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ABSTRACT 

Studies investigating nanostructure on Schottky diode reported that sharp 

edge of nanostructures produces high electric field. It has been suggested that high 

electric field improve gas sensing performance on reverse biased mode. Electric field 

also promotes the ionisation of gas molecule thus improving sensing performance. 

Thus, the author aims to investigate the effect of sharp edges Schottky contacts 

towards electric field and Schottky diode performance. This can be achieved through 

simulation and experiment. COMSOL Multiphysics was used to model Schottky 

contact shape: circular-, hexagon- and star-shape. Star-shape Schottky contact 

produced 2.79 x 10
9
 V/m total electric field followed by hexagon- and circular-

shape. Acute angle of star-shape at 72˚ contributed higher electric field 4 x 10
4
 V/m 

than obtuse angle.  After that, sensing layer of Schottky diode was fabricated by 

using Radio Frequency (RF) magnetron sputtering to deposit Zinc Oxide (ZnO) and 

Titanium dioxide (TiO2). In addition, highly potential material Carbon Nanotubes 

(CNTs) were investigated along these materials, which were sensitive towards gas 

sensing. Platinum was chosen as Schottky contact metal since it is known as a good 

catalytic metal to help absorption of hydrogen gas into the sensing layer. Finally, the 

sharp edges Schottky contacts with nanostructure film devices were characterised. 

Series of current-voltage (I-V) characteristics were recorded using Keithley 2400 

and temperature was varied from room temperature to 200˚C towards 1% hydrogen 

gas in a vacuum chamber. Results show that hexagon-shape Pt/TiO2/Si Schottky 

diode gave better barrier height of 494 meV than circular-shape. Furthermore, the 

response shows that 0.3 mA current changes were observed at star-shape Pt/CNTs/Si 

Schottky diode based sensors in forward biased mode. On the other hand, 0.21 mA 

was observed at hexagon-shape Pt/CNTs/Si Schottky diode based sensor on reverse 

biased mode. This signifies that improvement can be made by tailoring the Schottky 

contact shape to increase the electric field for sensing purposes. 
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ABSTRAK 

Kajian ke atas struktur nano yang dimendap ke atas diod Schottky telah 

menunjukkan bahawa sisi tajam struktur nano menghasilkan medan elektrik yang 

tinggi. Kajian tersebut juga mencadangkan medan elektrik yang tinggi telah 

meningkatkan prestasi penderia gas di bahagian pincang belakang. Maka, penulis 

telah mengkaji kesan sisi tajam elektrod Schottky ke atas medan elektrik dan 

prestasinya sebagai diod Schottky. Ini boleh dicapai melalui simulasi dan 

eksperimen. COMSOL Multiphysics diguna untuk memodelkan tiga bentuk elektrod 

Schottky: bulatan, heksagon dan bintang. Elektrod Schottky berbentuk bintang 

menghasilkan 2.79 x 10
9
 V/m jumlah medan elektrik diikuti dengan bentuk 

heksagon dan bentuk bulatan. Sudut tirus sebanyak 72˚ pada bentuk bintang 

menyumbang medan elektrik tertinggi iaitu 4 x 10
4
 V/m berbanding sudut cakah. 

Kemudian, lapisan penderia diod Schottky difabrikasi dengan menggunakan 

teknologi Radio Frequency (RF)magnetron sputtering untuk mendapan Zink Oksida 

(ZnO) dan Titanium dioksida (TiO2). Selain itu, material berpotensi tinggi Karbon 

Tiub-Nano (CNTs) juga dikaji kerana bahan-bahan ini sensitif sebagai penderia gas. 

Platinum telah dipilih sebagai logam elektrod Schottky kerana dikenali sebagai 

logam pemangkin yang baik untuk membantu penyerapan gas hidrogen ke dalam 

lapisan penderia. Akhir sekali, untuk mengkaji sifat diod Schottky, ciri-ciri arus-

voltan (I-V) telah direkod menggunakan Keithley 2400 di mana suhu telah diubah 

daripada suhu bilik ke 200˚C ke atas 1% gas hidrogen di dalam ruang vakum. 

