
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Ferroelectric (Ba,Sr)1‑xLaxTiO3 thin films electron
field emission applications

Lu, Hua

2007

Lu, H. (2007). Ferroelectric (Ba,Sr)1‑xLaxTiO3 thin films electron field emission applications.
Doctoral thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/4822

https://doi.org/10.32657/10356/4822

Nanyang Technological University

Downloaded on 23 May 2023 01:25:58 SGT



 
 
 

Ferroelectric (Ba,Sr)1-xLaxTiO3+y Thin Films 
For Electron Field Emission Applications 

 
 
 
 
 
 
 
 

Lu Hua 
 
 
 
 
 
 
 
 
 
 
 

School of Electrical and Electronic Engineering 
 

 

A thesis submitted to the Nanyang Technological University 
in fulfillment of the requirement for the degree of 

Doctor of Philosophy 
 
 

2007 
 
 
 
 
 
 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 
 
 
 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Acknowledgments 
 

 i

ACKNOWLEDGMENTS 
 
I would like to express my deep gratitude to my supervisor Professor Zhu Weiguang 

for his invaluable guidance, help, and encouragement in the whole course of the work. 

His broad knowledge and enthusiasm has a very rewarding and lasting effect on me. 

His kindness and patience are also deeply appreciated.  

 

My special thanks go to my co-supervisor Dr. Pan Jisheng for his invaluable direct 

instruction and discussions throughout my research. I am also indebted to Dr. Chen 

Xiaofeng for his advice and help during the study.  

 

My sincere thanks go to many people who assisted me in the completion of this 

research work. The assistance provided by all the students, staffs and technicians of 

Sensors and Actuators Lab is highly appreciated. 

 

I would like to express my boundless gratitude to my beloved wife, Yang Zixuan, for 

her love, patience and moral support over these years. Finally, I am also deeply 

thankful to my parents for their support and encouragement throughout my education. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Table of contents 

 ii

TABLE OF CONTENTS 

Acknowledgments i 

Table of Contents ii 

Summary v 

List of Figures viii 

List of Tables xiii 

List of Abbreviations               xiv                

1. Introduction 1 

1.1 Motivation 1 

1.2 Objectives 4 

1.3 Major contributions of the thesis 5 

1.4 Organization of the thesis 9 

2. Literature Review 12 

2.1 Electron field emission 12 

2.1.1 Theory of electron field emission 12                  

2.1.2 The present status of cold cathode materials   18 

2.1.3 Electron field emission of Si tip arrays and Si tip arrays  

      with coatings 22 

2.1.4 The potential applications of cold cathode materials 34 

2.2 Ferroelectric (Ba,Sr)1-xLaxTiO3+y materials  36 

2.2.1 Physical structure  36 

2.2.2 Electronic structure 39 

2.2.3 n-type doped (Ba,Sr)TiO3 43 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Table of contents 

 iii

3. Experimental Procedures  47 

3.1 Preparation of films 48 

3.1.1 Fabrication of silicon tip arrays 48 

3.1.2 Solution preparation 49 

3.1.3 Deposition of thin films 51 

3.2 Characterization 52 

3.2.1 Characterization of ferroelectric thin films  52 

3.2.2 Characterization of field emission properties    54 

4. Field Emission of (Ba,Sr)TiO3 Coated Si Tips Arrays  57 

4.1 Preparation and characterization of BST films  59 

4.1.1 Thermal decomposition properties 59 

4.1.2 Microstructure and component analysis of BST thin films 60 

4.1.2.1 X-ray diffraction 60 

4.1.2.2 TEM observation 63 

4.1.2.3 SIMS depth profile 66 

4.1.2.4 FTIR analysis 69 

4.1.3 X-ray photoelectron spectroscopy characterization  71 

4.3.1.1 Effect of annealing temperature 72 

4.3.1.2 Effect of thickness 80 

4.2 Field emission properties of Si tip arrays coated with BST thin films 85 

4.2.1 Emission current density-electric field (J-E) characteristics 85 

4.2.2 Field emission stability 87 

4.2.3 Analysis of emission data 91 

4.2.3.1 Field enhancement factor 91 

4.2.3.2 Effective work function 92 

4.2.4 Field emission mechanism 96 

5. Field Emission of (Ba,Sr)1-xLaxTiO3+y Coated Si Tip Arrays 102 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Table of contents 

 iv

5.1 Preparation and characterization of BSLT films  104 

5.1.1 Thermal decomposition properties 104 

5.1.2 Microstructure of BSLT thin films  105 

5.1.2.1 X-ray diffraction 106 

5.1.2.2 TEM observation 111 

5.1.3 X-ray photoelectron spectroscopy characterization of BSLT 

      films  113 

5.2 Field emission properties of Si tip arrays coated with BSLT thin films 124 

5.2.1 Emission current density-electric field (J-E) characteristics 125  

5.2.2 Field emission stability 128 

5.2.3 Analysis of emission data 131 

5.2.4 La substitution effect on field emission mechanism  133 

6. Conclusion and Recommendations 137 

6.1 Conclusions   137 

6.2 Recommendations for further research 142 

Author’s Publications 145 

Bibliography 147 

 
 
 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Summary 
 

 v

SUMMARY 
 
The study of cold cathode materials is currently a hot research topic for their 

important applications such as field emission displays and vacuum microelectronics 

devices. Among them, silicon (Si) tip arrays have attracted much attention owing to 

the compatible fabrication process with advanced integrated-circuit technology. 

However, the high threshold electric field and poor emission stability limit their use in 

some applications. In this thesis, ferroelectric (Ba0.65Sr0.35)TiO3 (BST) and 

(Ba0.65Sr0.35)1-xLaxTiO3+y (BSLT with 1x0.1 ≤≤ ) thin films as surface modification 

on Si tip arrays to improve the field emission  behavior have been systematically 

investigated.  

 

The BST thin films have been fabricated using sol-gel technology. Field emission 

properties of Si tip arrays coated with BST thin films have been investigated by 

varying annealing temperature and thickness of BST coatings. The microstructral 

evolution results indicate that the BST coatings exhibit the perovskite structure while 

annealed between 650 and 700 ºC; a severe interfacial reaction between Si and BST 

coating while annealed above 750 ºC. The crystallinity of perovskite structure is 

improved with the increasing thickness of BST film annealed at 700 ºC. The 15-nm-

thick BST film is amorphous in nature, and the polycrystalline perovskite grains 

develop in the thicker film with an amorphous layer existed in the bottom region of 

the film. The compsitional analysis shows that the BST/Si interface is a solid-state 

reaction product of (Ba,Sr)TixSiyOz. The study of electronic structure using X-ray 

photoelectron spectroscopy (XPS) shows that the Fermi level shifts up for BST film 
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with increasing annealing temperature from 600 to 750 °C, and it moves back slightly 

at 800 °C. The upward shift of the Fermi level from 600 to 750 °C is attributed to the 

increasing oxygen vacancy concentration in the films and the downward shift of the 

Fermi level at 800 °C is associated with severe interfacial reaction. 

 

The BST coated Si tip arrays show considerable improvement in field emission 

behavior. The emission behavior is highly dependent on annealing temperature and 

thickness of BST coating. The threshold field could be lowered substantially from 36 

V/μm for bare Si tip arrays to about 19 V/μm for 30-nm-thick BST coated Si tip 

arrays annealed at 700 ºC. In addition, the BST coating improves the electron 

emission stability of Si tip arrays considerably. Analysis of the emission data using the 

Fowler-Nordheim (F-N) plot suggests that the improvement in electron emission 

originates from the lowering of effective work function with BST coatings. The field 

emission mechanism of BST-modified Si tip arrays has been discussed. It is found that 

the promising candidate for field emission applications is the BST film with high 

crystallinity of perovskite structure in surface region, decreased interfacial reaction, 

increased oxygen vacancy concentration, and upwards-moved Fermi level. Meanwhile, 

the thickness dependence originates from the developed microstructural features in 

BST films. 

 

Studies have been extended using the sol-gel derived BSLT ( 1x0.1 ≤≤ ) thin films. 

Effect of lanthanum (La) concentration has been studied to optimize field emission 

properties. The films exhibit the perovskite structure at low La substitution levels  

( 5.0x0.1 ≤≤ ) and the pyrochlore phase appearing at high La concentrations 
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( 1x0.75 ≤≤ ), respectively. Furthermore, it is found that the La substitution in BST 

films would suppress the interfacial reaction with Si substrate. The 30-nm-thick BSLT 

( x = 0.25) thin films exhibit high crystallinity of perovskite structure in the surface 

region. XPS study indicates that the oxygen vacancy concentration decreases with La 

substitution. With respect to the BST ( 0x = ) thin film, the Fermi level shifts down 

for BSLT sample with 0.1x =  ascribed to the decreasing oxygen vacancy 

concentration, shifts up for BSLT sample with 0.25x =  attributed to the increasing 

La substitution level, and shifts down again for BSLT samples with 0.5x ≥  which 

may be associated with the appearance of the second pyrochlore phase.  

 

The effect of La substitution level on field emission properties has been investigated. 

The arrays coated with BSLT ( 0.25x = ) film shows the significant improvement in 

the field emission behavior with a threshold field of 15 V/μm compared with other 

samples. In addition, it also shows great improvement in field emission stability. The 

lowering of effective work function of BSLT coated arrays is found using the F-N plot 

analysis. Correlated to the microstructure and electronic structure, the enhanced 

emission behavior of BSLT ( 0.25x = ) thin film coated Si arrays results from 

improved perovskite structure in the surface region, suppressed interfacial reaction, 

and up-moved Fermi level of the coating.  

 

The studies demonstrate the advantages of ferroelectric materials on field emission by 

utilization of the BST and BSLT ferroelectric thin film coating on Si tip arrays. The 

field emission properties are closely correlated to the microstructure and electronic 

structure of ferroelectric thin films. 
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CHAPTER ONE 

INTRODUCTION 

 

 

1.1 Motivation 

The early history of electron field emission was traditionally studied within the 

discipline of the surface science. A relationship between the emission current density 

and the electric field was calculated by Fowler and Nordheim in 1928 [1]. Serious 

investigations of cold cathode materials took off in the late 1960s and early 1970s, 

when Spindt-type field emitter arrays (FEAs), microfabricated molybdenum tips in 

gated configuration, were developed [2]. The advent of microfabrication technology 

changed the situation dramatically and considerable progress has been made in novel 

cathode materials including Si FEAs [3], carbon-based films [4], carbon nanotubes 

(CNTs) [5], other films [6], and other one-dimensional nanomaterials [7].  

 

The novel cold cathode materials have important applications in consumer goods, 

military industries and also space technology [8-10]. There has been a very significant 
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growth in interest and activities in field emission-based devices. Compared with old 

vacuum tubes by using thermionic cathodes, field emission devices offer some unique 

advantages including unheated “cold” cathodes under an electric field, instantaneous 

response to field variation, resistance to both temperature fluctuation and radiation, 

small size, modest power consumption and capability to integrate with solid-state 

electronics. Applications include flat panel displays (FPDs) [8], microwave-generation 

devices [9], vacuum sensors [10], space instruments, and so on.  

 

In effect, the promising multiple applications provide the necessary accelerating force 

for the further investigation of cold cathode materials. Among them, Si tip arrays have 

attracted much attention owing to easy fabrication due to the available advanced 

semiconductor technology and the compatible fabrication process with advanced 

integrated-circuit technology. However, high threshold electric field and poor 

emission stability limit their use in many applications. In recent years, the search for 

tip arrays with low operating voltage, high and stable emission current has been a 

major focus of vacuum microelectronics. Surface modification on Si tip arrays is 

usually performed to lower operating electric field and improve emission intensity and 

stability. The carbon-based materials [11-13], nitrides [14-15], silicides [16], carbides 

[17], and refractory metals [18] coated on Si tip arrays have been a topic of research 

and appeared to be an attractive method to enhance emission properties of Si tip 

arrays. 
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Recently the approaches using silicon tip arrays modified by sol-gel Ba0.65Sr0.35TiO3 

(BST) ferroelectric thin film with enhanced electron field emission have been 

demonstrated by Kang [19-20] and Zhu [21]. The BST coated Si tip arrays exhibit low 

threshold field and stable emission current. Such enhanced emission behavior is 

highly correlated with their microstructure and stoichiometric composition of sol-gel 

coated BST thin films. The detailed field emission mechanism of such enhanced 

emission behavior has not been well understood at present. It is known that field 

emission in this configuration involves an externally applied extraction field and 

differs from ferroelectric electron emission where emission of electrons is achieved by 

the spontaneous polarization fields of the ferroelectric material itself [22-23]. The 

ferroelectric electron emission current occurs from the negatively charged faces of 

ferroelectrics and is a transient emission current which screens spontaneous 

polarization.  

 

These exciting results on field emission drive us to further develop the novel 

application of BST thin films. Moreover, the n-type thin film is required for field 

emission applications since it can achieve enough conduction electrons to be supplied 

to the emitting surface, and also raising the Fermi level and thus reducing the 

tunneling barrier. It is reported that n-type doped thin film could be induced via 

employing La3+ to substitute A sites in ABO3-type perovskite film according to the 

following the equations [24]  
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..)2 ( 2
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12)2 ( 2 eOOLaorLaOLa oSrBa

SrOorBaO +++⎯⎯⎯⎯ →⎯                  (1-1) 

Thus, we extend the studies on La substitution in BST thin films. The sol-gel 

technique has been demonstrated to be a very effective route for growing 

multi-element thin films. It has overwhelming advantage of ease of stoichiometric 

control and therefore La substitution in BST films can be well controlled. The project 

will focus on field emission studies and related characterizations of sol-gel derived 

(Ba,Sr)1-xLaxTiO3+y films on Si tip arrays. The investigations would be important 

evolutions in the realization of the fundamental issues and practical applications for 

field emission devices. 

 

1.2 Objectives 

In this thesis, the goal is to approach the fundamental understanding on these 

ferroelectric thin films using sol-gel technique for potential field emission device 

applications. The main objectives include:  

1) Ba0.65Sr0.35TiO3 (BST) and (Ba0.65Sr0.35)1-xLaxTiO3+y (BSLT with 1x0.1 ≤≤ ) 

precursor solutions are prepared using the sol-gel method. The ferroelectric thin 

films are spin-coated on flat Si substrate and Si tip arrays. 

2) The properties of the ferroelectric thin films are systematically investigated, 

which include microstructure, component analysis, chemical compound 

formation, and electronic structure. This information is of vital importance in 
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understanding the field emission mechanism of ferroelectric thin film coated Si 

tip arrays. 

3) The field emission properties including threshold field and emission current 

stability for Si tip arrays coated with BST and BSLT films are characterized. The 

emission data are analyzed using the Fowler-Nordheim (F-N) plot. It is expected 

to give further understanding of the field emission principle and mechanism 

through above investigations.   

 

1.3 Major contributions  
The major contributions achieved in this research work are summarized as follows: 

1) The ferroelectric thin films of BST and BSLT have been synthesized on Si tip 

arrays by the sol-gel technique successfully. The thermal treatment processes 

have been optimized by thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA). 

2) The microstructural features and the component analysis have been investigated 

by X-ray diffraction (XRD), transmission electron microscopy (TEM), second ion 

mass spectroscopy (SIMS), and fourier transform infrared (FT-IR) spectroscopy. 

The microstructure of BST thin film is strongly dependent on annealing 

temperature. The BST film exhibits an amorphous phase while annealed at 600 

ºC, the perovskite structure when annealed at 650 and 700 ºC, and a severe 

interfacial reaction between Si substrate and BST films annealed at 750 and 800 
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ºC. The microstructure of BST thin films annealed at 700 ºC shows thickness 

dependence. The crystallinity of perovskite structure is improved with the 

increase of BST film thickness. The 15-nm-thick BST film is amorphous in 

nature, and then the polycrystalline perovskite grains develop in the thicker film 

with an amorphous layer existing in the bottom region of film. SIMS depth profile 

shows that the BST/Si interface is a solid-state reaction layer of (Ba,Sr)TixSiyOz. 

FT-IR spectroscopy indicates interfacial products appearing when the films were 

annealed above 750 ºC.  

3) The chemical compound formation and the electronic structure of BST films have 

been studied by X-ray photoelectron spectroscopy (XPS). Fermi level shifts up 

for BST films with increasing annealing temperature from 600 to 750 °C, and 

then moves back slightly at 800 °C. The upward shift of Fermi level from 600 to 

750 °C is attributed to the increasing oxygen vacancy concentration in the films, 

and the downward shift of Fermi level at 800 °C is associated with severe 

interfacial reaction. The crystallinity information of BST thin films with different 

thicknesses are offered from the studies of Ba 3d5/2 core level spectra and valence 

band spectra. They give an evidence of the structure evolution, and the results are 

consistent to previous XRD and TEM studies.  

4) The field emission properties of BST coated Si tip arrays have been investigated. 

The BST coated Si tip arrays show considerably improvement in field emission. 

The threshold field could be lowered substantially from 36 V/μm for bare Si tip 
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arrays to about 19 V/μm for 30-nm-thick BST coated Si tip arrays annealed at 700 

ºC. Neither lower ( C650 o≤ ) nor higher ( C507 o≥ ) annealing temperature can 

further improve field emission behavior. Also, it is found that there is U-shape 

dependence of the threshold field on film thickness. The 30-nm-thick BST coated 

Si tip arrays demonstrate the lowest threshold field for field emission. In addition, 

the BST coatings considerably improve field emission stability of Si tip arrays. 

Analysis of the emission data using the F-N plot suggests that the field emission 

is controlled by tunneling mechanism and the improvement in field emission 

originates from the lowering of effective work function with BST coatings.  

5) The field emission mechanism of BST-modified Si tip arrays has been discussed 

based on the proposed model. From the effect of annealing temperature, it is 

found that the promising candidate for field emission applications is the BST film 

with high crystallinity of perovskite structure in surface region, decreased 

interfacial reaction, increased oxygen vacancy concentration, and upwards-moved 

Fermi level. Meanwhile, the thickness-dependent field emission behavior could 

originate from the developed microstructure features in BST films. The increasing 

thickness of BST films could limit the supply of the emitted electrons.  

6) The studies have been extended using the sol-gel derived BSLT ( 1x0.1 ≤≤ ) thin 

films. La concentration has been optimized for field emission. It is revealed that 

the film microstructure is strongly dependent on La concentration. The films 

exhibit perovskite phase (ABO3) at low La substitution level ( 0.5x0.1 ≤≤ ) and 
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pyrochlore phase (A2B2O7) appearing at high La concentration ( 1x0.75 ≤≤ ). The 

cross-sectional structure of TEM study suggests that the substitution with La in 

BST film suppresses the interfacial reaction and the 30-nm-thick BSLT 

( 0.25x = ) thin film exhibits high crystallinity of perovskite structure in surface 

region.   

7) The 30-nm-thick BSLT thin films have been studied using XPS. The oxygen 

vacancy concentration decreases with La substitution. With respect to the BST 

( 0x = ) thin film, the Fermi level shifts down for BSLT sample with 0.1x =  

ascribed to the decreasing oxygen vacancy concentration, shifts up for BSLT 

sample with 0.25x =  attributed to the increasing La substitution level, and 

shifts down again for BSLT samples with 0.5x ≥ , which may be associated with 

the second pyrochlore phase appearing. The Ba 3d5/2 core level spectrum gives 

the information of crystallinity of perovskite phase in the surface region of the 

film.    

8) The effect of La concentration on field emission properties has been investigated. 

The BSLT sample with 0.25x =  shows the best improvement in field emission 

with threshold field of 15 V/μm. In addition, it also shows highly improved 

electron emission stability compare with that of bare Si tip arrays. By analysis of 

emission data using the F-N plot, it is found that the improvement in field 

emission originates from the lowering of effective work function with BSLT 

coatings. Correlated to the microstructure and electronic structure of the BSLT 
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thin films, the enhancement in field emission of BSLT ( 0.25x = ) coated Si arrays 

results from improved perovskite structure in surface region, suppressed 

interfacial reaction and up-moved Fermi level of the coating.  

 

1.4 Organization  

This thesis emphasizes on the novel application of ferroelectric thin films for potential 

field emission devices. It comprises six chapters. 

 

In Chapter 1, the motivations for developing ferroelectric thin films for the field 

emission study are explained. Then, the objectives, major contributions, and 

organization of the thesis are presented. 

 

Chapter 2 devotes to the fundamental background and related literature review with 

respect to theory of field emission, present status of cold cathode materials, field 

emission of Si tip arrays without and with coatings, potential field emission 

applications, the physical structure and electronic structure of perovskite 

(Ba,Sr)1-xLaxTiO3+y materials, and electron-doped BST. The aim of this chapter is to 

provide foundation and basis for the work on ferroelectric thin films for field emission 

applications. 
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In Chapter 3, the experimental procedures used in this research work are presented. 

