly due to the more cubic-like crystal structure (Fig. 6.1), which would 

reduce the optical anisotropy and then the light scattering of the ceramic. The 

decrease in transmittance for the ceramics with y > 2 may be due to the slightly 

larger grains (Fig. 6.3). It should be noted that the observed optical 

transmittance is also strongly dependent on the polishing process which had 

been kept almost the same for all the ceramics in this work. On the basis of the 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 6 

 

LI FaLiang                                                       95 

  

results, it is apparent that the excess Bi2O3 does not have significant effect on 

the optical properties of the KNNLB-5-y ceramics. 
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Figure 6.5 Optical transmittances measured at different wavelength  

for the KNNLB-5-y ceramics. 
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Figure 6.6 Optical transmittance spectra for the KNNLB-5-y ceramics. 

Following similar procedures, the optical band gap energy Eg for the 

KNNLB-5-y ceramics have been evaluated, giving the results listed in Table 6.4. It 

can be seen that the observed Eg for the ceramics is very similar, ranging from 3.07 

to 3.11, which is also close to the values obtained for the KNNLB-100x ceramics 
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(Table 5.1) and the value reported for KNN nanorods (3.09 eV) (Wang, 2010). It 

has been shown that the optical band gaps may be affected by the synthesis method, 

sample shape (powder, crystal or thin film) and synthesis conditions (Aguiar, 2011). 

For KNN, the band gap originates from a transition from the top of the valence 

bands occupied by O2p electron states to the bottom of the conduction bands 

dominated by the empty Nb4d electron states. 

Table 6.4 Optical band gap energy Eg for the KNNLB-5-y ceramics. 

y 0 1 2 3 4 

Eg (eV) 3.09 3.07 3.11 3.09 3.09 

 

      

      

Figure 6.7 Plots of (αhv')
2
 versus hv' for the KNNLB-5-y ceramics, from which  

          the optical band gap energy Eg obtained by extrapolating the linear 

region of the curve to zero. 
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6.5  Dielectric Properties  

The temperature dependence of r for the KNNLB-5-y ceramics is shown in 

Fig. 6.8. Similarly, the observed r at 100 kHz are plotted for eliminating the effects 

of space-charge polarization at low frequencies and high temperatures. As y 

increases, the temperature of maximum r (Tm) decreases gradually and the 

cubic-tetragonal transition peak becomes more broadened (Fig. 6.8), indicating that 

the ceramic becomes more relaxor-like. This may be partly due to the diffusion of 

the excess Bi
3+

 into the A-sites of the lattices. As Bi
3+

 has a higher valence than K
+
, 

Na
+
 and Li

+
, in order to preserve charge neutrality, the Bi

3+
 ion would be 

accommodated by the formation of oxygen vacancies Vö. Each dipolar defects is 

capable of polarizing a relatively large region around it, and thus favoring the 

formation of polar nano-regions and enhancing the relaxor-like characteristics 

(Shvartsman, 2012).  
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Figure 6.8 Temperature dependence of εr for the KNNLB-5-y ceramics. 
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Figure 6.9 Variations of εr and tanδ with y for KNNLB-5-y ceramics  

at room temperature and 100 kHz. 

The dependences of εr and tan on the Bi content at room temperature for the 

KNNLB-5-y ceramics are shown in Fig. 6.9. As y (i.e., the content of excess Bi) 

increases, the observed εr increases from ~830 to ~1000 while the observed tan 

decreases slightly from 0.03 to 0.02. As discussed, some of the excess Bi2O3 may 

diffuse into the A-sites for compensating the loss of the alkaline elements, and 

some of them may also diffuse into the B-sites for compensating the loss of Bi
3+

. 

As Bi
3+

 has a higher valence than K
+
, Na

+
 and Li

+
, the excess Bi

3+
 may act as donor 

doponts, and thus causing the increase in r. On the other hand, the compensation of 

B-site bismuth may reduce the oxygen vacancy concentration and hence the 

electrical conductivity. 
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6.6  Ferroelectric Properties 

Fig. 6.10 shows the ferroelectric hysteresis (P-E) loops for the KNNLB-5-y 

ceramics. The P-E loops were measured at a frequency of 100 Hz under an electric 

field of 8.4 kV/mm at room temperature.  
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Figure 6.10 Hysteresis loops (at 100 Hz) of KNNLB-5-y ceramics  

at room temperature. 

