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ABSTRACT 

pH sensors considered as a crucial element in broad applications such as medical, 

agriculture and industrial.  There are several methods used to detect the pH level as 

simple as a litmus paper to a complicated electronic device. Among them, extended-

gate field effect transistor (EGFET) pH sensor is receiving significant attention due to 

its advantages such as low cost, simple structure and flexible shape. An EGFET system 

consists of a separated substrate containing sensing material connected to the gate 

terminal of a FET.  The two electrodes that are essential for an EGFET system are 

sensing electrode (SE) and a reference electrode (RE).   The conventional RE is a glass 

tube containing liquid electrolyte making it bulky and not suitable for miniaturization. 

To realize miniaturization of an EGFET sensor system, the SE needs to be sensitive and 

RE needs to be in solid-state form. In addition, these solid-state electrodes also need to 

be fabricated onto one substrate to allow sensor miniaturization. Among the material 

used for SE, zinc oxide (ZnO) is a preferable material due to its versatile properties in 

terms of physical and electrical properties. Other than that, ZnO also was known for its 

various nanostructure morphologies. Based on the theory, these nanostructure 

morphologies are able to improve the sensor sensitivity due to the high surface area to 

volume ratio. In this work, for SE, the nanostructured ZnO deposition using thermal 

chemical vapor deposition (TCVD) and chemical bath deposition (CBD) methods were 

explored.  Besides deposition methods, the growth condition also was reported 

influences the ZnO nanostructures quality. In this study, several parameters were varied 

in order to produce the best ZnO nanostructures for EGFET pH sensor, including TCVD 

growth temperature, post-deposition heat treatment, CBD immersion time and also ZnO 

solution concentration. It was found that the TCVD method produced ZnO 

nanotetrapods whilst CBD method resulted in ZnO nanoparticles. The nanotetrapods 

were not suitable as SE due to the powder-like physical structure as it will be dissolved 

when immersed in pH buffer solution. Therefore, the post-deposition heat treatment was 

applied on ZnO nanostructure produced by TCVD method to improve the adhesion 

strength. However, this post-deposition treatment also was found to have no effect on 

ZnO nano tetrapods adhesion strength. Thus, the CBD method with 3 hours deposition 

time and 0.1 M concentration was chosen. The ZnO nanostructure deposited by CBD 

method exhibited good pH sensitivity of 52.9 mV/pH with linearity of 0.9947. To 

address the miniaturization issue, a quasi-solid-state RE (QRE) fabrication was 

explored by thermal evaporating an Ag layer onto indium tin oxide (ITO) substrate 

followed by chlorination using FeCl3 by a simple drop technique. It was confirmed that 

the proposed QRE performed similar transfer curve characteristic with the commercial 

RE. Then, facile fabrication of an integrated solid-state electrode (ISSE) consisting of 

ZnO nanostructure SE and solid-state (Ag/AgCl) QRE on a single 2 x 2 cm2 ITO 

substrate was studied. The ISSE was then tested in the EGFET pH sensor system and it 

was found that the sensor sensitivity was 53.4 mV/pH, which is comparable with the 

measurement using a commercial RE having a sensitivity value of 52.4 mV/pH. 

Repeatability and reproducibility tests for the ISSE were performed and the variation 

was less than 10% indicating that the fabrication method was reliable.  

 



v 
 

ACKNOWLEDGEMENT 

 First and foremost, I would like to express my deepest gratitude to my supervisor, Dr. 

Sukreen Hana Binti Herman for her advice, encouragement and guidance throughout 

the research. Her enthusiasm and passion for work, not only educated me in the 

technical field but also in real life. My thesis would not have been possible without her 

excellent supervision. I thank her from the bottom of my heart on her effort to educate 

me, despite of my weakness and lack of knowledge.  

I also would like to express my sincere to my co-supervisor,Prof Dr.Zaiki Awang and 

Dr Shafinaz Sobihana Shariffudin from Microwave Research Institute and Faculty 

Electrical Engineering UiTM shah Alam for their support and facilities for this research. 

I’m gratefully acknowledged NANO-Electronic Centre (NET)’s staffs, especially Mr. 

Azwan, Mr. Suhaimi, Mr.Azrul and Mr. Danial. Many thanks to my lab mates PhD 

students Mr Muhammad AlHadi Zulkefle, Ms Rohanieza Abdul Rahman, Mrs Nurzatil 

Aqmar Nordin and Mrs Khairul Aimi Yusof for their help, motivation, kindness and 

support during my studies. My special thanks to Faculty of Applied Science for used of 

their X-Ray Diffraction facilities. 