Keputusan menunjukkan bentuk heksagon Pt/TiO2/Si memberi ketinggian halangan 

yang lebih baik sebanyak 494 meV berbanding bentuk bulatan. Keputusan juga 

menunjukkan perubahan arus sebanyak 0.3 mA diperolehi daripada bentuk bintang 

Pt/CNTs/Si dalam bahagian pincang hadapan. Manakala, 0.21 mA diperolehi 

daripada bentuk heksagon Pt/CNTs/Si pada bahagian pincang belakang. Ini 

menunjukkan bahawa pembaikan boleh dibuat dengan memanipulasikan lapisan 

elektrod Schottky. 



vii 

 

 

 

TABLE OF CONTENTS 

CHAPTER TITLE PAGE 

 

 DECLARATION ii 

 DEDICATION iii 

 ACKNOWLEDGEMENTS iiv 

 ABSTRACT v 

 ABSTRAK vi 

 TABLE OF CONTENTS vii 

 LIST OF TABLES xii 

 LIST OF FIGURES xiii 

 LIST OF ABBREVIATIONS xix 

 LIST OF SYMBOLS xxii 

 LIST OF APPENDICES 

 

xxiv 

1 INTRODUCTION 

 1.1 Introduction 1 

 1.2 Problem Statement 2 

 1.3 Research Objectives 2 

 1.4 Research Motivation 3 

 1.5 Expected Findings 3 

 1.6 Structure of Thesis 

 

4 



viii 

 

 

 

2 LITERATURE REVIEW  

 2.1 Introduction 5 

 2.2 Schottky Diode 5 

 2.3 Materials 6 

 2.3.1 Semiconductor substrate 6 

 2.4  Catalytic metal (Schottky contact) 8 

 2.5 Nanostructure Materials 10 

 2.5.1  Zinc Oxide (ZnO) 10 

 2.5.2  Titanium dioxide (TiO2) 12 

 2.5.3  Carbon nanotubes (CNTs) 12 

 2.6  Sensor Performance 13 

 2.7 Summary 15 

3 THEORETICAL STUDY 

 3.1 Introduction 16 

 3.2 Fundamental of Schottky Diode 16 

 3.2.1 Formation of Schottky Barrier 18 

 3.2.2 Transport Mechanism 19 

 3.3 High Electric Field Schottky Diode 20 

 3.4 Summary 21 

4 SCHOTTKY CONTACT SIMULATION 

 4.1 Introduction 22 

 4.2 Dimension 22 



ix 

 

 

 

 4.3 Mesh 25 

 4.4 Design Parameters 26 

 4.5 Schottky Contact Area 26 

 4.6 Schottky Contact Area and Location of 

Sharp Edges 

28 

 4.7 Summary 33 

5 FABRICATION OF SCHOTTKY DIODE  

 5.1 Introduction 34 

 5.2 The Fabrication of Ohmic Contact 35 

 5.2.1 Wafer Cleaning Process  35 

 5.2.2  Ohmic Contact Deposition 36 

 5.3 Synthesis and Deposition of Nanostructured   

Materials 

37 

 5.3.1 ZnO and TiO2 Synthesis/Deposition 

via Radio Frequency (RF) 

Magnetron Sputtering 

37 

 5.3.2  Synthesis/Deposition of Carbon 

Nanotubes (CNTs) 

41 

 5.4  The Fabrication of Schottky Contact 42 

 5.4.1 Schottky Contact Hard Mask Design 42 

 5.4.2 Schottky Contact Deposition 43 

 5.5 Fabricated Schottky Diode Structure  44 

 5.6  Summary 

 

 

45 

 



x 

 

 

 

6 CHARACTERISATION OF NANOSTRUCTURE SENSING 

LAYER 

 6.1  Introduction 46 

 6.2 Material Characterisation Results 47 

 6.2.1 Analysis of RF Sputtered Zinc 

Oxide (ZnO) 

47 

 6.2.2 Analysis of RF Sputtered Titanium 

Dioxide (TiO2) 

