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ABSTRACT 

The primary purpose of this research is to increase the accuracy of characterizing 
graphene which is a new conductive material. Graphene transmission lines are 
measured at microwave frequencies using an alternative on-wafer calibration 
method. This would then contribute to a more accurate characterization of graphene at 
elevated frequencies, hence enhancing the understanding of this novel material to 
assist RF integrated circuit designers. As the dimensions of integrated circuits scale 
down to nanometers, the conductor resistance at high frequencies increase due to skin 
effect, and therefore the performance of RFICs degrade. Graphene is therefore 
proposed in this study as a new material for RFIC due to its promising electrical 
properties including high current densities, high mobility, low noise and negligible 
skin effect. Co-planar transmission lines were constructed using graphene by applying 
techniques compatible with semiconductor processing. Graphene films were grown on 
Ni-coated Si wafers using a modified thermal CVD method, whereby the Ni acted as 
the growth catalyst. The consequent structure was then etched layer-by-layer using a 
modified process to remove the Ni layer, thus offering easy process control. The 
microstructure of graphene films was ascertained using optical, SEM, FESEM and 
EDS for microstructure analysis, and the crystallinity was determined using Raman 
spectroscopy. The Raman results showed samples had well-graphitized carbon 
structures. The resistivity was measured using a two-point probe station and revealed 
a dc resistivity of 1.2 x 10"7 fi.m. The constructed co-planar graphene transmission 
lines were modeled using CST electromagnetic simulator to predict the RF 
performance and characterized from 2 to 20 GHz. The structures were then fabricated 
using standard semiconductor processing steps, and their characteristics later 
measured using Cascade Microtech probe station connected to a vector network 
analyser (VNA). Prior to this study, graphene devices have been characterized 
predominantly using the SOLT method, since the 50 Q load required for calibration is 
readily achievable and is well-understood for reference conductors such as gold and 
copper. Such conditions may not be applicable to or suitable for specialized and 
emerging materials, such as graphene. Improved accuracy was obtained using Thru-
Reflect-Line (TRL) calibration technique, as opposed to the more common SOLT 
method. The microwave properties of graphene were then extracted using curve-
fitting of the measured data with CST, and RLC lumped-element circuit modeling 
using Advanced Design System (ADS), respectively. The modelling determined 
graphene to have an RF conductivity of 9.0x103 S/m, which is better than those 
reported by other researchers. Even though very thin layers of graphene were used in 
this work, the skin effect was found to be negligible compared to Au or Cu. There is 
therefore significant potential for graphene to be used as an interconnecting material 
in RFICs, by acting as a monolithic interconnection between various active and 
passive devices with little loss of current at higher frequencies. 

IV 



ACKNOWLEDGEMENT 

Alhamdulillah, 

In the name of Allah the Most Gracious and The Most Merciful 

First and foremost, my thanks to Allah S.W.T the Most Merciful for rendering me 
with the required strength, opportunity and optimism to complete my study and thesis. 
May Allah's peace and blessing be on our prophet Mohammad S.A.W, his family and 
companions. This research project would not have been possible without the support 
of many people. First, I would like to express my sincere gratitude and 
acknowledgment to my supervisor, Prof. Dr. Zaiki Awang who has shown consistent 
support throughout the course of this research. His guidance, brilliant ideas, 
encouragement and his many constructive comments have greatly improved my 
thesis. It's really been a pleasure working with you. 

Many thanks to my co-supervisor, Prof. Dr. Mohamad Rusop for the guidance, 
allowing me to use the equipment in Nano-lab and sharing of ideas on graphene direct 
and indirectly. My thanks must also go to all the faculty lecturers for their help, 
courage and guidance. Special thanks are due to the staffs of Microwave Technology 
Centre and Nano-Electronic Centre, Universiti Teknologi MARA for their support in 
various capacities during these years. Without them, my study would not be 
completed. The most special thanks and profound love go to my dear parents, who 
have given their love and support throughout my life and who have taught me to 
appreciate learning and education. I also heartily thank my brother and sisters, for 
their livelihood, support and many joyful moments throughout my lifetime. Thanks 
for your trust in me. 

Last but not least, I would wish to dedicate this work to my family; my dear husband, 
Ziad, my in law's family, for their continuous encouragement and granting me time to 
wind up this thesis. Likewise, thousands of thanks to all involved in finishing this 
project, either directly or indirectly. To all friends who gave me a lot of moral support, 
I really appreciate it. As for myself, my MSc work is a journey and I have learned a 
lot which makes the experience worthwhile. Alhamdulillah for giving me faith, 
strength and health to finish my thesis. Thank you, May ALLAH bless all of you. 

v 



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 xi 

LIST OF SYMBOLS xv 

LIST OF ABBREVIATIONS xvi 

CHAPTER ONE: INTRODUCTION 

1.1 Introduction 1 

1.2 Research Background 1 

1.3 Problem Statement 4 

1.4 Objectives of Research 5 

1.5 Scope of Research 5 

1.6 Significance of Study 6 

1.7 Thesis Overview 6 

CHAPTER TWO: LITERATURE REVIEW 

2.1 Introduction 8 

2.2 Radio Frequency Integrated Circuits (RFICs) 9 

2.3 Graphene 12 

2.4 Co-Planar Waveguide (CPW) 14 

2.5 On-wafer Probing Calibration Methods 16 

2.6 Summary 20 

VI 



CHAPTER THREE: THEORETICAL REVIEW 

3.1 Introduction 

3.2 Transmission Lines 

3.3 Smith Chart and Scattering Parameters 

3.4 The Need for Calibration 

3.5 Measurement Errors 

3.6 Measurement Systems 

3.7 Calibration Techniques 

3.7.1 Calibration standards 

3.7.1.1 One-Port Calibration 

3.7.1.2 Two-Port Calibration 

a) Short-Open-Load-Thru (SOLT) Calibration 

b) Thru-Reflect-Line (TRL) Calibration 

c) Line-Reflect-Match (LRM) Calibration 

3.8 Summary 

CHAPTER FOUR: GRAPHENE TRANSMISSION LINE 

DEVELOPMENT 

4.1 Introduction 

4.2 Simulation of CPW Transmission Lines 

4.3 Graphene Film Preparation and Characterization Procedures 

4.3.1 Sample Cutting and Cleaning 

4.3.2 PMMA coating 

4.3.3 Wet Etching Process 

4.3.4 Graphene Re-deposition 

4.3.5 Graphene Characterization 

4.3.5.1 Physical Characterization 

i) Scanning and Field Emission Scanning 

Microscope (SEM, FESEM) 

ii) Energy Dispersive X-Ray analysis (EDS) 

iii) Raman Spectroscopy Analysis 

iv) Gold Pad Development 

4.4 Graphene Transmission Lines Fabrication 

VII 