The preparation of the ferroelectric BST and BSLT thin films, the characterization of 

the microstructure and component of the thin films, the characterization of the 

photoelectron spectroscopy of the thin films, and the characterization of the field 

emission properties of the ferroelectric (Ba,Sr)1-xLaxTiO3+y thin film coated Si tip 

arrays are described in detail. 

 

Chapter 4 presents and analyzes various experimental results based on the 

microstructural features, component analysis, chemical compound formations and 

electronic properties of BST thin films, and field emission properties of BST coated Si 

tip arrays. Firstly, the preparation and characterization of BST thin films are given, 

including the study of thermal decomposition behavior of dried BST gel powders, 

microstructural features, component analysis, chemical compound formations and 

electronic properties of the BST films. Then, the second section provides the field 

emission properties of BST coated Si tip arrays, analysis of emission data, and a 

mechanism discussion. 

 

Chapter 5 gives the experimental results and discussion of the BSLT ( 1x0.1 ≤≤ ) thin  

films for field emission applications. Firstly, the preparation and characterization of 

BSLT thin films with different La concentrations are presented, including the thermal 

decomposition behavior of dried BSLT gel powders, the microstructural features, 
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chemical compound formation, and electronic properties of the BSLT films. Then, the 

field emission behaviors of BSLT coated Si tip arrays, analysis of emission data, and 

La concentration effect on field emission mechanism are given and discussed.  

 

Finally, the conclusion and recommendations are presented in Chapter 6.   
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CHAPTER TWO 

LITERATURE REVIEW 

 

 

In this chapter, the fundamental knowledge and related literature review with respect 

to ferroelectric thin films for electron field emission applications are presented. It is 

composed of two sections. The first section gives the background and knowledge 

related to electron field emission theory, present status of cold cathode materials, field 

emission of Si tip arrays without and with coatings, and potential applications. The 

second part provides the background of physical and electronic structure of perovskite 

ferroelectric (Ba,Sr)1-xLaxTiO3 thin films, and n-type doped BST.  

 

2.1 Electron field emission 

2.1.1 Theory of electron field emission 

(a) Electron field emission from metals 

Electron field emission is a quantum-mechanism phenomenon in which electrons 

tunnel through a potential barrier at the surface of a solid as a result of the application 
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of a large electric field. Field emission is distinct from thermionic emission and 

photoemission in which electrons acquire sufficient energy via heating or energy 

exchange with photons, respectively, to overcome the potential barrier. In field 

emission external electric fields in the order of 107 - 108 V/cm are required for 

appreciable electron currents. The presence of the electric field makes the width of the 

potential barrier finite, and therefore permeable to the electrons. This can be seen in 

Figure 2-1 which presents a diagram of the electron potential energy at the surface of 

a metal [25]. 

 

The dash line in Figure 2-1 shows the shape of the barrier in the absence of an 

external electric field. The height of the barrier is equal to the work function of the 

metal, φ , which is defined as the energy required to remove an electron from the 

Fermi level of the metal to the vacuum level. However, an abrupt potential step at the 

metal surface is not to be expected because the charge cloud does not terminate 

sharply. The potential near the surface is decreased by an image term Vim [26]  

xeVim 4/2−=                                                      (2-1) 

for the Vim in volts and x in angstroms. The solid line in Figure 2-1 corresponds to the 

shape of the barrier in the presence of the external electric field. As can be seen, the 

high electric field narrows the potential barrier at the metal-vacuum interface 

sufficiently for the electrons to have a significant probability of tunneling from the  
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Figure 2-1   Diagram of the potential energy of electrons at the surface of a metal. 

-e2/4x is image force potential; -eEx is external applied potential; φ  is 

work function; E is electric field [25]. 

 

solid in the vacuum. In the presence of an applied field E, the potential at a metal 

surface has the term [26-27]  

x
eeExxV
4

)(
2

−−=                                                   (2-2) 

where e is the elementary charge. 

 

In addition to the barrier becoming triangular in shape, the height of the barrier in the 

presence of the electric field is smaller, with the decrease given by  

2/1

04 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=Δ

πε
φ eE                                                    (2-3) 

where εo is the permittivity of vacuum. Knowing the shape of the energy barrier, one 

can calculate the probability of an electron with a given energy tunneling through the 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter II Literature review 

 15

barrier. Integrating the probability function multiplied by an electron supply function 

in the available range of electron energies leads to an expression for the tunneling 

current density J as a function of the external electric field E. The tunneling current 

density can be expressed by equation (2-4), which is often referred to as the F-N 

equation [28]. 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×−
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×= −

E
EJ

2/37

2/1

2
6 1044.6exp4.10exp1042.1 φ

φφ
                          (2-4) 

where J is in units of A/cm2, E is in units of V/cm and φ  in units of eV. Plotting 

log(J/E2) vs. 1/E results in a straight line with the slope proportional to the work 

function value, φ , to the 3/2 power. Equation (2-4) applies strictly to a temperature 

equal to 0 K. However, it can be shown that the error involved in the use of the 

equation for moderate temperatures (~300 K) is negligible [26]. 

 

(b) Electron field emission from semiconductors 

The theory for electron field emission from semiconductors can be derived parallel to 

the theory for metals to a large degree. However, special effects are associated with 

semiconductors due to the state of their surface and the fact that an external field 

applied to a semiconductor may penetrate to a significant distance into the interior 

[26]. 

 

Firstly, the electrons or holes concentrated on the surface can be supplied by donor 

and acceptor impurity atoms. This results in the formation of an electric double layer, 
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with a sharply defined surface charge, and a volume charge of opposite sign, decaying 

slowly toward the interior as shown in Figure 2-2. The charge carriers must do work 

in approaching the surface from the interior due to the potential of this layer. This can 

be considered the analog of the work-function increment in adsorption on metals. The 

relationship between the contact potential φ′  and the layer thickness l (Figure 2-2) is 

shown as [26]  

2
1

)2/( Nekl πφ′=                                                   (2- 5)        

where k is the dielectric constant, N is the density of the impurity ions in the 

exhaustion layer. In most semiconductors l has values of the order of 10-6 cm or more.  

 

Secondly, for the case when the external electric field penetrates into the interior of an 

n-type semiconductor and the surface states are neglected, log(J/E2) is shown to be a 

linear function of 1/E, as for metals, in early description. However, in the place of 

work function φ  in the Fowler-Nordheim (F-N) equation one needs to substitute a 

quantity χ - δ, where χ is the electron affinity defined as the energy required for 

removing an electron from the bottom of the conduction band of the semiconductor to 

the vacuum energy level, and δ  denotes the band bending below the Fermi level, as 

shown in Figure 2-3. Electron field emission from semiconductors has been a subject 

of more recent theoretical considerations, which takes into account complications due 

to electron scattering, surface state density, temperature, and tip curvature [29-31]. 
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Figure 2-2   Schematic diagram of energy levels near the surface of an n-type 

semiconductor with surface acceptor states, where l is the layer 

thickness and φ´ is the contact potential due to adsorption [26].  
 

 

 

 

Figure 2-3   Diagram of the potential energy of electrons at the surface of an n-type 

semiconductor with field penetration into the semiconductor interior 

[25]. 
 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter II Literature review 

 18

2.1.2 The present status of cold cathode materials 

Owing to the important applications in consumer goods, military industries and space 

technologies, some kinds of novel cold cathode materials have been developed in the 

past decades. These include Mo/Si tip arrays, diamond and related films, carbon 

nanotubes, other quasi one dimensional nanomaterials, which will be described below.  

 

2.1.2.1 Tip arrays 

More than 40 years ago, Shoulders of Stanford Research Institute proposed device 

concept of microminiaturized vacuum tubes incorporating a field emission electron 

source [32]. Then, Spindt, who was hired by shoulders to carry on the work, displayed 

unyielding persistence in pursuing the device concept that shoulders had dreamed of. 

In the late of 1960s and early of 1970s, Spindt-type cathodes also known as Spint-type 

FEAs were successfully developed as shown in Figure 2-4, which consisted of a 

multilayer structure of Mo gate/SiO2 insulator/Mo cathode cone on Si substrate 

fabricated by thin film vacuum deposition techniques [2]. Si tip arrays were 

successfully fabricated subsequently. This tip arrays technology led to a development 

of a new research area called “vacuum microelectronics”. A number of prototype 

devices, such as field emission displays, microwave power tubes and X-ray sources, 

have been demonstrated. These devices utilize the local field enhancement at the apex 

of each tip to lower the threshold electric field. However, bare Si tip arrays have high 

threshold electric field and unstable emission current. A number of coatings have been  
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Figure 2-4   Basic structure of a Spindt cathode [2]. 

 

applied to modify these tip arrays including carbon-based materials [11-13], nitrides 

[14-15], silicides [16], carbides [17], and refractory metals [18], etc. The detailed 

review of the tip arrays will be provided in section 2.1.3. 

 

2.1.2.2 Carbon based materials 

Since the invention of FEAs, there have been considerable efforts in exploring novel 

cold cathode materials with enhanced field emission behavior. A new class of 

carbon-based cathode materials that has emerged as promising field emitters, 

including diamond, diamond like carbon, amorphous carbon in thin film forms, and 

carbon nanotubes (CNTs). In 1970s, the graphite fibers showed better stability than 

refractory metals, suggesting that carbon-based materials are suited as stable field 

emitters. In the early 1980s, the ability of depositing diamond in thin film forms by 

low pressure chemical vapor deposition (CVD) [33], integrated with the discovery of  
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Figure 2-5   SEM micrographs of randomly orientated CNTs (a) and aligned CNTs 

(b) [37-38]. 
 

negative electron affinity deposition (CVD) [33], integrated with the discovery of 

negative electron affinity (NEA) on hydrogen-terminated diamond surface [34-35], 

has promoted the development of carbon-based materials as cold cathode materials. 

Diamond and related films have the properties of low and negative electron affinity, 

chemically inert, and high thermal conductivity and toughness. Therefore, they 

become a hot topic for research and show good candidates for cold cathode. Another 

carbon-based material, CNTs, is also a good candidate and meets a host of 

requirements for field emission applications [36]. Figure 2-5 shows the scanning 

electron microscopy (SEM) of randomly oriented CNTs and aligned CNTs [37-38]. 
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The tips of the CNTs have diameter in range of 1 - 30 nm and the lengths can be > 1 

µm, consequently the aspect ration is very high. The geometrical field enhancement 

factor (β) of the CNTs is larger than 1000, making them naturally attractive as field 

emitters. High field concentrations can be induced locally at the tips of the nanotubes, 

and allow electron to be emitted at low voltages. Moreover, such CNT arrays may be 

grown using simple deposition techniques and make them very attractive for 

application in cold cathodes.  

 

2.1.2.3 Other cold cathode materials  

Field emission from thin films other than carbon based materials, and quasi one 

dimensional nanomaterials other than CNTs have become two other active areas of 

research on cold cathode materials. Wide band gap materials, nitrides such as carbon 

nitrides [39], boron nitrides [5], and aluminum nitrides [40] are wide band gap 

materials with low or negative electron affinity shows enhanced emission current and 

low threshold field. Carbide films with excellent hardness are resistant to ion 

sputtering [41]. They can be operated under poor vacuum conditions and in 

environments where oxygen is present. The forms of the quasi one dimensional 

nanomaterials include wide and narrow band gap semiconductor nanowires [42-44], 

and refactory metals [45] and their oxide nanowires [46]. It is found that the field 

emission properties of such nanowires have the best values close to CNTs. In addition, 

it is possible to prepare the above nanowires with a unique electron property, i.e. 
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either semiconductor or metallic, unlike CNTs with semiconducting and metallic 

forms co-exiting. Moreover, some aligned nanowires may be prepared at room 

temperature.  

 

2.1.3 Electron field emission of Si tip arrays and Si tip arrays with 

coatings 

We have previously reported that active investigations on tip arrays began in the 

1970s with a view to develop vacuum microelectronic devices including field 

emission displays (FEDs) and microwave power tubes. Historically, microstructured 

tips have been at the heart of the field emission technology. Si tip arrays have attracted 

much attention owing to easy fabrication by the advanced semiconductor technology 

and compatible fabrication process with advanced integrated-circuit technology. It is 

pursued aggressively worldwide as a new generation technology in many applications. 

In this section, field emission of bare Si tip arrays is introduced. In order to achieve an 

improvement of the field emission, coatings are employed as surface modification on 

Si tip arrays and related field emission mechanisms are provided.  

 

2.1.3.1 Field emission of bare Si tip arrays 

The principle of field emission is based on the application of a very high electric field 

to extract electrons from a metal or a highly doped semiconductor surface. Generally 

the field is in the order of 107-108 V/cm. In practical terms, this means approximately 
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Figure 2-6   Illustration of electron field emission from a tip [47]. 

 

1000 kV for an anode-cathode separation (vacuum gap) of 1 mm for a parallel flat 

electrode configuration. However, electrons may be extracted at a substantially lower 

applied field if cathode surface has a high point or a protrusion as shown in Figure 2-6. 

This is because the physical geometry of the tips provides a field enhancement and the 

lines of force converge at the sharp point. If Et is assumed as an electrical field at the 

tip apex, V is a applied voltage, d is a distance between the tip and anode, and β is a 

geometrical enhancement factor, Et can be deduced as [47]  

)/( dVEt β=                                                       (2-6) 

Therefore, large value of the geometrical enhancement factorβ can result in high 

electric field Et at the tip apex. 
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The current generated by field emission could be described by the F-N equation, as 

expressed in equation (2-4) early. It can be seen that electron emission current is 

strongly dependent on (i) work function φ of the emitter surface and (ii) the 

geometrical enhancement factor β. The work function value φ is affected by the 

electronic properties of the emitter surface. It is clear that materials with low work 

function can produce high emission current at a specific field. However, not all 

materials with low work function are ideal as field emission cathodes. This is because 

their other material properties may not be suitable. For example, the work functionφ 

of cesium is only 1.8 eV, however, it is difficult to obtain stable emission current and 

long lifetime from cesium cathodes. The value of the field enhancement factor β 

depends on geometrical parameters of a tip and can be expressed as [48-49]  

rh /=β  ( rh >> )                                                 (2-7) 

where h is the height of the tip, r is the emitter-tip radius. Therefore, it is important to 

make the tips as sharp as possible in order to reduce the field required for electron 

emission. This has been realized by the advanced semiconductor technology, using the 

conventional photolithographic patterning, silicon anisotropic etching, oxidation for 

tip sharpening and buffered oxide etching [19].   

 

2.1.3.2 Field emission of Si tip arrays with coatings 

However, the practical applications of Si tip arrays are highly suppressed owing to 

their high threshold electric field and unstable emission current. The search for tip 
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arrays with low operating voltage and a high and stable emission current has been a 

major focus of vacuum microelectronics. In order to obtain enhancement and stability 

of electron field emission from Si tip arrays, a large number of coatings have been 

used and appeared to be an excellent method to enhance emission properties of silicon 

tip arrays. These coatings include diamond and related materials, nitrides, silicides, 

and carbides refractory metals. The role that coatings play in the emission process 

may be considered in terms of two roles. One role is to decrease the effective work 

function and correspondingly enhance the emission behavior. The other role is that the 

coating acts as a protective layer for the sharp conductive core to avoid absorption and 

ion bombardment. In addition, if the coating has a high thermal conductivity, 

overheating of the core will be minimized since the coating can conduct heat away 

from the tip and acts as a radiator. 

 

It is widely accepted that field emission, from Si tip arrays coated with a wide band 

gap thin film, is a three-step process, including supplying electrons to the thin film at 

the Si/film interface, transporting them through the bulk to the film surface, and 

emitting them into vacuum as shown in Figure 2-7 [27,50]. There are a number of 

mechanistic models proposed to account for the emission characteristics. All of the 

models are not necessarily mutually exclusive, because each addresses a particular 

part of an overall field emission process. Overall the physics remains ambiguous. The 

models are illustrated as follows. 
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Figure 2-7   Band diagram representation of the quasi tunneling process associated 

with a surface positive electron affinity (PEA) (a) and an effective NEA 

(b), where Ev is the valence band, Ec is the conduction band, EF is the 

Fermi energy, and U is the energy from EF and top electron energy 

level [50].  

 

(a) Low or negative electron affinity 

Si tip arrays coated with diamond films show an enhancement in field emission 

compared with bare Si tip arrays. The original work on field emission from diamond 

surface was motivated by the discovery of its low or negative electron affinity [34]. It 

is proposed that electrons are injected into the conduction band of the low/negative 

electron affinity material, from which there is a small barrier that needs to overcome 

for electron emission to take place. Recently, some wide band-gap materials, such as 

carbon nitride, boron nitride, and aluminum nitride, showed the property of NEA and 

were applied as effective coatings on tip arrays to improve emission behavior [13-15].  

   

The electron affinity χ of a wide band-gap material is defined as the energy required 
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remove an electron from the conduction band minimum to a distance macroscopically 

away from the material. At the surface, this energy is simply the different between the 

vacuum level and the conduction band minimum. The electron affinity is not 

dependent on the Fermi level of the wide band-gap material. The electron affinity of a 

material is closely related to both the fundamental atomic structure of the material and 

surface dipoles created by surface terminations, including steps, reconstructions, and 

adsorbate [51]. While the atomic arrangements are an intrinsic property of the material, 

the surface dipoles can readily be altered and manipulated to affect the electron 

affinity. 

 

For most insulators and semiconductors, the conduction band minimum is below the 

vacuum level and the electron affinity is positive as shown in Figure 2-8 (a). Electrons 

in the conduction band are bound to the material by an energy equal to the electron 

affinity. In some rare cases, surface conditions can be obtained in which the 

conduction band minimum is above the vacuum level as shown in Figure 2-8 (b), and 

the electron affinity is thus negative. In such conditions, the electrons in conduction 

band are not bound to the sample but can escape from the surface, although the 

electrons are still bound to the vicinity of the surface by coulomb forces. The effective 

NEA model shown in Figure 2-8 (c) can be described as a combination of positive 

electron affinity (PEA) and depleted band bending at the surface of the material. This 

band bending can result in the vacuum energy level occurring at an energy below the 
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Figure 2-8   Band schemes of a semiconductor surface with PEA (a), true NEA (b), 

and effective NEA (c) [27]. 

 

minimum of the conduction band. The magnitude of the effective NEA is determined 

as χφχ −= BBeff , where BBφ  is band bending and χ is positive electron affinity. 

The low or even negative electron affinity property of surface may be important to 

explain the thin film enhancing field emission but it is not adequate. As shown in 

Figure 2-7, for electron field emission to occur, and more importantly to be sustained, 

there must be a continuous supply of electrons and a sustainable transport mechanism 

for electrons to reach the surface. Moreover, the energy levels of these electrons 

relative to the vacuum level are critical in determining the threshold field required for 

emission. A low electron affinity or even an effective NEA surface is practically 

useful in reducing the barrier for electron emission only when the energy levels of 

some occupied states or bands, including surface states, are positioned sufficiently 

close to the conduction band minimum. 
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(b) The defect/ impurity theory 

As seen above, the electrons at the surface can emit easily when the thin film has a 

low or even negative electron affinity. But before that, there must be enough electrons 

reaching the surface of the thin film. The thin film coating is usually a semiconductor 

or insulator with a wide band gap; therefore, either the bulk or the surface of the thin 

film must be made conductive in order to sustain the emission process.  

 

The defect/impurity theory can illustrate the electron transport in thin films, which 

suggests that structural defects and impurities can form energy states within the band 

gap of thin films [52-53]. When the defect density is sufficiently high, the electronic 

states of various defects can interact and form energy bands. If these bands are wide 

enough or closely spaced, the electron hopping mechanism within the bands, similar 

to the Poole–Frenkel conduction mechanism or the Hill type conduction [54], could 

easily provide a steady flow of electrons to the surface and sustain a stable electron 

emission. The electrons can either be excited into the conduction band or unoccupied 

surface states from these defect/impurity bands and emit, or tunnel directly from the 

defect/impurity bands and emit. The defects/impurities essentially raise the Fermi 

level by acting as donors of electrons and thus reduce the tunneling barrier. This 

theory is supported by overwhelming experimental data indicating that defective or 

lower quality diamonds have better emission properties. It also appears to explain why 

emission characteristics are enhanced in many “doped” diamonds, not necessarily 
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because of the electrical doping effect, but rather by the creation of defects in the 

doping process. However, the exact nature of the responsible defects has not been 

identified, and the very existence of many defect/impurity energy bands and their 

locations within diamond band gap have not been firmly confirmed or linked to the 

field emission. Recently, the origin of the emitting electrons can be determined using 

field emission energy distribution [55-56]. 