51 

 6.2.3 Carbon Nanotube (CNT) 55 

 6.3 Summary 58 

7 EXPERIMENTAL RESULTS 

 7.1 Introduction 59 

 7.2 Schottky Diode Barrier Height 60 

 7.3 Sharp Edges Schottky Contact 63 

 7.4  Schottky Diode as Hydrogen Sensor 65 

 7.4.1 Data Acquisition Setup 65 

 7.4.2 ZnO based Sensor 66 

 7.4.3 TiO2 based Sensor 72 

 7.4.4 CNTs based Sensor 78 

 7.5  Summary of Shape and Materials 

Comparison 

84 

 7.6 Summary 88 

8 CONCLUSION AND FUTURE WORK 

 8.1 Introduction 89 



xi 

 

 

 

 8.2 Conclusions 90 

 8.3 Future Work 91 

REFERENCES 92 

Appendices A-B 99-100 

 



xii 

 

 

 

LIST OF TABLES 

TABLE NO. TITLE PAGE 

2.1 Material and respective band gap [9] 7 

2.2 Sensor performance from literatures 14 

4.1 
Dimension details of modelled Schottky 

contact 
23 

4.2 Subdomain setting 26 

5.1 
Sputtering Parameters used for RF sputtering 

method 
39 

5.2 Fabricated Schottky diode 44 

   

 

 

 

 

 

 

 

 

 

 

 



xiii 

 

 

 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE 

2.1 
Effect of catalytic metal structure, first column shows 

pores form of Pt metal film with thin and thick Pd metal 

film in second and third column, respectively [1] 8 

2.2 
Reverse I-V characteristics of 0.04mm

2
 rectifiers with 

different contact shape [2] 9 

2.3 
SEM image of ZnO grown on SiC using EC and VLS 

technique. Inset: TEM image [3] 11 

2.4 SEM image of ZnO grains morphology obtain from 

(a) Carcia et. al [4] and (b) Lu et. al [5] 11 

2.5 SEM images of CNTs 13 

3.1 Band-bending in n-type semiconductor where (a)in 

thermal equilibrium condition, (b) Forward biased, (c) 

Reverse biased 17 

3.2 Hydrogen sensing mechanism (a)Schottky diode exposed 

towards hydrogen gas (b)hydrogen molecule dissociate 

on the catalytic Schottky contact (c)gas adsorbed and 

create dipole layer 20 

4.1 Selected designs for fabrication with dimension. Circular 

shape is reference base for each design 23 

4.2 Geometry design and dimension of (a)circular- 24 



xiv 

 

 

 

(b)hexagon- (c)star-shape Schottky contact 

4.3 Mesh profile of (a)circular- (b)hexagon- and  (c)star-

shape Schottky contact 25 

4.4 Integral summation of electric field on substrate 27 

4.5 
2,3 and 4 mm circular-Schottky contact electric field 

28 

4.6 Circular-Schottky contact electric field measured at Point 

1 28 

4.7 2, 3 and 4 mm hexagon-Schottky contact electric field 29 

4.8 Electric field measured at 6 points of hexagon sharp 

edges 29 

4.9 2, 3 and 4 mm star-Schottky contact electric field 30 

4.10 Star-Schottky contact electric field measured at 10 points 31 

4.11 Angle θ1, θ2 and θ3 is 72˚, 120˚ and 144˚ respectively 32 

4.12 Sharp edges angle relationship towards electric field 32 

5.1 Configuration of Schottky diode from (a)Top and (b)Side 

view 35 

5.2 Flow of Schottky diode fabrication process  35 

5.3 JEOL JFC-1600 AutoFine Coater (Inset: sputtering 

process of Pt to form ohmic or Schottky layer) 36 

5.4 Thin film deposition via RF Sputtering mechanism  38 

5.5 FESEM images of a)ZnO structure sputtered at 35˚C,   

b)ZnO structure sputtered at 250˚C, c)TiO2 structure 

sputtered at 35˚C, and d) TiO2 structure sputtered at 

250˚C  39 



xv 

 

 

 