I also would like to thank Ministry of Higher Education Malaysia under the FRGS 

(Project Code: 600-RMI/FRGS 5/3 (0106/2016)) and NRGS grant (Project Code: 600-

RMI/NRGS 5/3 (7/2013)) for the financial support.  

This work and thesis may not be possible without the help and understanding from my 

husband Muhammad Hafifi Bin Hamid, my parents Rosli Bin Mohd Zain and Maznah 

Binti Md Noor, my parents-in-law and my sibling. Words cannot express my deep 

gratitude for the patience and support all through these years. I am blessed with a 

wonderful family I have and I thank God for that. 

 

 

   

JPRIU
Highlight



vi 
 

TABLE OF CONTENTS 

 Page 

CONFIRMATION BY PANEL OF EXAMINERS ii 

AUTHOR’S DECLARATION iii 

ABSTRACT iv 

ACKNOWLEDGEMENT v 

TABLE OF CONTENTS                                                                                                vi 

LIST OF TABLES x 

LIST OF FIGURES xii 

LIST OF SYMBOLS xvi 

LIST OF ABBREVIATIONS xviii 

 

CHAPTER ONE:  INTRODUCTION 1 

1.1 Research Background 1 

1.2 Problem Statements 4 

1.3 Research Objectives 5 

1.4 Scope and Limitation of the Study 5 

1.5 Research Contribution 6 

1.6 Organization of Thesis 6 

CHAPTER TWO:  LITERATURE REVIEW 8 

2.1 Introduction 8 

2.2 Electrochemical Sensor 8 

2.3 Potentiometric pH Sensors 9 

2.4 Field Effect Transistor (FET)-Based pH Sensors 11 

2.4.1 Extended-Gate Field Effect Transistor (EGFET) 15 

2.4.1.1   Sensing Electrode (SE) 16 

2.4.1.2   ZnO Nanostructures Sensing Mechanism Based on Site Binding                                                                    

             model 22 

2.4.1.3   Reference Electrode (RE)                                                         23 



vii 
 

2.5 Miniaturization of pH Sensor                                                         26 

2.6 Chapter Summary                                                                                     32 

CHAPTER THREE:  RESEARCH METHODOLOGY 33 

3.1 Introduction 33 

3.2 Deposition Process of EGFET SE 35 

3.2.1 Thermal Chemical Vapour Deposition (TCVD) 36 

3.2.2 Chemical Bath Deposition (CBD) Method 37 

3.3 Fabrication of Solid-State Quasi Reference Electrode (QRE) 41 

3.3.1 Deposition Process of Ag Layer 44 

3.3.2 Chlorination Process of Ag Layer 44 

3.4 Fabrication of Integrated Solid-State Electrode (ISSE) 46 

3.5 Characterization Methods 50 

3.5.1 EGFET-Based pH Sensor Measurement 50 

3.5.2 Drift and Hysteresis Measurements 52 

3.5.3 Field Emission Scanning Electron Microscopy (FESEM) 53 

3.5.4 X-Ray Diffraction (XRD) 55 

3.5.5 Atomic Force Microscopy (AFM) 56 

3.6 Chapter Summary 58 

CHAPTER FOUR:  OPTIMIZATION OF ZINC OXIDE (ZNO) 

NANOSTRUCTURE FOR EGFET SENSING ELECTRODE 59 

4.1 Introduction 59 

4.2  Deposition Of ZnO Sensing Electrode using TCVD Method at Different 

Deposition Temperatures                                          60 

4.2.1 ZnO Nanostructures Morphologies 61 

4.2.2 EGFET Sensor Characterizations 64 

4.2.2.1   Sensitivity and Linearity 64 

4.3 Deposition of ZnO Sensing Electrode using TCVD Method at Different Post-

Deposition Heat Temperatures  68 

4.3.1 ZnO Nanostructures Morphologies 69 

4.3.2 Crystalline Structures 70 

4.3.3 EGFET Sensor Characterizations 72 


	COVER
	2.Title page
	3.CONFIRMATION BY PANEL OF EXAMINERS111
	4. AUTHOR'S DECLARATION
	5. ABSTRACT
	6. ACKNOWLEDGEMENT
	7. TABLE OF CONTENT JULY
	8.LIST OF TABLES
	9. LIST OF FIGURES
	10. LIST OF SYMBOLS
	11. LIST OF ABBREVATIONS
	12.190914
	13.PUBLISH PAPER