 

(c) Other conduction channels 

Except that defect/impurity in wide band-gap material acts as conduction channel, 

graphite phase and/or gain boundaries have been suggested as other conduction 

channels in diamond film by Athwal [57] and Kim [58]. It is suggested that a 

field-induced hot electron emission process from isolated conductive particle (i.e. 

graphite) inclusions in an insulator matrix (i.e. diamond), where an antenna effect 

results in field concentrations on a “floating” conductive particle. Cui [59] has 

concluded from their photoelectron sub-band gap emission study that the diamond 

phase provides a thermally and mechanically stable matrix with a comparatively low 

work function, and graphite provides the transport path for electrons to reach the 

surface and emit. Grain boundaries have also been suggested to function as 

conduction channels. 
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(d) Back-contact interface mechanism 

One of the important parameters governing the internal emission is the potential 

barrier height at the back-contact interface. For the undoped wide band-gap insulator, 

the Fermi level is commonly assumed to be at the middle of the band gap. The 

electrons at the Fermi level of Si tips will see a potential barrier height equal to Eg/2 

(Figure 2-7). The emission current here is limited by tunneling of electrons through a 

potential barrier height equal to Eg/2 to conduction band of thin film, not by electron 

emission from the thin film surface into vacuum even if the thin film has a low 

electron affinity. For very thin films coated on sharp Si tips, the injected electrons 

could directly reach the thin film surface and emit into vacuum. This can be illustrated 

as follows. After the electrons inject, they may become hot at the surface due to being 

accelerated by a penetrating field that is high in the coating due to the local 

enhancement. Little energy is lost since their mean-free path may be compatible with 

the thickness of the coating. They will see a low surface potential barrier, and may 

tunnel out into vacuum. This electron injection role is supported by the observation 

that a roughened interface between the nickel contact and nitrogen-doped diamond 

improved electron emission due to local field enhancement effects at the interface that 

facilitate tunneling through the Schottky barrier [60]. This model emphasizes the 

importance of the back contact, and indicates that the rate limiting process for field 

emission may also be associated with it.  
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(a) 

 

(b) 

Figure 2-9    A model based on the a-C:H:N acting as a space charge interlayer on 

the n++-Si. No applied field top (a); an applied voltage of 10 V between 

the anode and n++-Si (b) [62]. 

 

Silva and his coworkers [61] proposed another model that electron injection is 

facilitated by band bending at the interface. In this model shown in Figure 2-9 [62], a 

fully depleted, doped interlayer is shown to sustain a larger electric field than the 

applied macroscopic field due to space charge effects as a consequence of having to 

satisfy the Poisson relationship in the interlayer. Electrons in conduction band gain 

energy and become “hot” due to higher internal field and see a lower barrier at the 

film/vacuum interface. It is worth noting that the tunneling current density at the 
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interface as a function of applied field follows a numerical formula similar to the F-N 

equation, and because of this, it is difficult to differentiate between this interface 

barrier mechanism and the surface barrier mechanism from current-voltage data alone. 

Additionally, it is difficult to identify the barrier structure at the interface of Si and the 

thin film that is highly defective.  

 

(e) Sharp morphological features model 

Among the various models, the simplest and most obvious argument cites the classic 

field emission theory by noting that there are local field enhancements on sharp 

morphological features protruding on the thin film surface. For example, surfaces of 

CVD diamond film coatings are typically full of facets and ridges. These rough 

crystallographic features can function as conventional field emitters in which electrons 

tunnel into vacuum at the protruding small features, facilitated by the enhanced local 

electric fields. This could certainly be a working and contributing mechanism, but it 

also addresses neither the source of electrons in the wide band gap thin film nor the 

issue of effective electron transport to the surface of the thin film. 

 

(f) Other models 

Other proposed models include dielectric breakdown that provides conductive 

channels in diamond [63], surface arcing that results in the formation of tips and 

protrusions and thus provide additional geometric field enhancement [64], space 
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charge limited conduction current through the bulk of thin film [65], and surface 

conduction enhanced electron emission [66]. 

 

2.1.4 The potential applications of cold cathode materials  

Field emission is based on physical phenomenon of quantum tunneling, in which 

electrons are injected from the surface of the materials into vacuum under the 

influence of the electric field. Compared to the presently used thermionic emission 

from hot filaments, field emission occurs at room temperature from cold cathodes. In 

addition, it offers some attractive characteristics, including small size, modest power 

consumption, instantaneous response to field variation, resistance to temperature 

fluctuation and radiation, and an exponential current-voltage relationship in which a 

small variation of voltage can result in a large change of emission current. Based on 

the above advantages, there have been a very significant growth in interest and 

activities in vacuum microelectronics; and considerable progress has been made in 

field emission devices over the past decades. Field emission devices can be applied in 

domestic and military industries. Some devices (e.g., field emission displays (FEDs)) 

benefit from having a large number of independently addressable sources operating in 

parallel. Some devices (e.g., high voltage or microwave power tubes) utilize the high 

speed of the electrons and/or the high electric field of vacuum. Some devices (e.g., 

x-ray source) require the high kinetic energy that only free electrons can achieve. 

Other devices (e.g., instrument using in nuclear reactors and space) take the 
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advantages of vacuum microelectronics, where electrons transport through vacuum 

and therefore immune to radiation and high temperatures.  

 

We state FEDs as an example owing to its most prominent and commercially 

attractive application in flat panel displays. The FEDs have several advantages over 

other technologies including low power consumption, higher brightness, wider view  

angle and fast response time. It is predicted that FEDs will replace the existing 

cathode ray tube displays, competing with technologies as liquid crystal display, 

plasma discharge panel display and organic light emitting display. The principle of 

operation of FEDs is similar to a cathode ray tube displays in the sense that the display 

image comes from cathodoluminescence of phosphor materials. Figure 2-10 shows the 

architecture of a Spindt cathode-based flat panel display. The difference between them 

is how electrons are generated and delivered to excite phosphor coated anode. Instead 

of one or three electron guns in CRTs, miniaturization allows every pixel to have its 

own electron source, which is independently addressed, and hundreds of emitters are 

made to define a pixel. No scanning of electron beams line by line is required as  

CRTs. In FEDs, the selection of cold cathode materials is very important to achieve 

the low threshold electric field and stable emission current. 
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Figure 2-10   Architecture of a Spindt cathode-based flat panel display [47].    

 

2.2 Ferroelectric (Ba,Sr)1-xLaxTiO3+y materials  

2.2.1 Physical structure 

Ferroelectricity is defined as the spontaneous alignment of electric dipoles by their 

mutual interaction [67]. Many perovskite ferroelectric materials, such as barium 

strontium titanate (BST), lead zirconium titanate (PZT), barium titanate (BT) and 

strontium bismuth tantalate (SBT), have been extensively investigated because of their 

interesting ferroelectric properties [68]. BT ceramics as shown in Figure 2-11 can be 

used as an example to illustrate the basics of ferroelectrics. Each large barium ion is 

surrounded by twelve nearest-neighbor oxygen ions; each titanium ion has six oxygen 

ions in octahedral coordination. The barium ion and oxygen ions together form a 

face-centered cubic lattice, with titanium ions fitting into octahedral interstices. The 

characteristic structural feature shared by barium titanate seems to be that the large 

size of the barium ions increases the size of the cell of the face-centered cubic BaO3 

structure so that the titanium atom is at the lower edge of stability in the octahedral 
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Figure 2-11  Perovskite structure of BaTiO3 [67]. 

 

interstices. The rattling titanium hypothesis suggests that there are minimum-energy 

positions for the titanium ion which are off center and consequently give rise to an 

electric dipole. At high temperatures the thermal energy is such that the titanium ion 

has no fixed unsymmetrical position, but the open octahedral site allows the titanium 

ion to develop a large dipole moment in an applied field. On cooling below the Curie 

temperature, the position of the titanium ion and the octahedral structure change from 

cubic to tetragonal symmetry with the titanium ion in an off-center position 

corresponding to a permanent electrical dipole. These dipoles are ordered, giving a 

domain structure. The change from the paraelectric to the ferroelectric state can be 

illustrated in terms of crystallographic changes and corresponding dielectric constant 

changes.   
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Ferroelectric perovskite materials are widely used in bulk capacitors and transducers, 

and are now candidate dielectrics for integration in the microelectronics industry. In 

the paraelectric state they offer some of the largest dielectric constants attainable. This 

makes them attractive for applications in which transient charge storage is required, 

such as capacitors in dynamic random access memories (DRAM) [69] and decoupling 

capacitors in circuit power distribution systems. In the ferroelectric state, below the 

ferroelectric transition temperature, the ability to reorient the spontaneous polarization 

makes them used as nonvolatile memory elements possible [70]. Because all 

ferroelectrics are a subset of the polar crystal classes, they are also pyroelectric and 

piezoelectric. Consequently, they can be used as pyroelectric elements in infrared 

detectors [71], as well as electromechanical transducers for actuators in 

microelectromechanical structures [72]. 

 

The other end ( 1x = ) of the (Ba,Sr)1-xLaxTiO3+y is possible to have a general formula 

of La2Ti2O7. Lanthanum titanate oxide La2Ti2O7 has been known to form perovskite 

layer structures built up of corner-shared TiO6 octahedra bonded together by the 

interlayer La cations [73-74]. It possesses monoclinic symmetry with space group P21 

and has high melting points. Lanthanum titanate oxide (La2Ti2O7) single crystal was 

found to show ferroelectricity with very high coercive field and Curie temperature, to 

have excellent electrooptic and piezoelectric properties at room temperature [75]. The 

unique properties make them ideal candidates for applications ranging from 
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high-temperature transducer [76], photocatalysts [77] to immobilization hosts of 

actinides in nuclear waste [78]. 

 

2.2.2 Electronic structure 

As mentioned early, the field emission process of Si tip arrays with coating includes 

three steps: electron injection from the back contact Si substrate into the film, electron 

transport from the substrate/film interface to the emission site at the film surface, and 

electron emission into the vacuum. Thus, the field emission properties are closely 

related to electronic structure of the coating. In this part, the electronic structures of 

heterostructure of BST/Si interface, bulk BST film, and BST film surface are 

introduced.  

 

The heterojuctions of BST and SrTiO3 thin films with Si have already been studied as 

alternative gate dielectric oxides to replace silicon dioxide in complementary metal 

oxide semiconductor (CMOS) services. However, the studies were focused on 

epitaxial thin films with carefully controlled interface. XPS is an effective 

experimental tools to investigate heterojuction band discontinuities between 

BST/SrTiO3 and Si. Generally, this method require the thickness of BST thin film to 

be very thin, i.e., about lower than ~20 Å for XPS due to limited penetrating depth of 

X-ray. Amy [79-80] and Chambers [81] have investigated the electronic structure of 

BST and SrTiO3 thin films and their heterojuctions with Si recently using XPS or/and 
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and ultraviolet photoelectron spectroscopy (UPS). It was shown that the position of 

the valence-band maximum (VBM) of BST and SrTiO3 varies substantially with film 

preparation [79-80]. The maximum conduction band offset for the SrTiO3/Si interface 

is around 0.1 eV, almost independent of the presence of silicates at interface [81]. The 

small band offset between BST and Si is expected to benefit supply of electrons at the 

back contact (BST/Si interface) for field emission.    

 

The study of the electronic structure of bulk BST materials could be helpful in 

understanding the electron transport in the film. These electronic properties have been 

extensively investigated in the past. The electronic structures of BST, in which the 

Ba/Sr cation has a valence of 2+, are close to TiO2 [82]. This is because the highest 

filled and the lowest empty Ba/Sr orbitals are significantly farther away from EF than 

are the O 2p and Ti 3d levels as shown in Figure 2-12 [82]. Thus the electronic 

structure in the vicinity of EF and the vacuum level is dominated by the Ti and O ions. 

Accordingly the corner-shared TiO6 octahedra dominate the main electronic properties 

of BST. In a simplified ionic picture this would lead to a completely full O 2p valence 

band and an empty Ti 3d conduction band for BST. The n-type thin film is required 

for field emission applications since it can achieve enough conduction electrons to be 

supplied to the emitting surface, and also raising the Fermi level and thus reducing the 

tunneling barrier. The n-doped perovskite BST films could be induced via either 

controlling non-stoichiometric composition (oxygen vacancy), or introducing  
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Figure 2-12  Schematic energy-level diagram for SrTiO3 [82]. 

 

transition metal dopant. The typical transition metal dopant like lanthanum cation 

(La3+) or niobium cation (Nb5+) is usually employed to substitute barium/strontium 

cation (Ba2+/Sr2+) or titanium cation (Ti4+) sites in BST films, respectively. The n-type 

doped BST thin film will be discussed in detail in Section 2.2.3 

 

The surface electronic structure of BST is reviewed here since it would affect electron 

tunneling from the surface into vacuum. As illustrated in previous Figure 2-3, a small 

surface work function (φ) or low surface electron affinity ( χ ) could enhance the 

probability of an electron with an given energy tunneling through the barrier. 
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Therefore, materials with low work function can produce high emission current at a 

specific field. The surface work function, φ, is defined as the energy necessary to 

remove an electron from the Fermi level in a material and put in at rest in vacuum an 

infinite distance away from the material (This is usually several or tens of nanometer), 

as given in equation below 

fVacc EE −=φ                                                       (2-8) 

where Evacc and Ef is the vacuum level and Fermi level in a material, respectively. It is 

known that the variation of the work function could be studied by comparing the shift 

of the Fermi level in thin films. XPS technology has been widely employed to study 

the shift of the Fermi level by comparing the core-level binding energies [83-86]. 

Besides, the work function of a material can be measured in several ways, including 

thermionic emission, the low-energy cut-off in photoelectron emission [87], contact 

potential difference measured by a Kelvin probe, and retarding potential methods [82]. 

It is noted that the work function is a sensitive measure of the state of a surface. In 

fact, it is so sensitive for metal oxides that its absolute value has little significance. 

Differences in step or point defect densities, trace of adsorbed molecules too small to 

be observed by any surface spectroscopy, slight changes in surface reconstruction, 

etc., can cause significant changes inφ.  
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2.2.3 n-doped (Ba,Sr)TiO3 

For electron field emission at the surface of BST films, emitting electrons can 

originate from either the conduction band, the surface state, and/or the valence band. 

However, BST has a moderate wide band gap and stoichiometric BST is thus 

generally thought to be unable to produce sustained electron field emission because of 

its insulating nature. Although electrons emitting from surface states in stoichiometric 

BST can occur, there are no obvious mechanisms by which electrons can be 

transported through the bulk to the surface states. Therefore, either the bulk or the 

surface of BST must be made conductive in order to sustain the electron field 

emission process. This would require the BST to be n-type doped. 

 

The n-type perovskite ABO3 structure can be achieved by altering any of the three 

sublattices, namely, those of A (Ba/Sr), B (Ti), and O. Specifically, La substitution at 

the A site (A1-xLaxBO3), Nb substitution at the B site (AB1-xNbxO3), and vacancies at 

the oxygen sites ( δ3ABO − ) dope electrons into the system. Oxygen vacancies, La at 

Ba/Sr (A) sites, and Nb at Ti (B) sites can donate electrons according to the following 

equations [24]. 
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In the case of oxygen vacancies, δ3ABO −  is expected to have δ2 number of 

electrons doped for every formula unit. In contrast, it is found that there are only 2/δ  

number of conduction electrons in δ3ABO −  for lager value of δ  ( 28.0≈ ) by Hall 

measurements [88]. Oxygen vacancies directly influence the fundamental interactions 

of the electronic structure by disrupting the Ti-O network. It is reported that the low 

vacancy concentration results in the Fermi energy progressively shift to the 

conduction band and every electron doped into the system contributes to the 

conduction process. With increasing δ , however, it is found that vacancy clustering 

seriously distorts the bottom of the conduction band, and leads to the formation of 

localized midgap states in δ3ABO − . Thus only a part of the electrons doped 

contributes to the conduction process, with a sizable portion being trapped by the 

vacancy clusters [88]. The doping effect of La is different from that of oxygen 

vacancy. In case of 3xx1 BOLaA − , the Fermi level goes into the conduction band due 

to electrons doping. But there is no noticeable contribution from La partial densities of 

states (PDOS) near the Fermi energy level, the band structure near the band gap has 

no change with different La doping concentrations, which can be described within 

rigid band model [89]. Nb doping in SrTiO3 does not only make the Fermi level move 

into conduction band, but also make the band structure near the energy gap changed, 

with a slight shift of conduction bands to lower energy region [89]. Nb doping effect 

on the electronic structures near the energy gap of SrTiO3 can not be describe well 

within the rigid-band model, even at low Nb concentration.  
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It is well known that the perovskite structure ABO3 can tolerate significant amounts of 

oxygen vacancies, still retaining the perovskite or deformed-perovskite structure. 

Copel et al. [90] have reported that the nominally undoped BST thin films, prepared 

by metal organic chemical vapor deposition or a chemical solution, are n-type doped. 

La substitution in BST is proposed to supply conduction electron as shown in equation 

(2-9). However, some researchers have found that the films showed enhanced 

resistivity [91] or a large decrease in the leakage current [92] when the La substitution 

concentration was lower than 10% mol, in comparison to undoped films. The large 

decrease in leakage current was attributed to the formation of highly resistive layer 

and could be originated from compensation defect chemistry involved in a donor 

doped sample. Lanthanum acting as a donor in the system could suppress the inherent 

oxygen vacancy concentration when processed under an oxidizing environment [93], 

which may lead to a reduction in the concentration of the charge carrier. The equation 

is expressed as [86]  

OSrBa
SrOorBaO OLaorLaVOLa 3)2 (2)2  2(..

032 +⎯⎯⎯⎯ →⎯+                        (2-10) 

 

Tokura and co-workers [94-95] have extensively studied a mixed-crystal system 

Sr1-xLaxTiO3 ( 1x0.1 ≤≤ ) with a view of understanding the concentration dependence 

of the electronic properties of correlated electron system. The samples were grown by 

the floating–zone method in a reducing or inert atmosphere. The end compounds 

SrTiO3 ( 0x = ) is a closed shell (i.e., no d electron) oxide with cubic perovskite 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter II Literature review 

 46

structure. The topmost valence and lowest unoccupied conduction bands in SrTiO3 are 

of O 2p and Ti 3d character, respectively. The other end compound LaTiO3 with a 

half-filling titanium 3d band is a Mott insulator [96] with an orthorhombically 

distorted perovskite (GdFeO3-type) structure, in which the Ti-O-Ti angle (~157º) 

deviates from 180º [97]. The formal valence of Ti in this compound is 3+, the number 

of 3d electron per Ti site being exactly 1 (3d1 configuration). In Sr1-xLaxTiO3 system, 

a number of 3d electrons can be varied from 0 to 1 with a change of x from 0 (SrTiO3) 

to 1 (LaTiO3). La substitution in SrTiO3 makes samples metallic with 1x0.1 ≤≤ . 

However, the samples with 0.1x ≤  show some carrier localization effect, perhaps 

due to poor shielding of the impurity (La3+) potential by low carrier density [98].  
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CHAPTER THREE 

EXPERIMENTAL PROCEDURES 

 

 

The ferroelectric Ba0.65Sr0.35TiO3 (BST) and (Ba0.65Sr0.35)1-xLaxTiO3+y (BSLT 

11.0 ≤≤ x ) thin films have been fabricated on Si tip arrays using sol-gel technique for 

electron field emission applications. The microstructure and electronic structure of 

ferroelectric thin films, and the electron field emission properties of ferroelectric thin 

film coated Si tip arrays have been systematically investigated in this study. In this 

chapter, the detailed experimental procedures are described: 

a) Preparation of ferroelectric thin films by the sol-gel technique. 

b) Characterization of the ferroelectric thin films using X-ray diffraction (XRD), 

transmission electron microscope (TEM), fourier transform infrared (FT-IR) 

spectroscopy, second ion mass spectroscopy (SIMS), and X-ray photoelectron 

spectroscopy (XPS).  

c) Characterization of the electron field emission properties. 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter III Experimental procedures 

 48

3.1 Preparation of films 

Si tip arrays were fabricated by Micro Fabrication Lab in NTU. The process is 

introduced in this part. The ferroelectric thin films were then deposited on Si tip arrays 

using the sol-gel technique. The sol-gel technique is applied for the deposition of thin 

films due to its good homogeneity, ease of chemical composition control, ease of 

process integration with the standard semiconductor manufacturing technology, and 

comparatively lower cost than other techniques. Four steps are involved in the 

process: (1) solution preparation, (2) film deposition, (3) low temperature heat 

treatment for organic pyrolysis, and (4) high temperature annealing for film 

crystallization. 