5.6 RF Sputtering nanostructure growth via bottom-up 

approach  40 

5.7 RF magnetron sputtering mechanism  40 

5.8 Hard mask designed using Solidwork  42 

5.9 Illustration layers of Pt/ZnO/Si Schottky diode (inset 

figure: top view of a final fabricated device) 43 

6.1 ZnO morphology sputtered at 35˚C substrate temperature  47 

6.2 ZnO morphology sputtered at 250˚C substrate 

temperature  47 

6.3 Statistical value of ZnO grains diameter observed after 

sputtered at 35˚C and 250 ˚C inside RF sputtering 

chamber  48 

6.4 SEM image of ZnO deposited via RF sputtering after post 

annealed  49 

6.5 Statistical distribution of ZnO grains diameter before and 

after annealing process 50 

6.6 
Raman spectrum showed peaks at 439cm

-1
 and 520cm

-1
 

51 

6.7 TiO2 morphology sputtered at 35˚C substrate temperature  51 

6.8 TiO2 morphology sputtered at 250˚C substrate 

temperature  52 

6.9 Statistical value of TiO2 grains diameter observed after 

sputtered at 35˚C and 250 ˚C inside RF sputtering 

chamber  52 

6.10 SEM image of TiO2 deposited by RF sputtering after post 

annealed  53 



xvi 

 

 

 

6.11 
Statistical distribution of TiO2 grains diameter before and 

after annealing process 54 

6.12 Raman spectrum showed highest peak at 513 cm
-1

  55 

6.13 SEM image of CNTs  56 

6.14 TEM image of CNTs at 64k magnification  56 

6.15 TEM at 255k magnification shows structure of an CNT  57 

6.16 High resolution TEM image on CNT at 930k 

magnification  57 

6.17 Raman spectrum on CNTs  58 

7.1 ZnO based Schottky diode barrier height according to 

shapes  60 

7.2 TiO2 based Schottky diode barrier height according to 

shapes  61 

7.3 CNTs based Schottky diode barrier height according to 

shapes  62 

7.4 Current density at reverse biased measured from ZnO 

based Schottky contact  63 

7.5 Current density at reverse biased measured from TiO2 

based Schottky contact  63 

7.6 Current density at reverse biased measured from CNTs 

based Schottky contact 64 

7.7 Gas Chamber 65 

7.8 Gas sensing setup 66 

7.9 I-V characteristic of circular-shape Pt/ZnO/Si sensor 67 



xvii 

 

 

 

7.10 I-V characteristic of hexagon-shape Pt/ZnO/Si sensor 68 

7.11 I-V characteristic of star-shape Pt/ZnO/Si sensor 69 

7.12 Current changes of ZnO based sensor at forward biased 70 

7.13 Current changes of ZnO based sensor at reverse biased 70 

7.14 Current changes of ZnO based sensor according to shapes 

at constant voltage, V=3V 71 

7.15 I-V characteristic of circular-shape Pt/TiO2/Si sensor 

(Inset: zoom in forward biased response) 73 

7.16 
I-V characteristic of hexagon-shape Pt/TiO2/Si sensor 

(inset: zoom in forward biased response) 74 

7.17 I-V characteristic of star-shape Pt/TiO2/Si 75 

7.18 Current changes of TiO2 based sensor at forward biased 76 

7.19 Current changes of TiO2 based sensor at reverse biased 76 

7.20 Current changes of TiO2 based sensor according to 

shapes at constant voltage, V=2V 77 

7.21 I-V characteristic of circular-shape Pt/CNTs/Si sensor 

(Inset: Zoom in forward biased characteristic) 79 

7.22 I-V characteristic of hexagon-shape Pt/CNTs/Si sensor 80 

7.23 I-V characteristic of star-shape Pt/CNTs/Si sensor 81 

7.24 Current changes of CNTs based sensor at forward biased 82 

7.25 Current changes of CNTs based sensor at reverse biased 82 

7.26 Current changes of CNTs based sensor according to 

shapes at constant voltage, V=2V 83 



xviii 

 

 

 

7.27 Summarised barrier height for all shapes and materials 85 

7.28 Summarised of current changes for all shapes and 

materials in forward biased mode 86 

7.29 Summarised of current changes for all shapes and 

materials in reverse bias mode 87 

 



xix 

 

 

 

LIST OF ABBREVIATIONS 

 