Probably due to the relaxor characteristics, all the ceramics exhibit a slant and 

flattened P-E loop. The observed remnant polarization Pr and coercive field Ec of 

the ceramics are presented in Fig. 6.11. The observed Pr decreases with increasing y, 

giving a maximum value of ~5.2 C/cm
2
 at y = 0, while the observed Ec decreases 

slightly as y increases. Similar to r, the decrease in Pr and Ec may be partly 

attributed to the donor doping of Bi
3+

 in the A-sites. However, as the ceramics 

become more cubic and relaxor-like, Pr becomes decreased as y increases from 0. 
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Figure 6.11 Variations of Pr and Ec for KNNLB-5-y ceramics  

at room temperature and 100 Hz. 

6.7  Electro-Optic Properties 

The effective linear EO coefficient rc of the KNNLB-5-y ceramics have been 

measured using the modified Sénarmont method, as introduced in chapter 3. The 

results are shown in Fig. 6.12. The ceramics were polarized under a d.c. field of 

5kV/mm at 150
o
C for 30 min, and the measurements were carried out one day after 

the poling. A ne value of 2.257 (approximated by the value of an un-poled sample) 

was used to calculate the rc. (Eq. 3.34). 
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Figure 6.12 Variations of rc and Ps (at room temperature) for  

the KNNLB-5-y ceramics. 

As shown in Fig. 6.12, the observed rc remains almost unchanged at a value of 

~120 pm/V as y increases from 0, and then starts to decrease at y = 3. According to 

Fig. 6.9 and Eq. 5.3 which states the relation between rc and r, the observed r 

should increase with increasing y for the KNNLB-5-y ceramics. However, probably 

due to the change to a more cubic-like crystal structure (Fig. 6.1) and the increase in 

relaxor characteristics (Fig. 6.8), the observed rc remains almost unchanged at a 

value of ~120 pm/V as y increases from 0, and then starts to decrease at y = 3. 

6.8  Conclusions 

Lead-free transparent electro-optic ceramics (K0.5Na0.5)0.95Li0.05Nb0.95Bi0.05O3 

+ y mol% excess bismuth have been successfully fabricated by hot-press sintering. 

Our results reveal that the crystal structure of the ceramics with excess Bi2O3 

becomes more cubic-like. The excess Bi2O3 does not have significant effect on the 

grain growth of the ceramics. And then, all the ceramics possess a dense 
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microstructure with basically identical grain shape and similar sizes. As a result, the 

KNNLB-5-y ceramics present similar optical property, indicating that the excess 

Bi2O3 does not have significant effect on the optical properties of the KNNLB-5-y 

ceramics. Partly due to the diffusion of the excess Bi
3+

 into the A-sites of the 

lattices, the ceramics become more relaxor-like, and thus exhibiting a slant and 

flattened P-E loop. The KNNLB-5-y ceramics exhibit good EO response, giving a 

large effective linear EO coefficient rc ~120 pm/V. However, probably due to the 

change to a more cubic-like crystal structure and the increase in relaxor 

characteristics, the observed rc starts to decrease when the excess bismuth content is 

over 3%. 
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Chapter7  Preparing Transparent EO 

Ceramics by Pressureless 

Sintering 

7.1  Introduction 

Transparent KNNLB ceramics have been successfully prepared by hot-press 

sintering, as introduced in previous chapters. The good optical clarity of the ceramics 

should be partly due to the reduced scattering of visible and IR lights by the fine 

grains (Apetz, 2003). It is believed that the fine grains are produced as a result of the 

effective suppression of the grain growth by the Bi-doping (Skidmore, 2010, Wang, 