 

3.1.1 Fabrication of Si tip arrays 

Figure 3-1 shows device fabrication scheme of Si tip arrays. The tip arrays were 

fabricated starting from the (100) n-type Si wafer with resistivity of 2-5 Ω·cm. First, 

one 0.3 μm thick silicon dioxide layer was thermally grown on the silicon wafer. 

Then, conventional photolithographic pattering of circular dots with 4 μm diameter 

was performed and silicon dioxide circular “dots” were obtained after buffered oxide 

etching. Silicon wafer was wet etched by anisotropic KOH solution 

(KOH:H2O:IPA=24:63:13) at 80 °C followed by isotropic acid mixture 

(HNO3:CH3COOH:HF=25:10:3) at 20 °C. Tip sharpening treatment was performed  
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Figure 3-1   Fabrication schema of BST-coated Si tip arrays. 

 

by dry oxidation at 950 °C to reduce the tip radius to ~ 30 nm. Si tip arrays, with a tip 

height of 1.5 μm and the tip density of 1.6×106 cm-2, were obtained after the SiO2 

layer was etched away. Finally, ferroelectric thin films were coated on Si tip arrays by 

the sol-gel process for further study.  

 

3.1.2 Solution preparation 

The starting raw organic materials used in the study were titanium (IV) butoxide 

Ti(OC4H9)4, barium acetate Ba(CH3COO)2, strontium acetate Sr(CH3COO)2, and 

lanthanum acetate La(CH3COO)3. The whole solution process is described by 

flow-chart in Figure 3-2. The titanium butoxide precursor solution was first 
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thoroughly mixed with acetylacetone C5H7OOH with a mole ratio of 1:2. This acted to 

stabilize and prevent the titanium butoxide from forming gel when exposed to the 

moisture in the ambient environment. The solution was continuously mixed using a 

magnetic stirrer. Then the barium acetate, strontium acetate, and/or lanthanum acetate 

with desired molar ratios were dissolved in glacial acetic acid CH3COOH. De-ionized 

water was added in a molar ratio of 1:4 to promote the dissolution process. The 

solution was kept stirring at 60 °C to help dissolve the acetate powders. During the 

mixing, the beaker was sealed with a transparent micro-film to prevent further 

evaporation of water or acetic acid during the mixing. Next, the dissolved (Ba, Sr, La) 

precursor solution was dripped into the titanium butoxide precursor solution, and 

2-methoxyethanol was added to achieve a final concentration of 0.10 mol/l. The 

mixed solution was continuously stirred using a magnetic stirrer for 30 minutes. A 

clear yellowish solution was obtained and finally filtered into storing amber bottles 

using 0.1 μm Teflon micropore filters. The solution was then aged in a desiccator for a 

period varying from 24 to 48 hours. 

 

The thermal decomposition properties of synthesized BST and BSLT precursors were 

analyzed to determine the thermal treatment processes. The Perkin-Elmer 

thermogravimetric analyzer (TGA-7) and differential thermal analyzer (DTA-7) were 

used for the analysis. The temperature range from room temperature to 800 °C was 

chosen and the heating rate was set at 2 °C/min. 
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Figure 3-2 Flow-chart for preparation of BST and BSLT ( 1x0.1 ≤≤ ) solution. 

 

3.1.3 Deposition of BST and BSLT thin films 

The ferroelectric thin films were deposited on n-type (100) Si wafer and Si tip arrays 

substrate, respectively. The former substrate was used for physical and electronic 

structure studies of the thin films, and the later was employed for field emission 

characterization. The wafers were first cleaned with sequential rinses of de-ionized 

water, iso-propanol, acetone, and then dried by nitrogen gas. The native oxide layer on 

Si substrate was removed by 1:10 di-ionized water diluted HF. The substrate was 

finally baked in the oven at 110 °C for 30 minutes. Such cleaned wafers would allow 

Mixing with 
acetylacetone 

Mixing solutions at room temperature 
and adjusting viscosity by adding 

2-methoxyethanol  

Stirring for 30 minutes and 
filtrated by 0.1 μm Teflon filters 

Titanium (IV) 
butoxide

Dissolving Ba, Sr, or La 
acetate with desired 
molar ratio in acetic acid 
at 60 oC with DI water 
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good quality thin films to be deposited. The spin-coating process was preformed at 

4000 rpm for 30 seconds. The samples were pyrolyzed at 200 and 400 °C for 2 

minutes to decompose residual organics and then cooled to room temperature. The 

coating and pyrolyzing processes were repeated several times to obtain the desired 

film thickness.  

 

The as-coated thin films were annealed at different temperatures for 1 hour in a quartz 

furnace, where a mixed gas of oxygen and nitrogen (O2:N2=1:4) was introduced. The 

thickness of sol-gel film was controlled according to various layers, which was 

calibrated using SLOAN Dektak 8000 surface profilometer, and the films with 

thickness of 15, 30, 60 and 90 nm are obtained by 1, 2, 4 and 6 layer-coating, 

respectively. 

 

3.2 Characterization  

3.2.1 Characterization of thin films 

The microstructural evolution of sol-gel derived BST and BSLT films was 

investigated using a Rigaku X-ray diffractiometer with a thin film attachment cum 

Ultima+ wide-angle goniometer (40 kV, 40 mA). Cu Kα radiation source (1.54 Å) was 

used for phase identification. The scanning range was from 20o to 60o in 2θ with a 

scan rate 2o/min. A small glazing angle fixed at 0.5º was used to ensure that the 

diffraction intensity mostly came from the measured thin films.  
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The transmission electron microscopy (TEM) was employed to evaluate the 

cross-section of the BST and BSLT thin films. In this study, we use the Philips CM 

200 FEG transmission electron microscope operating at 200 keV. Thin film 

cross-section samples for TEM were prepared by the standard method and ion beam 

thinned by Gatan 691 PIPS system. 

 

Material depth profile was carried out using secondary ion mass spectroscopy (SIMS) 

with a secondary ion mass spectrometer (TOF SIMS IV from Ion TOF, Germany). It 

was operated in the dual beam interlaced mode. Depth profiling was achieved by 

employing low energy 1 keV Ar+ ion beam to raster and sputter a surface area of 200 

μm × 200 μm. The secondary ions were analyzed using 25 keV Ga+ primary ion beam 

with an ion current of 1.5 pA. The ion beam was raster-scaned over an area of 150 μm 

× 150 μm in the center of the sputtered crater. 

 

In order to investigate interfacial component at high annealing temperature for the thin 

films, the chemical bonding configuration of the thin films was evaluated by using 

Fourier transform infrared (FT-IR) spectroscopy at room temperature using a 

Perkin-Elmer spectrum 2000 in the wavelength range of 1000 - 390 cm-1. The incident 

angle of the IR beam to sample surfaces was 90 degree and FTIR spectra were 

obtained by the transmittance radiation from the surfaces. 
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XPS characterization was performed to investigate chemical compound formation and 

electronic properties, using a VG ESCALAB 220i-XL instrument with a 

monochromatic Al Kα X-ray source (1486.6 eV). All XPS measurements were done at 

a take-off angle of 90o with respect to sample surface plane. The pass energy of the 

analyzer was set to 20 eV to achieve high energy resolution. The base pressure in the 

analysis chamber was set to less than 1×10-10 mbar. To minimize the charging effects, 

a low energy electron flood gun in conjunction with a transmitting fine mesh 

proximity screen was used. The quantification was carried out using the relative 

sensitivity factors (RSFs) taking into consideration both the X-ray cross-section and 

the transmission function of the spectrometer. The binding energy was referenced to 

the C 1s line at binding energy of 285.0 eV. After a Shirley-type background 

subtraction, an XPS spectral deconvolution was achieved by a curve fitting procedure 

based on Lorentzians broadened by a Gaussian, due to the instrumental resolution, 

using the manufacturer’s standard software. Component peak shape and full widths at 

half maximum (FWHMs) for a particular peak envelope were kept the same during 

the curve fitting. 

 

3.2.2 Characterization of field emission properties 

Before field emission measurements, the surface morphologies of the coated and the 

uncoated Si tips were examined by a JEOL JSM-5600 scanning electron microscope 
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(SEM). Then, a plane Si wafer was used as cathode to ensure that no field emission 

current could be measured within the sensitivity of the instrumentation with the 

applied electric field lower than 100 V/μm, which is much higher than the real 

electrical field in measurement. This is to ensure that no parasitic field emission 

currents occur during the real measurement. 

 

Field emission characterization was carried out in a diode configuration in a vacuum 

chamber of 10-7 mbar as shown in Figure 3-3. A stainless steel base was used to make 

electrical contact to the Si tip arrays, and an ITO glass with a sheet resistance of 10 

Ω/  was placed 50 μm above the cathode as an anode via a Teflon spacer. The 

diameter of the opened Teflon hole is 6.0 mm. The measurement system is 

computer-controlled, integrated with a Keithley 248 high voltage supply and a 

Keithley 487 picoammeter/voltage source.  

 
 
Figure 3-3   Schematic diagram of the electron field emission characterization set 

up. 
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Surface cleaning of BST-coated Si FEAs was performed first under low emission 

current of 1 μA by applying a voltage on FEAs before measurement. The emission 

data were taken at room temperature after stabilized emission current was achieved. 

The threshold electric field is defined as the electric field required to induce an 

emission current density of 10-8 A/cm2, corresponding to the signal-to-noise ratio of 

1000:1. The field emission stability characterization was carried out in an electric field 

which could induce an initial emission current density around several µA/cm2 for each 

sample. The applied electrical field was then kept in constant during the measurement. 

Field emission current data were read every 2 seconds. The field emission of BST 

coated Si tip arrays was confirmed by the F-N plot and light generation on a 

phosphorous anode of ITO glass. 
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CHAPTER FOUR 

FIELD EMISSION OF (Ba0.65Sr0.35)TiO3 
COATED SI TIP ARRAYS  

 

 

In recent years Si tip arrays have been very attractive for field emission applications 

due to easy fabrication by the available advanced semiconductor technology and the 

compatible fabrication process with advanced integrated-circuit technology. However, 

the high threshold electric field and poor emission current stability limit their use in 

many applications. Therefore, the search for electron field emitters with low operating 

voltage, high and stable emission current has been a major research focus. Surface 

modification on Si tip arrays is currently studied to lower operating electric field and 

improve emission stability [11-18]. Recently, sol-gel Ba1-xSrxTiO3 (BST) ferroelectric 

thin films on Si tip arrays have been demonstrated an enhancement in field emission 

by Kang [19] and Zhu [21]. The field emission behavior was found to be highly 

correlated with the structure [20] and stoichiometric composition [21] of BST thin 

films. However, this is a new research area and many fundamental questions still keep 
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open. A systematic study is necessary to explore and verify the properties and 

mechanism of field emission of BST coated Si tip arrays.  

 

In this chapter, we describe in detail the microstructural properties, component 

analysis, chemical compound formation and electronic properties of BST thin films, 

field emission properties of BST coated Si tip arrays and related discussions for field 

emission mechanism. The field emission properties of BST coated Si tip arrays were 

investigated by varying annealing temperature and thickness of BST coatings. The 

field emission characteristics were studied by using the home-designed automatic field 

emission characterization system. 

 

This chapter is composed of two sections. The first section will present the preparation 

and characterization of BST thin films. It includes the study of thermal decomposition 

behavior of dried BST gel powders, and the investigation of microstructural evolution, 

component analysis, chemical compound formation and electronic properties of the 

BST thin films. Then, the study of field emission properties of BST coated Si tip 

arrays, the analysis of emission data, and the discussion of field emission mechanism 

will be provided in the second section.  
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4.1 Preparation and characterization of BST films  

4.1.1 Thermal decomposition properties 

Figure 4-1 illustrates the thermal decomposition behavior of the BST gel. With 

increasing temperature, a significant weight loss is observed below 300 °C due to the 

evaporation of residual solvent in the xerogel. Then, two exothermic peaks at 301 and 

402 °C appear successively in the DTA curve, corresponding to the decomposition of 

metal-organic precursors.  It is known that the precursors of barium acetate and 

strontium acetate are decomposed around 300 °C, and the titanium butoxide is 

decomposed around 400 °C. The resultant (Ba,Sr)TiCOx complex is stable up to 

550°C, and shows a flat region in the TGA curve. With further increasing 

temperature, a step is found in the TGA curve between 550 and 620 °C, accompanied 

by an exothermic peak in the DTA curve. The weight loss between 520 °C and 620 °C 

has been identified as a solid reaction, presented as [99]  

(Ba0.65Sr0.35)TiCOx       (Ba0.65Sr0.35)TiO3+CO2                           (4-1) 

 

Based on the results of thermal decomposition analysis, the heat treatment processes 

were determined. During the BST thin film deposition, the pyrolyzed processes at 200 

and 400 °C were chosen for heat-treatment after each layer of BST film coated on 

substrate to dry the solvent and burn off the bound organic components. After all the 

layers were coated, the films were annealed at temperatures above 600 °C to achieve 

desired structure. 
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Figure 4-1   TGA and DTA curves of BST gel precursor. 

 

4.1.2 Microstructure and component analysis of BST thin films 

4.1.2.1 X-ray diffraction 

The X-ray diffractometer measurement was carried out using the Rigaku system with 

Cu Kα (1.54 Å) radiation source. The scanning angle range was from 20º to 60º in 2θ 

with a scan rate of 2º/min. A small glazing angle fixed at 0.5º was used to ensure that 

the diffraction intensity mostly came from the thin films. The JCPDS files were 

employed for the analysis of all XRD results. 

 

The microstructural evolution of the sol-gel BST films was studied by varying 

thicknesse and annealing temperature as shown in Figures 4-2 and 4-3, respectively. 

Apparently, the diffraction patterns indicate that the microstructural evolution is 

strongly dependent on the film thickness and the annealing temperature. Figure 4-2 
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shows the XRD patterns of stoichiometric BST thin films with thickness of 15, 30, 60 

and 90 nm deposited on Si substrates annealed at 700 ºC. It is found that there are not 

obvious diffraction peaks of perovskite structure in BST thin films with thickness of 

15 and 30 nm. The sol-gel thin films were crystallized during annealing process and 

perovskite grains could not be well-developed in such thin films. The crystallinity of 

the sol-gel BST thin films was improved with the increasing film thickness. The 

60-nm-thick film shows the desired perovskite diffraction peaks in XRD patterns. The 

peaks are getting higher and narrower while further increasing thickness to 90 nm, 

indicating improved crystallinity of the films. 
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Figure 4-2   X-ray diffraction patterns of sol-gel BST thin films annealed at 700 ºC 

with different thickness. 
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Figure 4-3   X-ray diffraction patterns of sol-gel BST thin films with thickness of 90 

nm annealed at different temperatures for 1 hour. 

 

Since the diffraction peaks are not obvious for the very thin films, the 90-nm-thick 

BST films were employed to study the effect of annealing temperature. The XRD 

patterns of the BST thin films annealed at different temperatures for 1 hour are shown 

in Figure 4-3. It is found that the film annealed at 600 ºC is still in an amorphous state, 

whereas the desired peaks of the perovskite structure can be easily indexed for the 

samples annealed at 650 and 700 ºC. However, with further increasing annealing 

temperatures to 750 and 800 ºC, an additional phase appears, which could be 

attributed to (Ba,Sr)2TiSi2O8 phase [100], accompanied with broadening of the 

perovskite peaks. It is believed that (Ba,Sr)2TiSi2O8 phase is the product of the 

interfacial reaction between BST and Si at high annealing temperatures. The 
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interfacial reaction impedes the development of BST perovskite structure, and results 

in poor crystallinity in the films as shown in their XRD patterns. 

 

4.1.2.2 TEM image 

The cross-section images of the 15-nm-thick sol-gel derived BST films annealed at 

600 and 800 ºC are shown in Figure 4-4. The uniform contrast of the BST films 

indicates that the deposited films are composed of a dense and crack-free amorphose 

phase. It is found that such thin films are hard to be crystallized even though they are 

annealed at a high temperature. On the other side, the contrast change at BST/Si 

interface is also noticed in TEM observation. The thickness of the interfacial layer is 

2.4 and 4.0 nm for the BST thin film annealed at 600 and 800 ºC, respectively. It is 

indicated that the solid-state reaction between BST and Si substrate is enhanced with 

the increasing annealing temperature.  

 

The cross-sectional structures of BST films annealed at 700 ºC with different 

thicknesses are also examined as shown in Figure 4-5. It is found that the BST films 

are non-uniform and composed of two-layer structure in the films (shown in insets), 

an amorphous layer on the bottom and then a polycrystalline layer on it. The 

30-nm-thick BST film is generally amorphous in nature. But we still can find some 

small grains near the surface region of the film. The 90-nm-thick BST film 

demonstrates higher crystallinity which contains randomly oriented polycrystalline 

grains.  
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(a) 

 

 

 

(b) 

Figure 4-4   Cross-section images of sol-gel derived BST thin films deposited on Si 

substrate annealed at 600 (a) and 800 ºC (b). 
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(a)   

 
(b) 

Figure 4-5   Cross-section images of sol-gel derived BST thin films annealed at  

700 ºC with thickness of 30 (a) and 90 nm (b). The insets show 

two-layer structure in the film.  
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A high-resolution photograph shown in Figure 4-6 exhibits the lattice structure of BST 

annealed at 700 ºC with thickness of 30 nm. The interplanar distance of (110) is about 

0.2760 nm, which is consistent with the value of 0.2805 nm calculated from XRD 

results. 

 

 

Figure 4-6   TEM bight-field image for the lattice structure of BST annealed at 700 

ºC with thickness of 30 nm. 

 

4.1.2.3 SIMS depth profile 

It was found that there is an additional phase, which is attributed to the product of 

interfacial reaction between BST and Si, for the 90-nm-thick BST thin films annealed 

above 750 ºC from the XRD results. Moreover, we also noticed the contrast change at 

BST/Si interface in TEM observation. To clarify the interface structure, SIMS depth 

profile of BST film on Si was investigated using ToF-SIMS (ION-ToF GmbH). 
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Figure 4-7 presents the SIMS depth profiles around the interface between the BST 

films and Si substrate for the samples annealed at different temperatures. These 

profiles are qualitative, i.e., the relative ion counts for different elements do not 

indicate their relative concentrations. It is indicated that distribution of Ba, Sr, Ti and 

O through the BST film is homogeneous. Moreover, diffusion of Si atoms from Si 

substrate into the BST films is noted in the depth profiles. It is found that Si signals 

increase before Ba, Sr, Ti and O signals decrease. It means that there is a mixture 

region with Ba, Sr, Ti, Si and O presented at BST/Si interface. The mixture layer 

originates from the solid-state reaction between BST and Si during the annealing 

process of the films. Therefore, the interface layer is believed to be composed of 

(Ba,Sr)TixSiyOz. With the increase of the annealing temperature, the overlaping of Si, 

Ba, Sr, Ti and O profiles becomes broader, indicating the increase of the interdifussion 

between BST and Si. It is related to severe interfacial reaction between BST and Si 

substrate at such high annealing temperature. The results are consistent with previous 

XRD finding that an (Ba,Sr)2TiSi2O8 phase exists when BST thin films were annealed 

at 750 and 800 ºC. In addition, there is a small hump for all the elements in the 

interface region. This is the outcome of the matrix effects when profiling heterolayer 

structure, which result in the increase of the ion yield [101]. 
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Figure 4-7   SIMS depth profiles for sol-gel BST thin film annealed at 600 (a), 700 

(b), and 800 ºC (c) for 1 hour. 

 

4.1.2.4 FT-IR analysis 

It is revealed that the solid-state reaction occurs between BST and Si substrate and the 

thickness of the interface layer of (Ba,Sr)TixSiyOz increases with increasing annealing 

temperature. The change of interface layer may influence the chemical bonding 

configuration which would be demonstrated by Fourier transform infrared (FT-IR) 

spectroscopy analysis below. 
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Figure 4-8 illustrates the FT-IR transmittance spectra of BST thin films, 30 nm thick,    

annealed at different temperatures ranging from 600 to 800 °C. For the films annealed 

in a temperature range between 600 and 750°C, there are three major absorption peaks 

appearing in their FT-IR spectra, located at 443, 547, and 703 cm-1. The peak at 547 

cm-1 is due to transverse optical (TO) mode of Ti-O bonds in TiO6 octahedra, and the 

peaks at 703 and 443 cm-1 are attributed to the longitudinal optical (LO) phonon mode 

[102-105]. It is shown that with increase of the annealing temperature from 600 to 700 

°C, these absorption peaks are sharpened and narrowed, corresponding to the 

development of crystallinity. However, the interfacial reaction between BST film and 

Si would be enhanced while further increasing annealing temperature to 750 and 800 

°C. As a result, the peaks of Ti-O bond in TiO6 octahedra are lowered and broadened  
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Figure 4-8    FT-IR transmittance spectra of 30-nm-thick BST thin films annealed at 

different temperatures in air for 1 hour. 
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correspondingly, accompanied by two additional peaks at 907 and 860 cm-1. The 

additional absorption peaks at 907 and 860 cm-1 are attributed to the vibrations of Si-O 

bonds and Ti-O bonds respectively [100,106]. It means that the severe solid-state 

interfacial reaction occurs at high annealing temperature.     