Ag - Silver 

Au - Gold 

BOE - Buffer Oxide Etch 

CNTs - Carbon Nanotubes 

CO - Carbon monoxide 

CTAB - Cetyltrimethylammonium Bromide 

CVD - Chemical Vapour Deposition 

DI - Deionized 

DNA - Deoxyribonucleic acid 

EC - Evaporation-Condensation 

FESEM - Field Emission Scanning Electron Microscopy 

GaAs - Gallium Arsenide 

GaN - Gallium Nitride 

H2 - Hydrogen 

H2S - Hydrogen Sulphide 

HRTEM - High Resolution Transmission Electron Microscopy  

InP - Indium Phosphide 



xx 

 

 

 

MFC - Mass Flow Controller 

mm
2 

- Millimeter square  

MoO3 - Molybdenum Trioxide  

MOS - Metal-oxide-semiconductor 

MOSFET - Metal-oxide-semiconductor field-effect transistors 

mph - Miles per hour 

mTorr - milliTorr 

MWCNTs - Multi-Walled CNTs 

NH3 - Ammonia 

nm - Nanometer  

NO - Nitrogen monoxide 

NO2 - Nitrogen Dioxide 

OSHA - Occupational Safety and Health Administration 

Pd - Palladium 

ppm - Part per million 

Pt - Platinum 

RF - Radio Frequency 

sccm - Standard cubic centimeters per minute 

SEM - Scanning Electron Microscopy 

Si - Silicone 

SiC - Silicon Carbide 

SiO2 - Silicon dioxide 



xxi 

 

 

 

SWNTs - Single-Walled CNTs 

Ta2O5 - Tantalum Oxide 

TEM - Transmission Electron Microscopy  

TiO2 - Titanium dioxide 

UV - Ultra Violet 

VLS - Vapour-Liquid-Solid  

ZnO - Zinc Oxide 

μm - Micrometer  

 

 

 



xxii 

 

 

 

LIST OF SYMBOLS 

A - Area  

A** - Richardson constant 

Ec - Energy at the bottom of conduction band 

EF - Fermi level 

Ev - Energy at the top of the valence band 

I - Electric current 

   IF - Forward current 

IH - Current levels in hydrogen containing ambient 

IO - Current levels in vacuum ambient 

Io, Jo - Saturation current 

 I-V     - Current-Voltage 

k - Boltzmann constant 

K - Kelvin 

kT/q - Thermal voltage at 300K (0.0259V) 

   q - Elementary charge 

RH - Sheet resistance in hydrogen containing ambient 

RO - Sheet resistance in vacuum ambient 

T - Temperature 



xxiii 

 

 

 

V - Electrical potential difference (Voltage) 

  VF - Forward voltage 

VR - Reverse voltage 

ΔV - Change in potential difference 

ϕB - Barrier height 

  φm - Metal work function 

ϕn,  - Energy difference between Ec and EF 

ψbi - Built in potential 

 



xxiv 

 

 

 

LIST OF APPENDICES 

APPENDIX TITLE PAGE 

A Fabricated Hardmask 77 

B RF Sputtering Machine 78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

 

 

CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

 Schottky diode conventionally used either in power or sensor application. 

The unique configuration of Schottky diode (metal-semiconductor) compared to 

normal diode(semiconductor-semiconductor) enable it to switch faster than normal 

diode does and the usage of metal as contact is beneficial especially for gas sensing 

application. The fabrication process of Schottky diode is very simple, which 

facilitates the research and development of these types of sensors. Schottky diode 

based sensors have been fabricated employing a number of different 

inorganic/organic semiconductors together with thin catalytic metal layers (generally 

group VIII transition metals such as Pt or Pd) that acts as both a Schottky contact 

and a catalyst for gas adsorption [6]. The catalytic metal and semiconductor form a 

Schottky barrier, which varies as the device is exposed to different gas species and 

determines how sensitive the device can be towards target gas. The type of 

semiconducting material, its structure and the formation of the junction barrier 

between the metal and the semiconductor can be controlled and varied to sense 

different types of particular gases. 