2004). Therefore, this suggests that the hot-press sintering technique may not be 

needed in preparing the new KNNLB transparent ceramics. In this chapter, the 

feasibility of preparing the transparent EO KNNLB ceramics by pressureless 

sintering is investigated. KNNLB-10-z ceramics, i.e., (K0.5Na0.5)0.9Li0.1Nb0.9Bi0.1O3 + 

z mol% excess Bi2O3, are mainly used for this investigation. The ceramics were 

sintered at 1060C for 32 h under atmospheric pressure. The sintered ceramics were 

polished to 0.5mm with 1-µm diamond paste for the following measurements. 
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7.2  Optical Properties 

Fig. 7.1 shows the photograph of the KNNLB-10-z ceramics with z = 0, 2, 4, 6, 

8, while their optical transmittances T measured in the range of 350-900 nm are 

shown in Fig. 7.2. 

 

(a)        (b)        (c)       (d)        (e) 

Figure 7.1 Photograph of the KNNLB-10-z ceramics with the thickness of 0.5mm: 

 (a) z=0; (b) z=2; (c) z=4; (d) z=6; (e) z=8. 

The excess Bi content plays an important role in the enhancement of the optical 

transparency. As demonstrated in Fig. 7.1, the KNNLB-10-4 and KNNLB-10-6 

ceramics are transparent while the others are opaque. The difference in optical 

transparency is also revealed in the measured optical transmittance. As shown in 

Fig.7.2b, the observed T increases significantly as z increases from 2 to 4, and then 

decreases abruptly as z increases from 6 to 8. For the ceramics with z = 4 and 6, the 

transmittance begins to increase abruptly at around 390 nm, indicating an optical 

absorption edge in ultraviolet region, and becomes almost saturated in the near-IR 

region (Fig. 7.2a). It can also be seen that the KNNLB-10-6 ceramic exhibits the 

highest transmittance in the wavelength range studied. The observed T reaches a 
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very high value of ~70% in the near-IR region. If proper anti-reflection coating is 

applied to eliminate the reflection loss at the air-ceramic interfaces, the transmittance 

of the ceramic can exceed 95%. 

 

 

Figure 7.2 (a) Optical transmittance spectra for the KNNLB-10-z ceramics;  

(b) Optical transmittances measured at 633 nm for the KNNLB-10-z ceramics. 

7.3  Crystalline Structure 

Fig. 7.3 shows the X-ray diffraction patterns of the KNNLB-10-z ceramics at 

room temperature. It is evident that the KNNLB ceramics with z ≤ 6 possess a 

single-phase perovskite structure. Probably due to the small amount, no secondary 

phases relating to the excess Bi2O3 are observed. Similar to the KNNLB-5-y 

ceramics prepared by hot-press sintering, some of the excess Bi2O3 may evaporate 

during the process and some of them may diffuse into the KNN lattices, causing 

changes of the XRD patterns for the KNNLB-10-z ceramics (Fig. 7.3).  
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Figure 7.3 XRD patterns for the KNNLB-10-z ceramics. 

As shown in Fig. 7.3, as z (the content of excess Bi2O3) increases, the merged 

peak of (202) and (020) in the 2θ ranges of 44.5-46.5
o
 becomes sharper. As 

discussed in the previous chapter, the merging of the (202) and (020) peaks is 

ascribed to the very similar lattice constants of the ceramics. The lattice constants of 

the ceramics were refined using all the diffraction peaks shown in Fig. 7.3 by the 

Rietveld method. Similar to the KNNLB-100x ceramics, a monoclinic Pm model 

was used in the refinement for the KNNLB-10-z ceramics. As shown in Table 7.1, 

the lattice constants become closer as z increases. For the KNNLB-10-6 ceramic, the 

difference between b and c is only about 0.011Å. This indicates that the crystal 

structure of the ceramics with excess Bi2O3 becomes more cubic-like, and hence the 

optical scattering arisen from birefringence should be reduced and the optical 

transparency could be improved. The change in the crystal structure may be caused 

by the distortion of the lattices resulting from the diffusion of the excess Bi ions into 

the KNN lattice. The XPS spectrum revealing the 3+ valance state of the Bi ions 

(Fujimoto, 2010) in the KNNLB-10-6 ceramic is shown in Fig. 7.4. 
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Figure 7.4 X-ray photoelectron spectroscopy (XPS) core-level spectrum of Bi4f for 

the KNNLB-10-6 ceramic. 