 

From the studies in this section, it is found that the microstructure of BST thin film is 

strongly dependent on annealing temperature and film thickness. The BST films 

exhibit the perovskite structure while annealed between 650 and 700 ºC, and a severe 

interfacial reaction between Si and BST while annealed above 750 ºC. The 

crystallinity of perovskite structure is improved with the increasing thickness of BST 

film annealed at 700 ºC. The 15-nm-thick BST film is amorphous in nature, and the 

polycrystalline perovskite grains develop in the thicker film with an amorphous layer 

existed in the bottom region of the film. The component analysis shows that the 

BST/Si interface is a solid-state reaction product of (Ba,Sr)TixSiyOz. The change of 

microstructure of BST films could in turn influence the field emission properties of 

BST coated Si tip arrays which will be discussed in detail later.  

 

4.1.3 X-ray photoelectron spectroscopy characterization 

The change of the microstructure of BST films should accompany a variation of the 

electronic structure [107]. In this section, the effect of the annealing temperature is 

discussed firstly. The variation of oxygen vacancy concentration is estimated from the 
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O 1s core level spectra. The electrons donated by the oxygen vacancy could induce 

the Fermi energy shift, studied using core level spectra. The effect of thickness is then 

studied and the crystallinity information of BST thin films with different thicknesses 

is obtained from the studies of Ba 3d5/2 core level and valence band spectra.  

 

4.1.3.1 Effect of annealing temperature 

Figure 4-9 shows the XPS survey spectrum of the 30-nm-thick sol-gel BST thin film 

annealed at 700 ºC. It can be seen that the thin film is composed of Ba, Sr, Ti and O. 

 

A quantitative analysis of XPS data is obtained using high resolution spectra of Ba 3d, 

Sr 3d, Ti 2p, and O 1s. This can be explained as follows. For a homogeneous sample, 

the number of photoelectrons per second in a specific spectra peak is given by [108]:  

ATynfI λσθ=  (4-2) 

Where n is the number of atoms of the element per cm3 of the sample, f is the X-ray 

flux in photons/cm2-s, σ is the photoelectric cross-section for the atomic orbital of 

interest in cm2, θ is an angular efficiency factor for the instrumental arrangement 

based in the angle between the photon path and detected electron, y is the efficiency in 

the photoelectric process for formation of photoelectrons of the normal photoelectron 

energy, λ is the mean free path of the photoelectrons in the sample, A is the area of the 

sample from which photoelectrons are detected, and T is the detection efficiency for 
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electrons emitted from the sample. From Equation (4-2), the number of atoms of the 

element per cm3 of the sample can be expressed as:  

ATyfIn λσθ/=                                                    (4-3) 

The denominator in Equation (4-3) can be defined as the atomic sensitivity factor, S. 

The number of atoms of the element per cm3 of the sample can be expressed simply as  

SIn /=                                                           (4-4) 

where I and S are peak area and atomic sensitivity factor of the element. A general 

expression for determining the atom fraction of any constituent in a sample, Cx, can be 

written   

)//()/( ∑= iiXXX SISIC                                            (4-5) 

Based on equation 4-5, atomic percents of Ba, Sr, To and O in BST thin films are 

obtained from the XPS high-resolution spectra as shown in Table 4-1. This leads to 

atomic ration Ba:Sr:Ti:O equal to 0.65:0.35:1:3-δ. The ratio of O/Ti is less than 3 

which is possibly due to oxygen vacancy in the thin films. 
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Figure 4-9   XPS survey spectrum of BST film with thickness of 30 nm annealed at 

700 ºC. 

 

Table 4-1    Atomic percents of Ba, Sr, To and O in BST thin films obtained from 

XPS high-resolution spectra. 

 Ba (%) Sr (%) Ti (%) O (%) 

600°C (30 nm) 13.7 8.2 23.6 54.5 

650°C (30 nm) 12.3 7.5 25.5 54.7 

700°C (15 nm) 13.4 6.0 20.7 59.8 

700°C (30 nm) 16.3 9.1 21.4 53.2 

700°C (60 nm) 14.2 8.7 21.1 56.0 

700°C (90 nm) 15.0 10.0 21.2 53.8 

750°C (30 nm) 11.5 7.4 21.4 58.5 

800°C (30 nm) 11.8 6.7 19.6 61.9 
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Figure 4-10 shows the high resolution O 1s spectra obtained from 30-nm-thick BST 

films annealed at various temperatures. A good fitting is obtained to the spectrum as 

indicated in the figure. It is remarkable that all O 1s spectra can be fitted with two 

peaks at binding energies of about 530.2 and 532.2 eV. The low binding energy at 

530.2 eV, denoted by O(1), is assigned to oxygen in the lattice, and the high binding 

energy at 532.2 eV, denoted by O(2), is reported to be adsorbed oxygen species and 

hydroxyl ion [109-112]. Furthermore, the O(2) peak is broader than that of O(1), 

suggesting that the former contains at least two components (adsorbed oxygen and 

hydroxyl group). It has been reported that the absorbed oxygen increases with the 

increase of a number of oxygen vacancies [109-112]. The change of oxygen vacancy 

concentration can be estimated from the variation of the intensity ratio of the two 

fitted O1s peaks. From  

Table 4-2, it is found that the intensity ratio of the O(2) to O(1) peaks increases for BST 

thin films annealed from 600 to 750 °C and decreases above 750 °C. Since the 

samples were prepared and measured in the same oxygen atmosphere, it is reasonable 

to attribute the increased O(2)/O(1) intensity ratio to the increase of oxygen vacancy 

concentration in BST thin films annealed from 600 and 750 °C. The decrease of the 

intensity ratio of the O(2) to O(1) peaks above 750 °C may be associated to interfacial 

reaction as shown in previous structural measurements. It is well known that oxygen 

vacancies donate electrons, resulting in an n-type conductivity in the BST thin films 

according to the following defect equation. 

'2
2
1

2 eOVO OO ++↔ ••                                              (4-6) 

The electrons donated by the oxygen vacancy could induce the Fermi energy shift 

[113]. 
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Figure 4-10  XPS O 1s core level spectra obtained from the 30-nm-thick BST thin 

films annealed at different temperatures.  

 

Figure 4-11 shows XPS Ti 2p core-level spectra obtained from the 30-nm-thick BST 

thin films annealed at different temperatures. There is a binding energy shift of Ti 

2p3/2 peak. The shift in the peak is attributed to the Fermi level change rather than 

chemical effects since all Ba 3d5/2, O1s, Ti 2p and Sr 3d peak undergo the same shift. 

Therefore, the binding energy shift of Ti 2p3/2 peak gives the relative shift of the 

Fermi level [83-86]. It is found the Fermi level shifts up for BST films annealed from 

600 to 750 °C with increasing temperature due to increasing oxygen vacancy 

concentration, and then moves back slightly after annealed at 800 °C, attributed to the 

severe interface reaction between BST and Si substrate. The shift value (ΔEF) of the 

Fermi level with respect to that of the film annealed at 600 °C are around 0.1, 0.3, 0.5, 
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and 0.3 eV, corresponding to the films annealed at 650, 700, 750 and 800 °C, 

respectively.  
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Figure 4-11  XPS Ti 2p core level spectra obtained from the 30-nm-thick BST thin 

films annealed at different temperatures. The shift in the peak is 

attributed to the Fermi level change of BST thin films. 

 

The valence band spectra of BST thin films annealed at different temperatures are 

demonstrated in Figure 4-12. The valence electronic structure of BST considered here 

is determined by Ti 3d and O 2p states in the corner sharing Ti-O6 octahedral units 

that make up the perovskite structure. In a simplified ionic picture this would lead to a 

completely full O2p valence band and an empty Ti 3d conduction band for BST. The 

valence band extends from about 2 to 9 eV below Fermi level and is derived primarily 

O 2p states of the Ti-O6 octahedra. The binding energy of valence band maximum 

(EVBM) could be determined by extrapolating the leading edge of the valence band 
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spectrum to its base line [114]. The EVBM of BST films annealed at 600, 650, 700, 750 

and 800 °C are around 2.5, 2.5, 2.6, 2.7, and 2.5 eV, respectively. That means the 

Fermi level shifts away from the valence band maximum (VBM) for BST film 

annealed from 600 to 750 ºC, and shift close to the VBM for BST film annealed at 

800 ºC. The main reason of this phenomenon is mainly attributed to the shift of the 

Fermi level.  

 

10 9 8 7 6 5 4 3 2 1 0

 

 

800oC

750oC
700oC
650oC
600oCIn

te
ns

ity
 (a

rb
. u

ni
ts

)

Binding energy (ev)
 

Figure 4-12  XPS valence band spectra obtained from the 30-nm-thick BST thin 

films annealed at different temperatures.  

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter IV Field emission of (Ba0.65Sr0.35)TiO3 coated Si tip arrays 

 79

785 780 775

Ba 3d5/2

800oC

750oC

700oC

650oC

600oC

Ba(1)

Ba(2)

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Binding energy (eV)

(c)

 
Figure 4-13   XPS Ba 3d5/2 core level spectra obtained from the 30-nm-thick BST thin 

films annealed at different temperatures. Increased Ba(1)/Ba(2) ratio 

indicates improvement in crystallinity of the BST thin films.  

 

Figure 4-13 shows XPS Ba 3d5/2 core level spectra of 30-nm-thick BST films annealed 

at different temperatures. The spectra obtained from films annealed at 700 and 750 °C 

can be fitted with two peaks with the lower binding energy at 779.1 eV and the high 

binding energy at 780.5 eV, denoted by Ba(1) and Ba(2) respectively. The Ba(1) is 

assigned to Ba with 12-fold oxygen coordination representative of bulk stoichiometry, 

and Ba(2) originates from uncoordinated Ba in the surface region [115-116]. It is clear 

that the coordinated Ba(1) peak could only be observed in the films annealed at 700 

and 750 °C, indicating the formation of bulk perovskite phase. Their Ba(1)/Ba(2) ratios 

were estimated to be around 0.30 and 0.11, respectively. In the other films, only the 

uncoordinated Ba(2) could be found, suggesting amorphous structure. In particular, the 
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films annealed above 750 °C exhibit degraded crystallinity owing to the severe 

solid-state reaction at the BST/Si interface. It is concluded that the BST with thickness 

of 30 nm annealed at 700 ºC has the best crystallinity compared with others.  

 

Table 4-2 Summary of the measured shift value of the Fermi level ΔEF, the 

O(2)/O(1) ratio, the binding energy of valence band maximum (EVBM) 

and the Ba(1)/Ba(2) ratio of BST thin films annealed at different 

temperatures. 

Annealing 

temperature 
O(2)/O(1)  ΔEF (eV) EVBM (eV)  Ba(1)/Ba(2)  

600°C 0.55 - 2.5 0 

650°C 0.64 0.1 2.5 0 

700°C 0.76 0.3 2.6 0.30 

750°C 0.88 0.5 2.7 0.11 

800°C 0.53 0.3 2.5 0 

 

4.1.3.2 Effect of thickness 

High-resolution Ti 2p3/2 core level spectra of BST films annealed at 700 ºC with 

different thickness are shown in Figure 4-14. It is clear that Ti 2p3/2 peak shifts to 

lower binding energy with the increase of the film thickness. The shift values of the Ti 

2p3/2 binding energy with respect to that of the film with thickness of 15 nm are 

around -0.08, -0.26, and -0.32 eV, corresponding to the films with thickness of 30, 60, 

90 nm respectively. Consistent changes are observed in other core levels. Due to the 

various thickness of the BST thin films, the binding energy shift of the Ti 2p peak is 
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possibly affected by the band bending (bulk charge redistribution) in BST layer [90]. 

Near the interface the local charge-density distribution may differ from that deeper in 

the bulk semiconductor [117]. Consequently, Poisson’s equation predicts a spatially 

varying electrostatic potential which bends all of the bands or energy levels by an 

amount that depends only on the distance from the interface. This assumes that the 

energy band gap in the space-charge region is the same as it is deeper in the bulk 

semiconductor. Copel and his coworkers [90] reported that the initial position of the 

Ti 2p core level depends on the film thickness. This is due to the influence of the 

underlying Pt layer which bends the band. The depletion width of chemical solution 

deposition BST films are reported as 130 nm.  
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Figure 4-14  XPS Ti 2p core level spectra obtained from the BST thin films annealed 

at 700 ºC with different thicknesses. 
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The studies below of Ba 3d5/2 core level and valence band spectra could offer the 

crystallinity information of BST thin films with different thicknesses. Figure 4-15 

shows high resolution Ba 3d5/2 core level spectra of BST films annealed at 700 ºC 

with different thickness. The spectra obtained from films above 30 nm can be fitted 

with two peaks at the low binding energy around 779.1 eV and the high binding 

energy around 780.5 eV, denoted by Ba(1) and Ba(2) respectively. The Ba(1) is assigned 

to Ba with 12-fold oxygen coordination representative of bulk stoichiometry, and Ba(2) 

could originate from uncoordinated Ba atoms in a different chemical state [115-116]. 

In the 15-nm-thickness BST film, only the uncoordinated Ba(2) peak could be found, 

suggesting the amorphous structure. While it is clear that the coordinated Ba(1) peak 

could be observed in the films with thickness of 30, 60 and 90 nm, indicating the 

formation of the bulk perovskite phase. Their Ba(1)/Ba(2) intensity ratios are estimated 

to be around 0.30, 2.27 and 4.17, respectively. The ratios increase largely with the 

increasing film thickness, attributed to the substantially increase of crystallinity with 

the increasing thickness. This is consistent with the above XRD and TEM results.  

 

Figure 4-16 shows XPS valence band spectra of the BST thin films annealed at 700 ºC 

with different thicknesses. The valence band extends from about 2 to 9 eV below the 

Fermi level and is derived primarily O 2p states of the Ti-O6 octahedra. With 

increasing thickness of BST film, this structure appears to be better defined, a double 

peak of this band arising from the hybridization of Ti and O valence state is exhibited,  
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Figure 4-15  XPS Ba 3d5/2 core level spectra obtained from the BST thin films 

annealed at 700 ºC with different thicknesses. 
 

10 8 6 4 2 0

 

 

90 nm

60 nm
30 nm
15 nmIn

te
ns

ity
 (A

rb
. u

ni
ts

)

Binding energy (eV)
 

Figure 4-16  XPS valence-band spectra obtained from the BST thin films annealed at 

700 ºC with different thicknesses. 
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and the width of the band increases. The values of binding energy of valence band 

maximum (EVBM) [114] of BST films with thickness of 15, 30, 60, and 90 nm are 

around 2.67, 2.58, 2.18, and 2.03 eV, respectively. It is demonstrated that the valence 

electronic structure is substantially influenced by the crystallinty in our BST films. 

 

The XPS results demonstrate that the electronic structures of BST thin films are 

influenced by the annealing temperature. The Fermi level shifts up for BST film with 

the increasing annealing temperature from 600 to 750 °C, and it moves back slightly 

at 800 °C. The upward shift of the Fermi level from 600 to 750 °C is attributed to the 

increasing oxygen vacancy concentration in the films and the downward shift of the 

Fermi level at 800 °C is associated with the severe interfacial reaction. Moreover, the 

crystallinity information of BST thin films with different thicknesses are obtained 

from the studies of Ba 3d5/2 core level and valence band spectra, which is consistent 

with previous studies. The investigations of the electronic structure and microstructure 

of BST coatings using various techniques could be vitally important to understanding 

the field emission mechanism of BST coated Si tip arrays which will be discussed in 

detail in next section. 
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4.2 Field emission properties of Si tip arrays coated with 

BST thin films 

In this section, the field emission properties of Si tip arrays coated with BST thin films 

were investigated. Firstly, the emission current density-electric field (J-E) 

characteristics are studied by varying annealing temperature and thickness of BST 

coatings. The field emission stability is then included in the following part. Next, the 

J-E data are analyzed using the F-N plot and the effective work function of the 

BST-coated Si tips is estimated. Finally, the field emission mechanism is discussed in 

the last part.  

 

4.2.1 The emission current density-electric field (J-E) characteristics 

Figure 4-17 illustrates the influence of annealing temperature on field emission 

behavior of Si tip arrays coated with 30-nm-thick sol-gel BST thin films. It is obvious 

that the threshold electric field of Si tip arrays could be largely lowered from 36 V/µm 

for the bare Si tip arrays to 19 V/µm for that with a 30-nm-thick BST coating 

annealed at 700 ºC. Moreover, the coated Si tip arrays exhibit an increase in maximum 

emission current compared with bare Si arrays. It is also shown that the electron 

emission characteristics of the BST-coated Si tip arrays strongly depend on the 

annealing temperature. For the arrays coated with 30-nm-thick BST layer annealing at 

600 °C, the threshold electric field is about 28.5 V/µm. The threshold electric field is 

lowered to about 27 and 19 V/µm for the samples annealed at 650 and 700 ºC,  
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Figure 4-17  Field emission of Si tip arrays coated with 30-nm-thick BST thin films 

annealed at different temperatures. The BST coated arrays annealed at 

700 oC yield the optimal emission performance. 

0 10 20 30 40 50

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

 15 nm
 30 nm
 60 nm
 90 nm
 Bare Si tip

 

 

Em
is

si
on

 c
ur

re
nt

 d
en

si
ty

 (
μA

/c
m

2 )

Electric field (V/μm)

 

Figure 4-18  Field emission of Si tip arrays coated with BST thin films annealed at 

700 ºC with different thicknesses. The arrays coated with 30-nm-thick 

BST film show the optimal emission performance. 
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respectively. However, further increasing annealing temperature does not lead to 

further improvement in field emission. The threshold electric fields measured are 

about 22.5 and 25.2 V/µm for the samples annealed at 750 and 800 ºC respectively.  

 

Moreover, the thickness of BST layer annealed at 700 ºC also impacts the filed 

emission behavior of coated silicon emitter arrays as shown in Figure 4-18. The 

threshold fields are of 27, 19, 23 and 28 V/µm corresponding to the BST thin film of 

15, 30, 60, and 90 nm, respectively. It is found that the 30-nm-thick BST films 

demonstrate the lowest threshold field for electron emission. The threshold fields of Si 

tip arrays coated with different BST films are listed in Table 4-3.  

 

It demonstrates that the BST coated Si tip arrays show considerable improvement in 

field emission. The enhancement of field emission shows the annealing temperature 

dependence and thickness dependence, which could originate from the microstructural 

evolution features and electronic properties in BST films. The details will be 

discussed later.  

 

4.2.2 Field emission stability 

Furthermore, the BST-modified Si tip arrays also demonstrate an improved stability 

for field emission. The influence of annealing temperature and the impact of film 

thickness on emission stability of BST coated Si tip arrays are investigated.  
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As shown in Figure 4-19, the emission current density of four kinds of Si tip arrays, 

namely, bare Si arrays and the arrays coated with the 30-nm-thick BST film annealed 

at 600, 700, and 800 ºC, respectively, was examined as the function of time. The 

initial current density was maintained around several µA/cm2 for all samples. During 

the measurement, the value of current density from BST-coated arrays still maintained 

in the same order, whereas that from the bare Si arrays exhibited remarkable decrease 

after 180 s and fluctuation during the measurement. The average emission current 

density Javerage, standard deviation ΔJ, and fluctuation f, (
averageJ

Jf Δ
= ), are 

determined for these arrays [118]. Large difference is found between the fluctuation of 

the bare Si arrays and that of BST-coated arrays. Si arrays coated with 30-nm-thick 

BST film annealed at 700 ºC displays smaller fluctuation of 0.30 compared with that 

of the bare Si arrays with fluctuation of 1.4. The emission stability is influenced by the 

annealing temperature. The fluctuation of BST-coated arrays annealed at 600, 700, 

and 800 ºC are 0.55, 0.30 and 0.62, respectively. Moreover, the effect of thickness on 

emission stability of BST coated Si arrays annealed at 700 ºC is also investigated as 

shown in Figure 4-20. Small difference of fluctuations between 30-nm-thick (f = 0.30) 

and 90-nm-thick (f = 0.35) BST coatings is found. Table 4-3 lists the fluctuation 

values of Si tip arrays coated with different BST films. It means that BST coated Si tip 

arrays could behave as stable electron sources compared with bare Si tip arrays.  
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Figure 4-19  The emission current stability of bare Si tip arrays (a), Si tip arrays 

coated with 30-nm-thick BST thin films annealed at 600 ºC (b), 700 ºC 

(c), and 800 ºC (d). 
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Figure 4-20  The emission current stability of bare Si tip arrays (a), Si tip arrays 

coated with 30-nm-thick (b) and 90-nm-thick (c) BST thin films 

annealed at 700 ºC. 
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4.2.3 Analysis of emission data 

As essential data, the emission current density-electric field (J-E) characteristics were 

investigated by varying annealing temperature and thickness of BST coatings in 

section 4.2.1. These emission data were analyzed by plotting them according to the 

F-N formula [26-27]. The important parameters, the field enhancement factor ( β ) 

[119-120] and the effective work function (φ ) [11,19,121-122], are obtained from the 

slope of the F-N plot.  