 

  However, many of these studies usually used a typical circular shape of 

Schottky contact [3, 7-10] and to the author knowledge none reported the 

investigations on effect of varying the shape towards gas sensing performance. It is 

known that electric field can be enhanced by increasing the edges around the contact 

[11]. The focus in this research is to study the variation of the Schottky contact 
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shape. Investigation on the factor responsible for the enhancement of electric fields 

and the effect of the different geometries of Schottky contact are conducted in order 

to enhance the sensitivity of Schottky diode based sensors. Then, the fabricated 

Schottky diode based sensor is tested for gas applications. 

1.2 Problem Statement  

Conventional semiconductor sensor such as FET usually have complicated 

structure for fabrication. On the other hand, Schottky diode is known for its 

simplicity in term of fabrication process. It consist layered of Schottky contact, metal 

oxide thin film, semiconductor substrate and ohmic contact. Several researchers [3] 

prove that by applying sharp edges nanostructure metal oxide thin film in Schottky 

diode enhanced the performance of gas sensor. Incidentally, Schottky contact is main 

part of Schottky diode which function as an electrode as well as catalytic layer. In 

power diode application, it is known that sharp edges Schottky contact produces 

leakage current. However, sharp edges produce larger electric field which will help 

to promote gas ionization. Hence there is need to study on the electric field 

enhancement at Schottky contact and various geometries of Schottky contact.  

1.3 Research Objectives 

The objectives of this research are: 

i. To obtain in detail the basic behaviour (such as electric field and I-V reverse 

and forward biased) of Schottky diode based sensor using various 

nanostructures morphology and Schottky contact shape.  

ii. To identify a series of relationships between the different nanostructures 

morphology and Schottky contact shape  

iii. To verify that the obtained geometries of nanostructure and different 

Schottky contact shape will able to perform better than conventional circular- 

shape Schottky contact 
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1.4 Research Motivation 

Schottky diode is used either in power or sensing applications. The existence 

of Schottky contact metal in configuration of Schottky diode differentiate it with the 

normal diodes. It is generally known that sharp edges Schottky contact is avoided in 

power application as it produced leakage current which is not favourable in power 

application. However, this disadvantage is beneficial for gas sensor as it enhanced 

the local electric field. This enhancement of electric field helps the ionisation of gas 

molecule into atoms and consequently improve the gas adsorption. 

 

In state-of-the-art technologies, the interest on nanotechnology integrated 

with solid state sensor has became a trend of research. This includes investigations 

of increasing the electric field [12] via sharp edges nanostructure on Schottky diode 

gas sensor. It is believed that by increasing the electric field, it will lead to increased 

sensitivity of a sensor.  

 

Hence, in this research Schottky diode was investigated by employing the 

effect of sharp edges at metal contact through varying the Schottky contact shapes. 

The output of this research will be focused mainly as hydrogen gas sensing 

application. 

1.5 Expected Findings  

It is expected at the end of this project it will  

i. Provide  new knowledge on the findings of factors for electric field 

enhancement and the effects of the different geometries of Schottky 

contact for Schottky diode based sensor. 

ii. Show performance improvement as a gas sensor compared to 

conventional circular-shape Schottky contact diode. 



4 

 

 

 

1.6 Structure of Thesis 

This thesis is divided into several topics to present the main objective of 

characterisation on sharp edges of Schottky contact with nanostructure thin film. The 

topics were arranged as follows; 

 

 Chapter 2 presents literature review on state-of-the-art research and 

findings which related to the Schottky diode with nanostructure film 

including the materials and nanotechnology used. 

 Chapter 3 presents on the theoretical study related to the fundamental 

of Schottky diode and the explanation of its mechanism in sensing. 

 Chapter 4 demonstrates the fabrication process conducted step by 

step in order to obtain the final device. This chapter also presents the 

synthesis and deposition of the nanostructure materials. 

 Chapter 5 discusses the characterisation conducted to study the 

materials and morphologies of the nanostructure deposited as the 

sensing layer. 

 Chapter 6 discusses the measurement conducted and performance of 

the hydrogen sensor towards hydrogen gas by analysing the current-

voltage (I-V) characteristic and Schottky barrier height. 

 Chapter 7 concludes this thesis and presents the contribution of study 

with suggestion for future work. 
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