Table 7.1 Lattice constants a, b and c for the KNNLB-10-z ceramics. 

z a (Å) b (Å) c (Å) b-c (Å) β (
o
) 

0 3.985 3.964 4.005 0.041 90.39 

2 3.976 3.985 4.000 0.015 90.15 

4 3.975 3.991 3.993 0.002 90.25 

6 3.996 3.986 3.997 0.011 90.01 

8 3.996 3.990 3.998 0.008 90.01 

For the KNNLB-10-8 ceramic, diffraction peaks relating to secondary phases 

are observed at around 28 (Fig.7.3). This may be ascribed to the volatilization 

losses of K, Na, Li and Bi, and may indicate that the solubility of Li decreases with 

increasing excess Bi. According to the PDF card (No. 34-0122), the secondary phase 

should be K3Li2Nb5O15 (Du, 2007). As discussed before, the scattering of light at 
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grains, grain boundaries, pores, and second-phase inclusions are the main factors 

affecting the transmittance of ceramics (Moulson, 2003, Grimm, 1971, Krell, 2006). 

Therefore, the poor optical transparency of the KNNLB-10-8 ceramic (Fig. 7.1) may 

be partly due to the light scattering at the secondary phase. 

7.4  Microstructure 

 

 

Figure 7.5 SEM images of the fracture surfaces of the KNNLB-10-z ceramics: 

(a) z=0; (b) z=2; (c) z=4; (d) z=6. 

Fig. 7.5 shows the SEM micrographs for the fracture surfaces of the 

KNNLB-10-z ceramics with z = 0, 2, 4, 6. Characteristic quasi-cubic grains are 

observed randomly distributed in the ceramics. For all the ceramics, the grains are 

small, generally ~ 0.8 m. The grain size decreases only slightly with increasing z, 

(c) (d) 

(a) (b) 
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as shown in Table 7.2. This suggests that the grain growth of the ceramics should be 

suppressed mainly by the Bi-doping (Skidmore, 2010, Wang, 2005, Aguiar, 2011), 

and the effect of excess Bi2O3 is small. Nevertheless, the densification of the 

ceramics improves and becomes more uniform with increasing z (the content of 

excess Bi2O3), as shown in Table 7.3. More pores are observed randomly distributed 

in the ceramics with z = 0 and 2. 

Table 7.2 Average grain size for the KNNLB-10-z ceramics. 

z 0 2 4 6 8 

Grain size (µm) 0.87 0.84 0.84 0.81 0.73 

 

Table 7.3 Density results for the KNNLB-10-z ceramics. 

z 0 2 4 6 8 

Density (g/cm
3
) 4.29 4.33 4.49 4.48 4.49 

Relative density (%) 90.1 91.2 94.5 94.7 95.1 

 

 

(a) z=0                             (b) z=2 

 

(c) z=4                             (d) z=6 

Figure 7.6 Photographs of the KNNLB-10-z ceramics. 

 (the letters covered by the samples are in 8 point Times New Roman font) 
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Owing to the light scattering at the pores, the optical transparency deteriorates 

and the ceramics become opaque, with a lot of white spots distributed in a 

transparent matrix as shown in Fig. 7.6. On the other hand, both the KNNLB-10-4 

and KNNLB-10-6 ceramics possess a dense structure, which can reduce the optical 

scattering at the pores and then improve the optical transparency as shown in Figs. 

7.1 and 7.6. On the basis of the results, it is suggested that the excess Bi2O3 may act 

as a sintering aid for promoting uniform densification under pressureless sintering. 

For the KNNLB ceramics, a large amount of excess Bi2O3 (e.g. > 4 mol%) is 

required for achieving uniform densification and then good optical properties. 

7.5  Dielectric Properties 
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Figure 7.7 Temperature dependence of εr and tanδ for the KNNLB-10-z ceramics at 

100 kHz. 