 

4.2.3.1 Field enhancement factor 

The F-N equation is expressed as  

)/exp(2 VBVAI −×=                                          (4-7) 

where  

)
d

A
2/1

10.4exp(β1042.1 2

2
6

φφ
α

×
×
×

××= −                                  (4-8)    

and                                                

βφ /1044.6 2/37 ×××= dB                                           (4-9)  

In equation (4-7), (4-8)，and (4-9), I is field emission current in units of A, V is the 

applied voltage in units of V, d is distance between anode and cathode in units of cm, 

α  is the area from which emission of electrons takes place in units of cm2, φ  is 

effective work function in units of eV, and β  is called the field enhancement factor. 

The electric field at the tip apex can be substantially enhanced with field enhancement 

factor β  as shown in equation 2-6.  
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As demonstrated in Figure 4-21, the F-N plot exhibits the straight line with different 

slopes at high voltages. The straight line suggests that the electron emission is 

controlled by tunneling through a potential barrier. The field enhancement factor β  

of Si tip arrays could be deduced using equation (4-9). Assuming the tunneling barrier 

height of Si to be 4.3 eV (corresponding to the work function of n-type silicon with 2 

Ω·cm resistivity), the enhancement factor β could be estimated to be 110 from the F-N 

slope (FNSL) in Figure 4-21 (a).  

 

On the other hand, the β could also be estimated from using the curvature of the Si 

tip as the following equation [48-49],   

rh /=β                                                         (4-10)   

where r is the emitter-tip radius, and h is the tip height. Taken h=1.5 μm, r=20 nm for 

Si tip from the SEM photograph shown in Figure 4-22, the value of β factor is 

estimated to be 75. The estimated values of β factor are close from two methods. 

 

4.2.3.2 Effective work function 

The effective work functions of Si tip arrays coated with BST thin films annealed at 

different temperatures are estimated. The slope of the F-N plot FNSL is deduced from 

Figure 4-21 (b). Since the SEM pictures of Figure 4-22 indicate that the sharpness of 

silicon tips are not altered by BST coating with the thickness of 30 nm and 90 nm, it is 
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reasonable to assume that the BST-coated Si tips and the bare silicon tips have the 

same field enhancement factor β. As a result, the effective work function of the 

BST-coated tips can be calculated from the ratio of the F-N slope FNSL of 

BST-coated silicon tip to uncoated silicon tip as [122]  

3/2)/( SiBSTSiBST FNSLFNSLφφ =                                      (4-11) 

According to the F-N slope FNSL and Si work function of 4.3 eV, the values of the 

effective work function are estimated as 4.1, 3.4, 2.3, 2.6, and 2.7 eV for BST-coated 

Si tips annealed at 600, 650, 700, 750, and 800 ºC, respectively. The effective work 

functions of Si tips coated with BST films with different thicknesses are also deduced 

using above equation 4-11. It is found the value of the effective work function of BST 

coated Si tips is dependent on the coating film thickness, of 2.9, 2.3, 2.5, and 3.3 eV 

for sample with thickness of 15, 30, 60, and 90 nm, respectively. Table 4-3 lists the 

values of the estimated effective work function from the slopes of F-N plot. 

 

Correlated to the J-E characteristic, the sample with the smallest effective work 

function exhibits the best improvement in field emission. It suggests that the 

improvement in electron emission originates from the lowering of work function with 

BST coatings. 
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Figure 4-21  F-N plot of filed emission from Si tip arrays and BST-coated Si tip 

arrays (a), Si tip arrays coated with BST thin films annealed at different 

annealing temperatures (b), Si tip arrays coated with BST thin films 

with different thicknesses (c). 
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(a) 

   
(b)  

   
(c) 

Figure 4-22   Scanning electron micrographes (SEM) of uncoated (a), 30-nm-thick 

(b), and 90-nm-thick (c) BST-coated Si tip arrays. 
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Table 4-3    The threshold field, the fluctuation of emission current density, the ratio 

of the F-N plot slope (FNSLBST/FNSLSi), the effective work function of 

BST coated Si tip arrays as a function of annealing temperature and 

film thickness. 

Annealing 

temperature (ºC) 

Thickness of 

BST (nm) 

Threshold 

field (V/μm)

Fluctuation FNSLBST 

/FNSLSi 

φBST 

(eV) 

600 30 28.5 0.55 0.93 4.1 

650 30 27 - 0.69 3.4 

700 15 27 0.30 0.57 2.9 

700 30 19 - 0.40 2.3 

700 

700 

60 

90 

23 

28 

- 

0.35 

0.46 

0.65 

2.5 

3.3 

750 30 22.5 - 0.48 2.6 

800 30 25.2 0.62 0.50 2.7 

 

4.2.4 Field emission mechanism 

The microstructure and electronic properties of BST thin films, and field emission 

properties of BST coated Si tip arrays have been systematically studied. It is revealed 

that the BST coated Si tip arrays show considerable improvement in field emission. 

The threshold field could be lowered substantially from 36 V/μm for bare Si tip arrays 

to about 19 V/μm for BST-coated Si tip arrays. The mechanism and enhancement of 

field emission of BST coated Si tip arrays are discussed in this part. A comparison of 

the different types of BST thin films is presented to clarify the relationship among 

microstructure, electronic properties and field emission behavior. 
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It is well known that field emission process from a wide band gap thin film on Si tip 

arrays includes the critical three steps of supplying electrons to the thin film, 

transporting them through the bulk to the surface, and emitting them into vacuum, 

based on the proposed model shown in Figure 2-7. It is believed that these steps are 

influenced by the microstructure and electronic properties of BST coating, which will 

be demonstrated below from the effect of annealing temperature and the impact of 

thickness.   

 

(a) Effect of annealing temperature 

The field emission behavior of 30-nm-thick BST coated Si tip arrays shows the 

annealing temperature dependence. The sample annealed at 700 ºC has the lowest 

threshold field, while the samples annealed at lower ( C 650 o≤ ) or higher ( C 750 o≥ ) 

temperature can not further improve the field emission behavior. Analysis of the 

emission data using the F-N plot suggests that the electron emission is dominated by 

tunneling through a potential barrier; and the improvement in electron emission 

originates from the lowering of effective work function with the BST coatings. It is 

found that the sample with the low effective work function exhibits enhanced 

emission behavior.  

 

Correlated to the microstructural features, it is shown that the crystallinity of 

perovskite structure is improved for the BST thin film annealed from 600 to 700 °C 
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and then degraded due to the severe interfacial reaction above 750 °C. Some small 

grains near the surface region of the 30-nm-thick BST film annealed at 700 °C are 

observed from the TEM images and also demonstrated by studying XPS Ba 3d5/2 core 

level spectra. On the other hand, it is found that the oxygen vacancy concentration 

increases for the 30-nm-thick BST thin films annealed from 600 to 750 °C and 

decreases above 750 °C. The decrease of oxygen vacancy concentration at the high 

annealing temperature may be associated with the severe interfacial reaction. It is 

known that the oxygen vacancies donate electrons, resulting in an n-type conductivity 

in the BST thin films. The variation of the oxygen vacancy concentration could lead to 

the shift of the Fermi level in BST films. Correspondingly, it is found that the Fermi 

level shifts up for the BST films with increasing annealed temperature from 600 to 

750 °C, and then moves back slightly after annealed at 800 °C. 

 

The increasing Fermi level of in the BST films annealed from 600 to 700 ºC would 

improve the supply of conduction electrons to the emitting surface and also yield a 

lower tunneling potential barrier at the surface ( fvacuum EE −=φ ) [122]. The low 

potential barrier increases the possibility of electrons with given energy tunneling into 

vacuum from the BST film surface. This conclusion supports the findings from the 

F-N analysis that the effective work function tends to decrease with the increase of the 

annealing temperature from 600 to 700 °C as shown in Table 4-3, and accordingly the 

emission behavior is improved. The Fermi level continuously shifts upward with 
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further increasing annealing temperature to 750 °C, but there is the severe interfacial 

reaction between BST and Si. The interfacial products may influence the supply of 

electrons from Si to BST film and also result in the degrading crystallinity of the BST 

film. Therefore, the increase of the effective work function for the BST coated arrays 

annealed at 750 °C is indicated in Table 4-3 and the degrading emission behavior is 

found. Downward shift of Fermi level and severer interfacial reaction is observed 

when sample annealed at 800 ºC. Continuously increasing effective work function and 

degrading emission behavior are consequently displayed. From the study of the effect 

of annealing temperature, it is concluded that the promising candidate for field 

emission applications is the BST coating with reduced interfacial reaction, 

well-developed perovskite structure, increased oxygen vacancy concentration and 

upwards-moved Fermi level, which benefit the critical three steps of field emission 

process. 

 

(b) Effect of thickness 

From the emission current density-electric field (J-E) characteristics, it is found that 

the thickness of the BST thin film also impacts the filed emission behavior of coated 

silicon emitter arrays. The threshold field is decreased with increasing thickness of 

BST coating. Analysis of the emission data implies that the 30-nm-thick BST coated 

Si arrays has the lowest effective work function.  
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In contrast to BST films, the thickness-dependent emission behaviors were also 

reported in carbon-based material. Generally, there are three major trends reported, 

including monotonic increase [12] or decrease [4] of the threshold field with film 

thickness and U-shape dependence of the threshold field on film thickness [123-124]. 

However, independence of electron emission on carbon-based material coating 

thickness was also reported [12,125]. These different trends are believed to originate 

from their different microstructure, doping, and surface condition, which could result 

in different thickness-dependent field emission mechanisms. For the BST thin films, it 

is found that the film thickness influences the microstructural development of the 

sol-gel films. In turn the corresponding three steps of field emission process would be 

affected by the microstructural evolution as discussed below.  

 

The microstructure study shows that the crystallinity of BST thin films is improved 

with the increasing film thickness. The 15-nm-thick BST film reveals an amorphous 

structure. With the increasing film thickness above 30 nm, the BST films exhibit 

non-uniform and are composed of two-layer structure, i.e., amorphous layer on the 

bottom and then polycrystalline layer on it. The enhanced emission behavior from 15 

to 30-nm-thick coating could be related to the perovskite structure in the surface 

region. However further increasing film thickness leads to the degrading emission 

behavior. The BST films with thickness of 60 and 90 nm exhibit higher crystallinity 

with randomly oriented polycrystalline grains. The improved perovskite structure for 
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thicker BST film could result in an increase in dielectric constant [126] and decrease 

the penetrating field in the film correspondingly [49]. The decrease in the penetrating 

field and the increase in electron transportation distance in the thicker film could limit 

the supply of the emitted electrons. Accordingly degraded emission behavior is 

observed for the BST film with thickness of 60 and 90 nm. Structural investigations 

suggest that the thickness dependence originates from the microstructural evolution 

features in the BST films. It is indicated that the emission behavior is governed by 

surface property for very thin film, and then dominated by the electron transportation 

in the bulk region for the thicker film.  
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CHAPTER FIVE 

FIELD EMISSION OF (Ba,Sr)1-xLaxTiO3+y  
COATED SI TIP ARRAYS  
 

 

The field emission properties of the sol-gel BST coated Si tip arrays have been 

discussed in Chapter 4. The sol-gel BST coated Si tip arrays have demonstrated 

substantial enhancement of field emission with lower threshold field and improved 

emission current stability compared with bare Si tip arrays. It is found that the 

enhanced field emission is highly correlated with the microstructure and electronic 

properties of the BST coating. The film with perovskite grains in surface region is 

desired to achieve low threshold electric field. The enhancement of field emission is 

attributed to oxygen vacancies in the BST thin film. The oxygen vacancies donate 

electrons into the system and result in n-type conductivity of the thin film. The Fermi 

level of the BST film shifts upward with the increasing oxygen vacancy concentration 

and leads to enhanced field emission. The n-type doped films with perovskite 

structure could be achieved via not only controlling non-stoichiometric composition 

but also introducing transition metal dopants. The typical transition metal dopant such 

 102

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter V Field emission of (Ba0.65Sr0.35)1-xLaxTiO3+y coated Si tip arrays 

as La3+ or Nb5+ is usually employed to substitute Ba2+(Sr2+) or Ti4+ sites in BST films 

respectively. La3+ substitution of Ba2+/Sr2+ sites in the lattice could introduce electrons 

into the conduction band of BST [88,94]. Tokura and co-workers [94-95] have 

extensively studied the mixed-crystal system Sr1-xLaxTiO3 ( ). They found 

that La3+ substitution of Sr2+ makes Sr1-xLaxTiO3 metallic with , while the 

samples with  show some carrier localization effect, perhaps due to poor 

shielding of the impurity (La3+) potential by low carrier density [98]. It is suggested 

that the BST thin film with La substitution should be a promising candidate as a 

coating material on Si tip arrays to further enhancement of field emission properties. 

Therefore, we extend our field emission studies to Si tip arrays coated with 

(Ba0.65Sr0.35)1-xLaxTiO3+y (BSLT with 

1x0.1 ≤≤

1x0.1 ≤≤

0.1x ≤

1x1.0 ≤≤ ) thin films. Moreover, to 

understand BSLT properties is an important step for the realization of the field 

emission mechanism of this application of ferroelectric thin films. 

 

This chapter is divided into two sections. The first section introduces the preparation 

and characterization of BSLT thin films, including the study of thermal decomposition 

behavior of dried BSLT gel powders, the effect of La substitution on microstructure, 

chemical compound formation and electronic properties of the BSLT thin films. Then, 

the second section provides the studies of field emission properties of BSLT coated Si 

tip arrays, the analysis of emission data, and the discussion of La substitution effect on 

field emission mechanism.  
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5.1 Preparation and characterization of BSLT films  

5.1.1 Thermal decomposition properties 

The formulated BSLT ( ) gel was selected to study La substitution effect on 

thermal decomposition behavior by using the Perkin-Elmer thermogravimetric 

analyzer (TGA-7) and differential thermal analyzer (DTA-7). The temperature range 

was from room temperature to 900 °C and the heating rate was 2 °C/min. 

0.25x =

 

Figure 5-1 illustrates the thermal decomposition behavior of BSLT ( x ) gel. 

With increasing temperature, a significant weight loss is observed below 300 °C due 

to the evaporation of residual solvent in the xerogel. Then, two exothermic peaks at 

316 and 396 °C appear successively in the DTA curve, corresponding to the 

decomposition of metal-organic precursors. The peak at 316 °C is attributed to the 

decomposition of the precursors of barium acetate, strontium acetate and lanthanum 

acetate, and the peak at 396 °C is attributed to the decomposition of the precursor of 

titanium butoxide. The weight gain is observed in TGA between 316 and 460 °C, 

associated to some oxygen absorption [127]. Then, the (Ba,Sr,La)TiCOx complex is 

formed. With further increasing temperature, a decreasing step is found in the TGA 

curve between 460 and 730 °C, accompanied by a small exothermic peak in the DTA 

curve. The weight loss has been identified as the decomposition of (Ba,Sr,La)TiCOx 

complex to transfer first to a metastable pyrochlore A2B2O7 phase, and then to a 

perovskite A2B2O6 (or ABO3) phase. 

0.25=

 

 104

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter V Field emission of (Ba0.65Sr0.35)1-xLaxTiO3+y coated Si tip arrays 

100 200 300 400 500 600 700 800 900
0

1

2

3

4
 

DTA

TGA

Δ
T 

(o C
)

Temperature(oC)

100 200 300 400 500 600 700 800 900
0.5

0.6

0.7

0.8

0.9

1.0

 W
eight

 

 

Figure 5-1  TGA and DTA curves of BSLT ( 0.25x = ) gel precursor. 

 

Based on the results of thermal decomposition analysis, the temperatures of heat 

treatment processes were determined. During the BSLT thin film deposition, the 

pyrolyzed processes at 200 and 400 °C were chosen for heat-treating after each layer 

of BSLT film coated on substrate to dry the solvent and burn off the bound organic 

components. After all the layers were coated, the films were annealed at 700 °C and 

750 °C, respectively. 

 

5.1.2 Microstructure of BSLT thin films 

The influence of substitutional La concentration on the microstructure of sol-gel 

derived BSLT thin films was studied using XRD and TEM techniques. The 
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microstructure information is of vital importance in understanding the field emission 

mechanism of BSLT coated Si tip arrays. 

 

5.1.2.1 X-ray diffraction 

The X-ray diffractometer measurement was carried out using the Rigaku system with 

Cu Kα (1.54 ) radiation source. The scanning angle range was from 20º to 60º in 2θ 

with a scan rate of 2 °/min. A small glazing angle fixed at 0.5º was used to ensure that 

the diffraction intensity mostly came from the thin films.  

o

A

 

In previous microstructure study of BST, it was found that the microstructure is 

dependent on film thickness and annealing temperature. BST thin film annealed at 700 

ºC has well-developed perovskite structure. A considerable improvement of field 

emission is revealed accordingly. Whereas, an additional (Ba,Sr)2TiSi2O8 phase 

appears due to the interfacial reaction between BST thin films and Si substrate when 

the sample is annealed above 750 ºC. The interfacial reaction impedes the 

development of BST perovskite structure, and a degraded emission behavior is 

displayed correspondingly.  

 

The TGA and DTA results indicate that the perovskite structure of BSLT ( ) 

film should be developed at higher annealing temperature than 730 ºC. In this work, 

we will firstly investigate the microstructure of BSLT (

0.25x =

0.25x = ) thin films annealed 

at 750 ºC with different thickness as shown in Figure 5-2. Then we will study the 
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effect of La concentration on the microstructure of BSLT ( 1x0 ≤≤ ) films annealed at 

700 and 750 ºC as shown in Figure 5-3 and 5-4, respectively. Apparently, the 

diffraction patterns indicate that the microstructure evolution is strongly dependent on 

the film thickness and the La concentration. 

 

Figure 5-2 shows the XRD patterns of BSLT ( 0.25x = ) thin films deposited on Si 

substrate with thickness of 15, 30, 60, and 90 nm, followed by annealing at 750 ºC. It 

is revealed that the thickness-dependent structural evolution of BSLT ( ) films 

is similar to that of the BST films. There are no obvious diffraction peaks of 

perovskite structure in the BSLT thin films with thickness of 15 and 30 nm, while 

perovskite phase is easily identified for the film with thickness of 60 nm. With 

increasing films thickness to 90 nm, the perovskite peak intensity increases and the 

peak width decreases, indicating improvement of film crystallinity. However, a small 

difference of crystallinity between BSLT (

0.25x =

0.25x = ) and BST film that the 

30-nm-thick BSLT film shows slightly stronger diffraction peaks of perovskite 

structure than that of 30-nm-thick BST film.  

 

Since the diffraction peaks are not obvious for the very thin film, the 90-nm-thick 

BSLT ( ) films were used to investigate the influence of La concentration on 

microstructure of the samples annealed at 700 and 750 ºC. 

1x0 ≤≤
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Figure 5-3 shows the XRD patterns of BSLT ( 1x0 ≤≤ ) thin films deposited on Si 

substrate with thickness of 90 nm and annealed at 700 ºC. The peaks of perovskite 

phase can be indexed for the samples with 0x =  and 0.1, whereas the diffraction 

peaks of perovskite structure become weaker and the diffraction peaks of pyrochlore 

structure appear with increasing La concentration to 0.25x =  and 0.5. With further 

increasing La concentration to  and 1, there is a broad peak at around 

, which is related to pyrochlore phase formation [128]. The previous DTA 

and TGA results indicate that higher annealing temperature is required to achieve 

perovskite structure for the samples with high La concentration. 