Fig. 7.7 shows the temperature dependence of the relative permittivity εr for the 

KNNLB-10-z ceramics. Similarly, the observed r at 100 kHz data are plotted for 

eliminating the effects of space-charge polarization at low frequencies and high 

temperatures. As z increases, the temperature of maximum r (Tm) decreases 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 7 

 

LI Faliang                                                                                                                  111 

  

gradually and the cubic-tetragonal transition peak becomes more broadened (Fig. 

7.7), indicating that the ceramic becomes more relaxor-like. This may be partly due 

to the diffusion of the excess Bi
3+

 into the A-sites of the lattices. As Bi
3+

 has a higher 

valence than K
+
, Na

+
 and Li

+
, quenched random electric fields may be produced 

within the grains, and thus favoring the formation of polar nano-regions and 

enhancing the relaxor-like characteristics (Shvartsman, 2012). Owing to the increase 

in the polar nano-regions, the light scattering at the domain walls is reduced and 

hence the optical properties would be enhanced.  

7.6  Ferroelectric Properties 

 

Figure 7.8 Hysteresis loops (at 100 Hz) of KNNLB-10-z ceramics at room 

temperature. 

Fig. 7.8 shows the P-E loops for the KNNLB-10-z ceramics. The loops were 

measured at a frequency of 100 Hz under an electric field of 7 kV/mm. Probably due 

to the relaxor characteristics, all the ceramics exhibit a slant and flattened P-E loop. 
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The observed remnant polarization Pr and coercive field Ec of the ceramics are 

shown in Fig. 7.9. Probably due to the donor doping of Bi
3+

 in the A-sites, the 

observed Pr increases and Ec decreases as z increases to 2. However, as the ceramics 

become more cubic and relaxor-like, Pr starts to decrease at z > 2. 

 

Figure 7.9 The composition dependence of Pr and Ec. 

 

7.7  Electro-Optic Properties 

The effective linear EO coefficient rc of the KNNLB-10-4 and KNNLB-10-6 

ceramics have been measured using the modified Sénarmont method, as introduced 

in chapter 3. The variations of the field-induced phase retardation m (Eq. 3.28b) 

with the amplitude of an a.c. voltage at 1 kHz (Vo) for the ceramics are shown in 

Fig.7.10. It can be seen that a good linear relationship between m and Vo, suggesting 

that the ceramics are linear EO materials. By using the fitted slop of the curves and a 

ne value of 2.257 (approximated by the value of an un-poled sample), rc for the 
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KNNLB-10-4 and KNNLB-10-6 ceramics are calculated as 40 pm/V and 29 pm/v, 

respectively. The low rc values of the ceramics should be attributed to the more 

cubic-like crystal structure and more relaxor-like characteristics.  
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Figure 7.10 The plot of the phase retardations as a function of an a.c. applied 

 field with a modulation frequency 1 kHz for the KNNLB-10-4 and KNNLB-10-6 

ceramics. 
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7.8  Conclusions 

Lead-free ceramics (K0.5Na0.5)0.9Li0.1Nb0.9Bi0.1O3 + z mol% excess Bi2O3 have 

been successfully prepared by pressureless sintering. Due to the effective 

suppression of the grain growth by the Bi-doping, the KNNLB-10-z ceramics 

prepared by pressureless sintering also possess a fine-grained structure. However, 

our results reveal that the excess Bi2O3 is effective in promoting uniform 

densification under pressureless sintering. Because of the reduction of defects such 

as pore, the KNNLB-10-4 and KNNLB-10-6 ceramics possess a dense structure and 

become optical transparent, exhibiting a high optical transmittance (60-70%) in the 

near-IR region. The good optical transparency may also be resulted from the changes 

to the more cubic-like crystal structure and more relaxor-like characteristics arisen 

from the diffusion of the excess Bi
3+

 into the A-sites of the lattices. Nevertheless, the 

EO responses of the ceramics become weakened, showing a low effective linear EO 

coefficient of 40 pm/V and 29 pm/v, respectively. 
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Chapter 8  Conclusions  