0.75x =

o29.92θ =

  

Figure 5-4 shows the XRD patterns of BST ( 0x = ) thin films annealed at 700 ºC and 

BSLT ( ) thin films annealed at 750 ºC. The thickness of the films is about 

90 nm. The diffraction peaks of perovskite structure can be easily indexed for samples 

with . As discussed in the previous chapter, there is an additional 

(Ba,Sr)2TiSi2O8 phase appearing for the BST film annealed at 750 ºC, owing to the 

interfacial reaction between BST and Si substrate. However, such phase is not found 

for BSLT films (

1x0.1 ≤≤

0.75x ≤

1x0.1 ≤≤ ) annealed at 750 ºC as shown in Figure 5-4. It can be 

concluded that the interfacial reaction is effectively suppressed with La substitution in 

Ba/Sr sites. On the other side, the diffraction peaks of the perovskite phase become 

broad and shift to the higher degree with increasing La concentration from  to 

0.75, which could be related to the degraded crystallinity of perovskite phase and the 

0x =
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lattice contraction as Ba/Sr sits are replaced by La, respectively. In particular, the 

peaks of the pyrochlore phase are observed in the sample with , which is a 

mixture of perovskite and pyrochlore phase. With further increasing La concentration 

to , only pyrochlore phase La2Ti2O7 was observed by XRD. The La2Ti2O7 phase 

has been known to form perovskite layer structure build up of corner-shared TiO6 

octahedra bonded together by the interlayer La cation [72-73], which is a ferroelectric 

film with very high coercive fields and Curie temperatures [74]. 

0.75x =

1x =
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Figure 5-2   X-ray diffraction patterns of sol-gel BSLT ( 0.25x = ) thin films with 

different thicknesses annealed at 750 ºC for 1 hour. 
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Figure 5-3   X-ray diffraction patterns of sol-gel BSLT ( 1x0 ≤≤ ) thin films with 

thickness of 90 nm annealed at 700 ºC for 1 hour. 
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Figure 5-4   X-ray diffraction patterns of the sol-gel BST thin film annealing at 700 

ºC, and BSLT ( 1x0.1 ≤≤ ) thin films annealed at 750 ºC for 1 hour. 

The thickness is about 90 nm.  
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5.1.2.2 TEM image 

The microstructure of the sol-gel derived 30-nm-thick BSLT ( ) thin film is 

selected to be investigated using the Philips CM 200 FEG transmission electron 

microscope (TEM) to understand the effect of La substitution. This is due to BSLT (x 

= 0.25) thin film coated arrays shows the best enhancement of field emission which 

will be presented later. 

0.25x =

 

Figure 5-5 shows the cross-section view of the 30-nm-thick BSLT ( ) thin 

film annealed at 750 ºC. Apparently, the BSLT film is non-uniform and composed of 

two-layer structure in the film (shown in insets), an amorphous layer on the bottom 

and then a surface polycrystalline layer on it, which exhibits high crystallinity of 

perovskite structure. In addition, it is noted that there is an interface layer between 

BSLT and Si substrate, which could be attributed to interfacial reaction between 

BSLT and Si at high annealing temperature. The thickness of the interface layer is 

about 3 nm. Furthermore, a high-resolution TEM image shown in 

0.25x =

Figure 5-6 exhibits 

the lattice structure of the BSLT ( 0.25x = ) film annealed at 750 ºC with thickness of 

30 nm. The interplanar distance of (110) is about 0.272 nm, which is consistent with a 

value of 0.278 nm, deduced from XRD result. 
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Figure 5-5   Cross-section view of the sol-gel BSLT ( 0.25x = ) thin films annealed 

at 750 ºC. The insets show two-layer structure in the film. 

 

 

 
Figure 5-6   TEM bight-field image for the lattice structure of BSLT ( ) 

annealed at 750 ºC with thickness of 30 nm. 

0.25x =
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5.1.3 X-ray photoelectron spectroscopy characterization 

From the XRD and TEM investigations, it is revealed that the microstructure of BSLT 

thin film is strongly dependent on substitutional La concentration. The films exhibit 

perovskite structure ABO3 at low La substitution level ( 0.5x0.1 ≤≤ ). At high La 

concentration ( ) a pyrochlore phase A2B2O7 is formed. Also it has been 

found that La substitution with La in BST films would suppress the interface reaction 

with Si substrate. On the other side, it is believed that the electronic structure of the 

BSLT thin films could also be influenced by the substitutional La. This is because 

La3+, substituting of Ba2+/Sr2+ sites in the lattice, acts as donor to introduce electrons 

into the system [88]. 

1x0.75 ≤≤

 

In this section, the BSLT films of 30 nm thick are investigated because they exhibit 

the enhancement of field emission which will be discussed in next section. Firstly, the 

variation of oxygen vacancy concentration due to La substitution is estimated from the 

O 1s core level spectra. Secondarily, the shift of the Fermi level due to the variations 

of oxygen vacancy and La substitution concentration is studied through core level and 

valence band spectra. Finally, the crystallinity information of BSLT thin films with 

different La concentrations is obtained from the studies of Ba 3d5/2 core level spectra.  
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Figure 5-7 shows the main peaks in the XPS survey spectrum of the BSLT ( ) 

thin film with thickness of 30 nm annealed at 750 ºC. The peaks correspond to La, Ba, 

 

0.25x =

Sr, Ti, and O. Besides, there is a little amount of carbon due to surface contamination.  

igure 5-7  XPS survey spectrum of the sol-gel derived BSLT thin film ( ) 

annealed at 750 ºC w

 

s is detailed in Chapter 4, equation 4-5 is used for a quantitative analysis of XPS 
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F 0.25x =

ith thickness of 30 nm. 

A

data. Table 5-1 lists the surface composition obtained from high resolution spectra of 

La 3d, Ba 3d, Sr 3d, Ti 2p, and O 1s. It reveals that an atomic ratio of La/(La+Ba+Sr) 

is 0, 0.10, 0.24, 0.46, 0.73, and 1, corresponding to the film with 0x = , 0.1, 0.25, 

0.50, 0.75 and 1, respectively. It is also exhibited that the atom tio of O/Ti ic ra
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increases with La substitution of Bs/Sr sites in the films, which could be related to the 

decrease of oxygen vacancies in the films. 

 

1x0 ≤≤Table 5-1    Surface compositions (At%) of all BSLT ( ) thin films 

x O(%) La/(La+Ba+Sr) 

obtained from XPS measurements.   

La(%) Ba(%) Sr(%) Ti(%) 

0  .00 - 16.2 9.1 20.9 53.7 0.00 

0.10 2.3 13.0 7.3 19.4 58.0 0.10 

0.25 5.7 11.4 6.4 20.5 56.1 0.24 

0.50 10.7 8.3 4.6 20.1 56.3 0.46 

0.75 16.3 4.2 1.8 19.6 58.1 0.73 

1.00 21.7 - - 19.1 59.2 1.00 

 

he high resolution O 1s XPS spectra obtained from the 30-nm-thick BSLT (T 1x0 ≤≤ ) 

thin films with different La concentrations are given in Figure 5-8. A good  

obtained to the peak shape as indicated in the figure. It is remarkable that all O 1s 

spectra can be fitted with two peaks at binding energies of about 530.0 and 532.0 eV. 

The peak at low binding energy of 530.2 eV, denoted by O(1), is assigned to oxygen in 

the lattice. And at high binding energy of 532.2 eV, denoted by O(2), is reported to be 

adsorbed oxygen species and hydroxyl ion [109-112]. It has been reported that the 

absorbed oxygen increases with the increase of the number of oxygen vacancies 

[109-112]. The change of oxygen vacancy concentration can be estimated from the 

variation of the area ratio of the two fitted O 1s peaks as shown in Table 5-2. It is 

fitting is
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found that the area ratio of the O(2) to O(1) peaks decreases remarkably with La 

substitution in the films, which means the oxygen vacancy concentration is obviously 

reduced. It can be understood according to the principle of electroneutrality. Doping 

with higher-valence cation La in Ba/Sr site (A site) either increase the number of 

oxygen anions or decrease the oxidation state of Ti (B site) in the lattice of the 

perovskite ABO3 [109]. However, from Ti 2p core level spectra, we found Ti4+ is 

stable in our films even with high La concentration. This will be discussed in detail 

later. Therefore, the addition of La at Ba/Sr (A site) site reduces the oxygen vacancy 

concentration in our thin films [86,109], as shown in the following equation 

OSrBa
SrOorBaO OLaorLaVOLa 3)2 (2 ..)2  2(..

032 +⎯⎯⎯⎯ →⎯+                        (5-1) 

It is well known that both oxygen vacancy and La substitution can donate electrons 

into the system, resulting in n-type conductivity in perovskite BSLT thin films 

according to the following defect equation, respectively 

'2
2
1

2 eOVO OO ++↔ ••                                               (5-2) 

'
2

.. 2
2
12)2 ( eOOLaorLa oSrBa +++                          (5-3) )2 ( 2

32 2OLa SrOorBaO ⎯⎯⎯⎯ →⎯

 

he La substitution in the BST film can lead to the decrease in oxygen vacancy T

concentration and correspondingly the decrease in electrons donated by oxygen 

vacancies. On the other hand, the substitutional La dopants themselves donate 

electrons into the system. Therefore, it is expected that donated electrons are 

dominated by oxygen vacancies at low La concentration and then governed by 

 116

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter V Field emission of (Ba0.65Sr0.35)1-xLaxTiO3+y coated Si tip arrays 

substitutional La at high La concentration. The variation of donated electrons could in 

turn induce the Fermi level shift [84,129].  
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Figure 5-8  XPS O 1s core level spectra obtained from the 30-nm-thick BSLT 

 

igure 5-9 shows XPS Ti 2p core-level spectra obtained from the 30-nm-thick BSLT 

( 1x0 ≤≤ ) thin films with different La concentration. 

F

( 1x0 ≤≤ ) thin films with different La concentrations. There is a binding energy shift 

o  peak. The shift in the peak is attributed to the Fermi level change [84,129] 

rather than chemical state change of Ti4+ [130-132]. It means La substitution of Ba/Sr 

site (A site) does not decrease the oxidation state of Ti (B site) in the perovskite ABO3 

lattice. The binding energy shift values of Ti 2p obtained from BSLT films with 

respect to that of the BST thin film ( 0x

f Ti 2p3/2

= ) are -0.2, 0.2, 0, -0.3, and -0.3 eV, 

corresponding to the BSLT films with 0.10x = , 0.25, 0.50, 0.75 and 1.00,  

 117

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter V Field emission of (Ba0.65Sr0.35)1-xLaxTiO3+y coated Si tip arrays 

466 464 462 460 458 456 454

 

 

x=1
x=0.75

x=0.5

x=0.25

x=0.1

In
te

ns
ity

 (A
rb

. u
ni

ts
)

Binding energy (eV)

x=0

Ti 2p

 

Figure 5-9   XPS Ti 2p core level spectra obtained from the 30-nm-thick BSLT 

( 1x0 ≤≤ ) thin films with different La concentration. The shift in the 

peak is attributed to the Fermi level change of BSLT thin films. 

 

respectively. I low La 

oncentration ( ) with respect to the BST film. It could be associated with a 

t is found that the Fermi level shifts downward to 0.2 eV with 

c 0.1x =

remarkable decrease of oxygen vacancy concentration with La incorporation; and 

correspondingly the electrons donated by oxygen vacancies are reduced when 

compared with the BST ( 0x = ) film. In fact, some researchers found that the films 

showed enhanced resistivity [91] or a large decrease in the leakage current [92] when 

the La substitution concentration was lower than 10 mol%, in comparison to undoped 

films. The large decrease in leakage current was associated with the formation of 

highly resistive layer and could be originated from compensation defect chemistry. 

The Fermi level of the film shifts upward with increasing La concentration 
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( 0.25x = ), which is attributed to the increasing doped electrons. It is believed that the 

doped electrons are dominated by La substitution at this high La concentration.  

 

However, the Fermi level of the films shifts down again with further increasing La 

ion ( ). The mechanism is not well known at the present time and is 

n. Usi

concentrat 0.5x ≥

assumed to be related to the phase change or/and defects in structure owning to high 

La concentratio ng the criteria of electroneutrality, high concentration of La3+ 

( 0.5x = ) could either decrease the oxidation state of B (Ti) or increase of the number 

of oxygen anions in the lattice. But neither Ti3+ nor Ti2+ is found in Ti 2p core level 

sp or sample with 0.5x ≥ . On the other hand, oxygen anion has relatively large 

radius, the oxygen ion could not exit in such a lattice as an interstitial anion in 

perovskite structure [109]. It is possible that there exits other phase which has 

increasing number of oxygen anions in lattice. In fact, the pyrochlore phase of A2B2O7 

is indicated for the samples with 0.75x ≥  in XRD results. Other mechanism to 

maintain electroneutrality is probable that a certain number of metal ions are missing 

from the lattice, forming cation vacancies  Due to the stabilizing action of BO6 

octahedra in the perovskite structure of ABO3, A site vacancies are possible in the 

lattice. In fact, it is well known that the perovskite structure of ABO3 can tolerate 

significant amounts of vacancies of A- and O-sites, still retaining the perovskite or the 

deformed-perovskite structure. The vacancies at A site may be possible for the sample 

with 0.5x = . The electrons could not be effectively doped into the films with high La 

ectra f

.
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concentration ( 0.5x = ) in either case of the increasing number of oxygen anions in 

lattice ancies at A sites. With further increasing La concentration ( 0.75x ≥ ), 

the Fermi level of the films continuously shifts downward. From the previous XRD 

results, the perovskite phase ABO3 accompanied the pyrochlore phase A2B2 e 

observed for the sample with 0.75x = , and only pyrochlore phase is exhibited for the 

sample with 1x = . It is found that the electrons could be doped in the films due to La 

substitution of Ba/Sr sites in perovskite structure, while the electrons can not be doped 

in the films due to the appearance of the pyrochlore phase A2B2O7. Therefore the Ti 

2p peak shifts down continuously with increasing La concentration above 0.5x ≥ , 

which is dominated by the downward shift of the Fermi level.  

 

Figure 5-10 shows XPS valence band spectra from the 30-nm-thick BSLT (

 or vac

) 

in films with different La concentration. The valence band extends from about 2 to 9 

O7 can b

1x0 ≤≤

th

eV below the Fermi level and is derived primarily O 2p states. The valence band and 

the conduction band consist of O 2p orbital and Ti 3d orbital respectively in either 

perovskite [82] or pyrochlore structure [77]. This is because the highest filled and the 

lowest empty A site (Ba, Sr, and La) orbital are significantly farther away from EF 

than the O 2p and Ti 3d levels [82,88]. The band gap of the well-crystallized SrTiO3 

and La2Ti2O7 is reported to be 3.3 eV [81] and 3.29eV [77], respectively. The binding 

energy of valence band maximum (EVBM) could be determined by extrapolating the 

leading edge of the balance band spectrum to its base line [114]. The EVBM (shown in 
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Table 5-2) of BSLT films with x = 0, 0.10, 0.25, 0.50, 0.75, and 1.00 is about 2.6, 2.2, 

3.0, 2.6, 2.1 and 2.1 eV, respectively. Namely, it means the Fermi level of sample with 

0.25x =  shifts away from the valence band maximum (VBM) and the Fermi level of 

other samples shifts close to the VBM with respect to the BST ( 0x = ) film. The main 

 these phenomena is attributed to the shift of the Fermi level due to La 

substitution.  

reason of
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Figure 5-10  XPS valence-band spectra obtained from the 30-nm-thick BSLT 

) thin films with different La concentration. 

 

Moreover, XPS Ba 3d5/2 a concentration 

ffect on the development of polycrystalline perovskite grains in sol-gel BSLT films 

 

 

( 1x0 ≤≤

  core level spectra are obtained to study L

e

( 0.75x0 ≤≤ ). Figure 5-11 shows Ba 3d5/2 core level spectra of BSLT films with 

different La concentration. All spectra obtained from films can be fitted with two 
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peaks at the low binding energy around 779.1 eV and the high binding energy around 

780.5 eV, denoted by Ba(1) and Ba(2) respectively. The Ba(1) is assigned to Ba with 

12-fold oxygen coordination representative of bulk stoichiometry, and Ba(2) could 

originate from uncoordinated Ba atoms in a different chemical state [115-116]. The 

observation of fully coordinated Ba(1) indicates the formation of bulk perovskite 

phase. Their Ba(1)/Ba(2) intensity ratios, shown in Table 5-2, are estimated to be around 

0.34, 0.05, 0.51, 0.32, and 0.09 for films with x = 0, 0.1, 0.25, 0.50, and 0.75, 

respectively, and it shows that the BSLT film with 0.25x =  has higher crystallinity 

of perovskite structure than others 
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Figure 5-11  XPS Ba 3d5/2 core level spectra obtained from the 30-nm-thick BSLT 

( ) thin films with different La concentration. Increased 

Ba(1)/Ba(2) ratio indicates improvement in crystallinity of the BSLT thin 

 

0.75x0 ≤≤

films. 
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Table 5-2  ary of the measured shift value of binding energy of Ti 2p core 

level, the O(2)/O(1) ratio, the Ba(1)/Ba(2) ratio, and the binding energy of 

valence band maximum (EVBM) of BSLT thin films with different La 

x 

  Summ

concentration. 

O(2)/O(1)  ΔETi 2p (eV) EVBM (eV)  Ba(1)/Ba(2) 

0 0.76 - 2.6 0.34 

0.1 0.54 -0.2 2.2  0.05 

0  

0.5 0.31 0.0  

.25 0.35 0.2 3.0  0.51 

2.6 0.32 

0.75 0.19 -0.3 2.1 0.09 

1 0.26 -0.3 2.1 - 

 

In this par PS has bee ied to study hemical compound formation and the 

lectronic structure of the 30-nm-thick BSLT (

t, X n appl  the c

1x0.1 ≤≤e ) thin films. It is found that 

own for B

the oxygen vacancy concentration decreases with La substitution. With respect to the 

BST ( 0x = ) thin film, the Fermi level shifts d SLT sample with 0.1x =  

ascribed to the decreasing oxygen vacancy concentration, shifts up for BSLT sample 

with 5x  attributed to the increasing La substitution level, and shifts d

again for BSLT samples with 0.5x ≥  which may be associated with the formation of 

the second pyrochlore phase. The Ba 3d5/2 core level spectra give information of 

crystallinty of perovskite phase ace region of the BSLT films. 

 

0.2= own 

 in surf
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It is clear that microstructure and electronic structure of the BSLT films are strongly 

dependent on the substitutional La concentration. The films exhibit the perovskite 

structure at low La substitution level ( 0.5x0.1 ≤≤ ) and the pyrochlore phase 

appearing at high La concentration ( 0.75 1x ≤≤ ). Furthermore, The La substitution in 

BST films would suppress the interfacial reaction with Si substrate. The 30-nm-thick 

BSLT ( 0.25x = ) thin films exhibits high crystallinity of perovskite structure in the 

surface r S study indicates that the oxygen vacancy concentration decreases 

with La substitution. With respect to the BST ( 0x

egion. XP

= ) thin film, the Fermi level shifts 

down for BSLT sample with 0.1x =  ascribed to the decreasing oxygen vacancy 

concentration, shifts up for BSLT sample with 0.25x =  attributed to the increasing 

La substitution level, and shifts down again for BSLT samples with 0.5x ≥  which 

may be associated with the second pyrochlore phase appearing  above 

information could provide convincing demonstration to understand the field emission 

properties of BSLT coated Si tip arrays which will be discussed in the next section. 

 

. The

5.2 Field emission properties of Si tip arrays coated with 

tip arrays have demonstrated substantial 

BSLT thin films 

It is found that the sol-gel BST coated Si 

enhancement of field emission. In order to further improve emission behavior, n-type 

doped coating is achieved by using La substitution in BST films. Field emission 

properties of Si tip arrays coated with BSLT thin film with different La concentrations 
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are investigated in this section. The effect of La concentration on J-E characteristic is 

provided firstly. Next the field emission stability is presented. The effective work 

function of BSLT coated Si tips is deduced using the F-N plot in the third part. Lastly 

the La effect on field emission mechanism is discussed.  

 

5.2.1 The emission current density-electric field (J-E) characteristics 

 Figure 5-12 illustrates the influence of annealing temperature on field emission of Si

tip arrays coated with 30-nm-thick sol-gel derived BSLT with 0.25x =  thin films 

annealed at 700 and 750 ºC. It is obvious that the field emission characteristic of the 

BSLT coated silicon tip arrays shows annealing temperature dependence. The 

threshold electric field is about 28.5 V/µm for the arrays coated with 30-nm-thick 

BSLT ( 0.25x = ) layer annealed at 700 °C, while it is lowered to about 15 V/µm for 

the samp led at 750 ºC. Correlated to the previous microstructure findings, the 

BSLT ( 0.25x ≥ ) thin film annealed at 700 and 750 ºC is pyrochlore and perovskite 

structure respectively. It demonstrates that the coating with perovskite structure 

improves the field emission behavior of Si tip arrays. The n-type thin film could be 

achieved with La substitution Ba/Sr sites in the perovskite structure. Accordingly, the 

following samples with La substitution were annealed at 750 ºC to investigate the 

effect of La concentration and the impact of thickness on field emission.  