New lead-free transparent ceramics (K0.5Na0.5)1-xLixNb1-xBixO3 (KNNLB-100x) 

with good EO properties have been successfully developed. Via the co-modifications 

with Li and Bi, the optical transparency of potassium sodium niobate 

(K0.5Na0.5)NbO3 ceramics has been improved. The ceramics can be either prepared 

by hot-press sintering or pressureless sintering. The effects of the sintering pressure, 

and the content of Li
+
, Bi

3+
 as well as excess Bi2O3 on the optical, microstructure, 

dielectric and electro-optic properties of the ceramics have been investigated 

systematically. 

Our results reveal that the sintering pressure is effective in improving the 

optical properties of the KNNLB-5-2 ceramics. It is found that a low pressure (e.g. 2 

MPa) is enough to enhance the optical transmittance of the ceramics, and the 

optimum sintering pressure is about 10 MPa. Unlike the lead-based EO ceramics, the 

sintering pressure does not have significant effect on the grain growth. It is effective 

in improving the densification of the KNNLB ceramics. The enhancement in the 

optical transmittance should hence be partly due to the reduction of defects such as 

pores. Due to the better densification, the dielectric properties are also improved. 

However, the EO responses of the ceramics are not dependent on the sintering 

pressure. For the KNNLB-5-2 ceramic sintered under a pressure of 10 MPa, the 

optical transmittance and effective EO linear coefficient reach a high value of ~60% 

in the IR-region and ~115 pm/V, respectively. 
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After the co-modification with Li and Bi, the grain growth of the KNNLB-100x 

ceramics (sintered under a pressure of 10 MPa) is considerably suppressed. The 

ceramics generally possess a dense and fine-grained structure with the grain size 

below 0.7 m. Our results also reveal that the co-modification induces a 

transformation of crystal structure from orthorhombic to nearly cubic. The 

co-modification also induces a diffuse phase transition, making the ceramics become 

more relaxor-like and contain more polar nano-regions. These would reduce the light 

scattering by the grains, at the grain boundaries and at the domain walls, respectively, 

and thus making the KNNLB-100x ceramics (with x  0.05) become optically 

transparent. Owing to the large distortion of BO6 octahedron and increase in r arisen 

from the substitution of Li
+
 in the KNN lattices, the ceramics exhibit strong EO 

response, giving a large effective linear EO coefficient (120-200 pm/V), which is 

about 10 times greater than that of LiNbO3 crystal (a widely used EO material in 

industries). The ceramics are also as good as the PMN-PT single crystals with 

rhombohedral structure and better than those with tetragonal structure. 

Unlike the Bi-doping, the excess Bi2O3 does not have significant effect on the 

grain growth of the KNNLB-5 ceramics (prepared by hot-press sintering). All the 

ceramics possess a dense microstructure with basically identical grain shape and 

similar sizes. On the other hand, probably due to the diffusion of the excess Bi
3+

 into 

the A-sites of the lattices, the crystal structure of the ceramics become more cubic 

and the ferroelectric behavior become more relaxor-like. Nevertheless, the optical 

transmittance and effect linear EO coefficient are not affected by the excess Bi2O3, 

remaining at a high value of 60% in the near-IR region and 120 pm/V, respectively. 
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Our result also reveal that the excess Bi2O3 is effective in promoting uniform 

densification of the KNNLB ceramics, making the preparation of transparent EO 

KNNLB ceramics by pressureless sintering become possible. Because of the 

reduction of defects such as pores, the KNNLB-10 ceramics added with 4 and 6mol% 

excess Bi2O3 possess a dense structure and become optical transparent, exhibiting a 

high optical transmittance (60-70%) in the near-IR region. The good optical 

transparency may also be resulted from the changes to the more cubic-like crystal 

structure and more relaxor-like characteristics arisen from the diffusion of the excess 

Bi
3+

 into the A-sites of the lattices. Nevertheless, the EO responses of the ceramics 

become weakened, showing a low effective linear EO coefficient of 40 pm/V and 29 

pm/v, respectively. 
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