 

le annea
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Figure 5-13 shows the effect of La concentration on field emission of Si tip arrays 

coated with 30-nm-thick sol-gel derived BSLT ( 1x0 ≤≤ ) thin films. The sample 

with  (BST) is annealed at 700 ºC and the other samples are annealed at 750 ºC. 

It is clear that BSLT ( ) coated Si tip arrays show the best emission behavior 

compared with others. The threshold electric field could be lowered from 36 V/µm for 

bare Si arrays to 15 V/µm for BSLT (

0x =

0.25x =

0.25x = ) coated Si arrays. Moreover, it 

demonstrates that the emission characteristics of the BSLT coated Si arrays are 

strongly dependent on the La concentration. The values of threshold field are about 

19, 21.5, 15, 17, 25, and 30.5 V/μm, corresponding to the Si tip arrays coated with 

BSLT film with x = 0, 0.1, 0.25, 0.5, 0.75 and 1, respectively. The BSLT coatings 

with appropriate La concentration ( 0.25x =  and 0.50) show the improvement of field 

emission of Si tip arrays with respect to BST ( 0x = ) coating, while the coatings with 

lower or higher La concentration could degrade the emission behavior. 

 

In addition, the thickness effect on field emission of Si tip arrays coated with BSLT 

( ) thin film annealed at 750 ºC is investigated as shown in Figure 5-14. The 

BSLT-coated Si arrays demonstrate enhancement of field emission and their threshold 

field is much sensitive to BSLT film thickness. The values of threshold field are 

estimated about 22.7, 15, 18 and 18.2 V/µm corresponding to the BSLT ( ) 

thin film with the thickness of 15, 30, 60 and 90 nm respectively. It is shown that the 

30-nm-thick BSLT film has the lowest threshold field for field emission. In early 

0.25x =

0.25x =
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study, BST coatings also show a U-shape dependence of the threshold field on film 

thickness.  
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Figure 5-12  Field emission of Si tip arrays coated with 30-nm-thick sol-gel BSLT 

( ) thin film annealed at 700 and 750 ºC. 0.25x =
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Figure 5-13  Field emission of Si tip arrays coated with 30-nm-thick sol-gel BSLT 

( ) thin films annealed at 750 ºC. The arrays coated with BSLT 

( ) yield the optimal emission performance. 

1x0 ≤≤

0.25x =
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Figure 5-14  Field emission of Si tip arrays coated with sol-gel BSLT ( ) thin 

films annealed at 750 ºC with different thicknesses. The arrays coated 

with 30-nm-thick BSLT film show the optimal emission performance. 

0.25x =

 

 

5.2.2 Field emission stability  

Stabilities of emission current density of Si tip arrays coated with 30-nm-thick sol-gel 

BSLT ( ) thin films are investigated as shown in Figure 5-15. The sample 

with  (BST) is annealed at 700 ºC and the other samples are annealed at 750 ºC. 

As stated previously, the initial current density was maintained around several µA/cm2 

for all samples and the applied electric field was then kept in constant during the 

measurement. Compared with bare Si arrays, the current densities of BSLT ( ) 

coated arrays are stable and maintained at the same order during the measurement. 

The average emission current density Javerage, standard deviation ΔJ, and fluctuation f 

1x0 ≤≤

0x =

1x0 ≤≤
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(f=ΔJ/Javerage) are determined for these arrays. Si tip arrays coated with BST ( ) or 

BSLT ( ) film display a smaller fluctuation of 0.30 compared with the bare Si 

arrays with large fluctuation of 1.4. The emission stability is also influenced by the La 

concentration. The fluctuations of BSLT coated arrays with x = 0, 0.1, 0.25, 0.5, 0.75, 

and 1 are 0.30, 0.43, 0.30, 0.34, 0.43, and 0.51 respectively, which are listed in Table 

5-3. Moreover, the stability of emission current density of Si arrays coated with 

30-nm-thick sol-gel BSLT thin film (

0x =

0.25x =

0.25x = ) annealed at 750 ºC was studied for 

12-hour measurement as shown in Figure 5-16. A small fluctuation of 0.37 is 

exhibited. It demonstrates that BSLT coated Si arrays is a promising electron source 

for cold cathode.  
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Figure 5-15  The emission current density stabilities of bare Si arrays (a), and Si 

arrays coated with BSLT thin films with x = 0 (b), 0.1 (c), 0.25 (d), 

0.5(e), 0.75 (f), and 1 (g). 
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Figure 5-16  The emission current density stability of Si arrays coated with 

30-nm-thick BSLT thin film ( 0.25x = ) for 12-hour measurement. 

 

5.2.3 Analysis of emission data 

It is found that the BSLT thin film coated Si tip arrays show substantial enhancement 

in field emission shown in J-E characteristics (Figure 5-13 and 5-14). The F-N 

equation [26-27], )/exp(2 VBAVI −= , is applied to analyze these emission data in 

this part. The effective work function of BSLT coated Si arrays is deduced using the 

F-N plot [11,19,121-122]. The detailed principle using the F-N plot has been stated in 

the early section 4.2.3. 
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Figure 5-17  The F-N plot of filed emission from bare Si tip arrays and Si tip arrays 

coated with 30-nm-thick BSLT ( 1x0 ≤≤ ) thin films with different La 

concentrations.  

 

Figure 5-17 shows the F-N plot of the BSLT-coated Si tip arrays. The F-N plot yields 

the straight line with different slopes at high voltages. The straight line suggests the 

electron emission is controlled by tunneling through a potential barrier. Since the 

influence of the thickness on the sharpness of Si arrays could be omitted as shown in 

early SEM picture of Figure 4-20, the field enhancement factor β of BSLT coated Si 

tip is assumed to be the same as that of the bare Si tip. According to the F-N slope 

(FNSL) and Si work function of 4.3 eV (corresponding to the n-type silicon of 2 Ω.cm 

resistivity), the effective work function of BSLT coated Si tips can be deduced by 

equation 4-11 and their values are estimated as 2.3, 3.2, 2.0, 2.2, 2.5 and 3.2 eV for Si 

tips coated with BSLT film with x = 0, 0.10, 0.25, 0.50, 0.75, and 1 respectively, as 
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listed in Table 5-3. Correlated to the J-E characteristics, the sample with a low 

effective work function reveals a small threshold electric field. It suggests that the 

improvement in field emission originates from the lowering of effective work function 

with BSLT coatings.  

 

Table 5-3    The threshold field, the fluctuation of emission current density, the ratio 

of F-N plot slope (FNSLBST/FNSLSi), the effective work function of 

BSLT coated Si tip arrays as a function of La concentration. 

x 

Threshold  

field (V/μm) 

      

Fluctuation 

FNSLBST 

/FNSLSi 

φBSLT 

(eV) 

0.00 19 0.30 0.40 2.3 

0.10 21.5 0.43 0.64 3.2 

0.25 15 0.30 0.31 2.0 

0.50 17 0.34 0.37 2.2 

0.75 25 0.43 0.44 2.5 

1.00 30.5 0.51 0.63 3.2 

 

5.2.4 La substitution effect on field emission mechanism  

In summary, the field emission properties of Si tip arrays coated with BSLT with 

 thin films have been systematically studied in this work. It is found that 

the BSLT coating with appropriate La concentration ( ) shows the 

improvement of field emission of Si tip arrays with respect to the BST (

1x0.1 ≤≤

0.25x =

0x = ) 

coating. The threshold field can be lowered from 19 V/μm for arrays coated with BST 

( ) film to about 15 V/μm for arrays coated with BSLT ( ) film. No 0x = 0.25x =
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obvious improvement of field emission has been observed for coatings with lower 

( ) and higher ( ) La concentration. The electron emission behavior 

shows La concentration dependence.  

0.1x = 0.75x ≥

 

As discussed early, field emission from Si tip arrays coated with a wide band gap thin 

film is a three-step process, including supplying electrons to the thin film at the 

Si/film interface, transporting them through the bulk to the film surface, and emitting 

them into vacuum. These steps could be affected by the microstructure and electronic 

properties of BSLT coating with different La concentrations. The mechanism and 

enhancement of field emission of BSLT coated Si tip arrays are discussed in this part.  

 

Correlated to the microstructural features, it is revealed that the microstructure of the 

BSLT film is strongly dependent on La concentration. In XRD study, the films exhibit 

perovskite structure at low La substitution level ( 0.5x0 ≤≤ ) and pyrochlore phase at 

high La concentration ( ). The degraded emission behavior of arrays 

coated with high La concentration (

1x0.75 ≤≤

1x0.75 ≤≤ ) could be related to the appearance of 

the pyrochlore phase. Moreover, studies using TEM image and XPS Ba 3d5/2 core 

level spectra show that the BSLT ( 0.25x = ) film has the well-developed perovskite 

structure in the surface region and the suppressed interfacial reaction. It is believed 

that the interfacial structure at the back contact and the surface structure at front 

contact could affect the supply of electrons into the film and electron emission into 
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vacuum, respectively. In our studies, it is found that the improvement of the 

crystallinity of perovskite structure in the surface region and the decrease of the 

interfacial reaction for the BSLT film ( 0.25x = ) could benefit the field emission 

process. It is consistent with the findings in the BST coatings. 

 

Furthermore, the electronic structure studies using the photoelectron spectroscopy also 

support that the BSLT ( ) film is a promising coating on Si tip arrays to 

achieve the improvement of electron emission behaviors. La3+ cations, substituting 

Ba2+/Sr2+ sites in the lattice, act as a donor-type dopant in the film. Nevertheless the 

Fermi level shifts downward (with a value of -0.17 eV) for the film with a low La 

concentration ( ) compared with BST (

0.25x =

0.1x = 0x = ) film. It could be associated with 

the remarkable decrease of oxygen vacancy concentration with La incorporation and 

correspondingly the electrons donated by oxygen vacancies are reduced. Therefore, 

there is a degraded field emission behavior of BSLT ( 0.1x = ) coated arrays. With an 

appropriate concentration of La incorporation ( 0.25x = ), the Fermi level shifts 

upward with a value of 0.15 eV with respect to BST film. The up-shift of the Fermi 

level yields a lower work function ( fvaccum EE −=φ ). The lowering potential barrier 

implicates the increasing possibility of electrons with given energy tunneling into 

vacuum from the emitting surface. This is consistent with the analysis of the emission 

data using the F-N plot. The BSLT ( 0.25x = ) coated Si arrays show the lowest 

effective work function as given in Table 5-3 and they exhibit the best emission 
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behavior correspondingly. However, further increasing La concentration ( ) 

results in downward shift of the Fermi level in these films. It is possible that the new 

phase appears at high La concentration and accordingly the electrons could not be 

effectively doped into the films. Consequently, the increasing effective work function 

(shown in Table 5-3) and the degrading field emission behavior of BSLT ( ) 

coated Si arrays are revealed. From the above discussions, it is concluded that BSLT 

( ) coating is the promising candidate for field emission applications with the 

reduced interfacial reaction, well-developed perovskite structure in surface region, and 

upwards-moved Fermi level, which benefit field emission process. 

0.5x ≥

0.5x ≥

0.25x =
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CHAPTER SIX 

CONCLUSION AND 
RECOMMENDATIONS 

 

 

6.1   Conclusion 

In this thesis, ferroelectric (Ba0.65Sr0.35)TiO3 (BST) and (Ba0.65Sr0.35)1-xLaxTiO3+y 

(BSLT with 1x0.1 ≤≤ ) thin films have been fabricated on silicon tip arrays using the 

sol-gel technique for potential field emission applications. Characterizations of the 

thin films and field emission properties of the ferroelectric thin film coated Si tip 

arrays have been systematically studied. The field emission mechanism of BST and 

BSLT ( 1x0.1 ≤≤ ) coated Si tip arrays has been discussed by correlating to the 

microstructural features and electronic properties of the coatings. The main conclusion 

and recommendations are summarized as follows.    

 

The sol-gel technique has been successfully employed to fabricate the ferroelectric 

BST and BSLT thin films. TGA and DTA have been used to identify the thermal 
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treatment route of the thin film deposition process. Two-step pyrolyzing procedures at 

200 and 400 °C prior to post-annealing were performed and the thin films were 

annealed at selected temperatures. 

 

The structural feature and the compositional analysis of the BST films have been 

investigated using XRD, TEM, SIMS, and FT-IR spectroscopy. The microstructure of 

BST film is strongly dependent on the annealing temperature. The BST thin films 

exhibit an amorphous phase when annealed at 600 ºC, and the perovskite structure 

while annealed between 650 and 700 ºC.  Severe interfacial reaction occurs between 

Si substrate and BST film annealed above 750 ºC. Moreover, the microstructure of 

BST thin films annealed at 700 ºC shows thickness dependence. The crystallinity of 

perovskite structure is improved with the increase of BST film thickness. The 

15-nm-thick BST film is amorphous in nature, and then the polycrystalline perovskite 

grains develop in the thicker film with an amorphous layer existing in the bottom 

region of film. SIMS depth profile shows that the BST/Si interface has a solid-state 

reaction layer of (Ba,Sr)TixSiyOz. The FT-IR spectroscopy indicates that the 

interfacial layer of samples annealed above 750 ºC changes the chemical bonding 

configuration. 

 

The formation of chemical compound and electronic structure of BST films have been 

studied using XPS technique. The Fermi level shifts up for BST films with increasing 

annealing temperature from 600 to 750 °C, and then moves back slightly after 
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annealed at 800 °C. the upward shift of the Fermi level from 600 to 750 °C is 

attributed to the increasing oxygen vacancy concentration in films, and the downward 

shift of the Fermi level at 800 °C is associated with the severe interfacial reaction. The 

crystallinity information of BST thin films with different thicknesses is obtained from 

the studies of XPS Ba 3d5/2 core level and valence band spectra. It provides the 

evidence of the structural evolution, and the results are consistent to the previous XRD 

and TEM results. 

 

The BST coated Si tip arrays show substantial improvement of field emission 

compared with bare Si tip arrays. The threshold electric field could be lowered 

substantially from 36 V/μm for bare Si tip arrays to about 19 V/μm for 30-nm-thick 

BST coated Si tip arrays annealed at 700 ºC. The emission behavior of BST coated Si 

arrays shows annealing temperature dependence, and the degraded field emission 

behavior is found at lower ( C 650 o≤ ) or higher ( C 750 o≥ ) annealing temperature. 

The thickness of BST coatings also affects the field emission properties significantly 

with U-shape dependence of the threshold field on film thickness. The 30-nm-thick 

BST thin film demonstrates the lowest threshold field for field emission. In addition, 

the BST coatings considerably improve the electron emission stability of Si tip arrays. 

Analysis of the emission data (J-E characteristic) using the F-N plot suggests that 

electron emission is controlled by tunneling mechanism, and the improvement in 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter VI Conclusion and recommendations 

 140

electron emission originates from the lowering of effective work function with BST 

coatings.  

 

The field emission mechanism of BST-modified Si tip arrays has been discussed 

based on the proposed model. It is found that the promising candidate for field 

emission applications is the BST film with high crystallinity of perovskite structure in 

surface region, decreased interfacial reaction, increased oxygen vacancy concentration 

and upwards-moved Fermi level. Meanwhile, the thickness dependence originates 

from the developed microstructural features in BST films. The increasing thickness of 

BST films could limit the supply of the emitted electrons.  

 

In the case of BSLT ( 1x0.1 ≤≤ ) thin films, the effect of La concentration has been 

studied to optimize field emission properties. Based on XRD, XPS Ba 3d5/2 core level 

spectra and TEM investigation, it is found that the microstructure of BSLT film is 

strongly dependent on La concentration. The films exhibit perovskite structure at low 

La substitution level ( 0.5x0.1 ≤≤ ) and second pyrochlore phase at high La 

concentration ( 1x0.75 ≤≤ ). It is also found that La substitution in BST film 

suppresses the interfacial reaction with Si substrate. The 30-nm-thick BSLT 

( 0.25x = ) thin film shows high crystallinity of perovskite structure in surface 

region.   
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XPS has been applied to study the chemical compound formation and electronic 

structure of the 30-nm-thick BSLT ( 1x0.1 ≤≤ ) thin films. The oxygen vacancy 

concentration decreases due to La incorporation according to the principle of 

electroneutrality. Since both oxygen vacancy and La substitution donate electrons into 

the system, it is expected that doped electrons are dominated by oxygen vacancies at 

low La concentration and then be governed by substitutional La at high La 

concentration. With respect to BST ( 0x = ) film, The Fermi level shifts down for 

BSLT sample with 0.1x =  ascribed to the reduced doped electrons due to 

decreasing oxygen vacancy concentration, shifts up for BSLT sample with 0.25x =  

attributed to the increasing donated electrons owning to increasing La substitution 

level, and shifts down again for BSLT samples with 0.5x ≥  which may be 

associated with the pyrochlore phase.  

 

The BSLT ( 0.25x = ) coated Si tip arrays show the best improvement in field 

emission compared with other samples. The threshold field can be lowered from 19 

V/μm for arrays with 30-nm-thick BST coating to about 15 V/μm for arrays with 

30-nm-thick BSLT ( 0.25x = ) coating. The sample also shows the improvement of 

electron emission stability with the fluctuation of 0.30. The emission behavior shows 

La concentration dependence, and lower ( 0.1x = ) or higher ( 0.5x ≥ ) La 

concentration can not result in a further improvement of field emission. By the 

analysis of emission data (J-E characteristics) using the F-N plot, it is found that the 
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improvement in field emission originates from the lowering of effective work 

function. 

 

Correlated to the microstructure and electronic structure, the BSLT ( 0.25x = ) film 

shows high crystallinity of perovskite structure in the surface region, suppressed 

interfacial reaction, and increasing Fermi level. Therefore, BSLT ( 0.25x = ) coated 

Si tip arrays show the enhancement of field emission.  

 

A conformal, stable and n-type doped BST and BSLT ( 1x0.1 ≤≤ ) thin film coating 

on Si tip arrays can be achieved with simple sol-gel method. The sol-gel BST and 

BSLT coatings have been shown to be a practical way to improve field emission of Si 

tip arrays. The field emission properties are closely correlated to the microstructure 

and electronic properties of ferroelectric thin films.  

 

6.2   Recommendations for future work 

In this thesis, it is evident that the sol-gel derived BST and BSLT ( 1x0.1 ≤≤ ) 

ferroelectric thin films exhibit a good prospect for potential field emission device 

applications. The enhanced field emission properties of coated arrays sound obviously 

compared with that of uncoated arrays. Thus it is highly recommended to extend the 

work to two possible areas of further work. The first area is to successively investigate 

fundamental problems in order to fully understand field emission mechanism of BSLT 
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( 1x0 ≤≤ ) coated Si arrays. The second area is to use other deposition techniques to 

fabricate ferroelectric thin film coated Si tip arrays to further improve field emission 

properties. 

 

In this thesis, Si tip arrays coated with sol-gel BST and BSLT ( 1x0 ≤≤ ) thin films 

exhibit relatively low threshold field and improved emission stability. The 

corresponding mechanisms are discussed. Whereas, there are still some fundamental 

problems remaining to be investigated to fully understand the field emission of 

ferroelectric thin film coating on Si arrays and these can be associated with the basic 

properties of the film. For understanding the back and front contacts, it involves the 

development of diagnostic technique to find out the local physical properties such as 

conduction/valence band offset between coatings and Si, work function, electron 

affinity, and geometrical feature of films and this may require techniques having 

analytical capability with nanoscale resolution. For understanding the mechanism 

responsible for charge transport in the film, one has to deal with the electronic 

properties of a rather complicated medium. Such a medium includes many 

irregularities in the film, as we have observed interface layer, amorphous and 

nanostructure polycrystalline structure in our thin films. These issues are actually 

challenges for theoretical and experimental research and also the frontier in the field 

of condensed matters physics. 
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Sol-gel technique has been demonstrated to be a very effective route for growing 

multi-element thin films with ease of stoichiometry control, and therefore La 

substitution in BST films can be well controlled. However, it requires a high post 

annealing temperature in order to achieve a perovskite structure, an ideal coating for 

field emission. The high-temperature process results in the solid-state interfacial 

reaction with Si diffusion into the film. The produced interfacial layer deteriorates the 

emission performance and thus reliability of the emitter. Therefore, it is recommended 

to employ other deposition methods such as CVD and sputtering technique to 

investigate the field emission of ferroelectric thin film coating on Si tip arrays. It is 

expected to obtain a n-type doped film with perovskite structure processed at a 

relatively low temperature, leading to a small amount of interface-reaction layer. In 

addition, these deposition methods could provide better coverage of coatings on Si tip 

arrays than sol-gel techniques. Some preliminary results using sputtering technique 

have been obtained [133]. 
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