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Abstract: 

Due to several of its physical properties, graphene is well suited to use within gas sensing 

devices. The extremely large surface-to-volume ratio and atomic thinness means any adsorbate 

on the graphene surface will strongly modify the electrical properties. Also, graphene typically 

presents high carrier mobilities and a low density of states close to its Dirac point further 

improving its sensor characteristics. In combination, these factors have given rise to extensive 

research into graphene as a candidate for gas sensing, it has been found that even at the modest 

charge exchange, interaction between a graphene sheet and adsorbates can produce a 

measurable variation in the graphene’s conductivity and shift in the Dirac point of the graphene 

channel.  

 

This work reports upon gas sensing performance of monolayer graphene grown by Chemical 

Vapour Deposition (CVD). The electrical properties are characterised during exposure to 

gaseous analytes via analysis of their electrical behaviour as graphene field effect transistor 

(GFET) devices. Results are presented for adsorption of NH3 and NO2 gas leading to electron 

donation and withdrawing effects respectively. Both Fermi level shift and charge mobility 

change upon the gas adsorption is used to fingerprint sensor response for these two analytes. 

We present results that indicate atmospheric adsorption is responsible for strong changes in 

graphene sensor recovery and that this effect is reversable with exposure to high vacuum 

conditions. 

 

 In addition, this work illustrates the potential for improvement upon current graphene gas 

sensing devices via wet chemical oxygen functionalisation. The oxygen functionalised CVD 

graphene is characterised using Raman Spectroscopy, X-ray Photoelectron Spectroscopy, and 

Atomic Force Microscopy. The electrical properties are then characterised before and after 

oxidation via analysis of gate dependent GFET measurements and the during gas exposure by 

resistivity measurements. It is demonstrated that even for a relatively low concentration of 

introduced oxygen groups (~1.65 × 1010 𝑐𝑐𝑐𝑐−2) the oxygen functionalised CVD graphene 

sensors show a response of up to 600x that of the comparable non-functionalised sensor. The 

response time for oxidised CVD graphene is also measured and found to be two times faster 

than pristine CVD graphene and is shown to be capable of detecting low gas concentrations of 

NO2 with a limit of detection of ~41ppb. 

  



iii 
 

Acknowledgements 

First, I would like to express my thanks and appreciation to my primary supervisor, Dr. Toby 

Hallam for his guidance, encouragement and help to complete my academic research. He was 

always ready to help and give advice, which made me learn a lot more in my research.   

I would like to thank my secondary supervisor, Dr. Johannes Gausden, for his time, help and 

training me in the lab. Without his advice and guidance, I would not use the equipment 
correctly.  

I must also thank Dr. Konstantin Vasilevskiy, who has invested a lot of time in training me to 

use the fabrication equipment. Also, for his help in ordering the chemical material. I am also 

thankful to Mr. Paul Sterling for his help in ordering all the gas cylinders. 

I would like to thank Dr. Elisabetta Arca for her help in the XPS measurements and training. 

I must also thank Jouf University for giving me this opportunity to complete my PhD. Also, I 

am grateful for their funding and support. In addition, Saudi Arabian Cultural Bureau 
(SACB) for their support. 

I would like to thank Talha Qamar and Merve Yakut for their help in the lab and support. 

I am deeply grateful for my wife, Nisrein Amarabeh, who has been patient during my study 

time. Thank her for her support and encouragement throughout my PhD. In addition, I am 

thankful to my kids, Laila, Abdulaziz, and Abdurrahman, for their understanding and 

patience throughout my study. I must thank my parents Mrs. Minwa Almarabeh and Mr. 

Kareem Aladim, for their support and encouragement in me to complete my PhD. I want also 

to thank all my sisters and brothers for their support. Finally, I must thank my aunt Mrs. 
Hafidhah Almarabeh, for her support and encouragement throughout my PhD.  

  



iv 
 

COVID-19 Impact 

In 2021, the lockdown had a massive impact on my ability to work in the lab. As a result of 

the closure of the lab for 12 months, my project, which relied heavily on experiments, was 

greatly affected. The inability to conduct experiments and obtain results was a major setback. 

Additionally, the delivery of experiment parts ordered online was challenging due to the 

circumstances, and the workshop at the university postponed the production of other essential 

experiment components. These factors combined impeded my experimental progress 

significantly. Despite planning to conduct extensive experiments during the summer, 

COVID-19 prevented me from doing so, and I was unable to obtain any results in 2021. 

In 2022, I was granted a six-month extension in the lab to finish my experiments, but even 

with this extra time, I was unable to complete all of the planned experiments. The impact of 

the lockdown on my mental health and anxiety cannot be overstated. The sudden and 

prolonged disruption to my work in the lab, which I had invested a considerable amount of 

time and effort into, was extremely distressing. The uncertainty and lack of control over the 

situation caused significant stress and anxiety, which affected not only my work but also my 

overall well-being. 

The isolation and social distancing measures implemented during the lockdown further 

exacerbated these feelings of anxiety and stress. The inability to socialize with colleagues or 

engage in activities outside of work made it challenging to cope with the situation. 

Furthermore, the uncertainty regarding the future of my project and whether I would be able 

to complete it as planned caused a great deal of worry and anxiety. The extension of time 

provided some relief, but it also added to the pressure to perform and complete the work 

within a limited timeframe. 

Overall, the impact of the lockdown on my mental health and anxiety was significant and 

cannot be ignored. It was a challenging and stressful time that required a great deal of 

resilience and support to overcome. 

  



v 
 

Contents 
 

1 Introduction .......................................................................................................................... 1 

1.1 Gas Sensing................................................................................................................... 1 

1.2 Types of Gas Sensors ..................................................................................................... 5 

1.2.1 Metal Oxide Gas Sensors ........................................................................................ 6 

1.2.2 Field Effect Transistor (FET) Sensors ...................................................................... 8 

1.2.3 Electrochemical Gas Sensor .................................................................................... 9 

1.2.4 Catalytic Gas Sensor ............................................................................................. 10 

1.2.5 Nondispersive Infrared Radiation Gas Sensor ......................................................... 11 

1.3 Graphene based Gas Sensors ........................................................................................ 12 

2 Literature Review ................................................................................................................ 14 

2.1 Graphene Gas Sensors.................................................................................................. 14 

2.2 Density Functional Theory (DFT) ................................................................................. 14 

2.3 Pristine Graphene Gas Sensors...................................................................................... 19 

2.4 Graphene Oxide Gas Sensors ........................................................................................ 22 

2.4.1 Oxidation Methods ............................................................................................... 23 

2.4.2 Sensitivity ............................................................................................................ 24 

2.4.3 Recovery.............................................................................................................. 28 

2.5 Graphene Gas Sensors Benefits and Challenges ............................................................. 29 

3 Theory ................................................................................................................................ 31 

3.1 Graphene..................................................................................................................... 31 

3.1.1 Atomic Structure of Graphene ............................................................................... 31 

3.1.2 Electronic Band Structure of Graphene .................................................................. 32 

3.2 Graphene Oxide........................................................................................................... 34 

3.3 Graphene Growth ........................................................................................................ 36 

3.3.1 Top-down Synthesis ............................................................................................. 36 

3.3.1.1 Micro-Mechanical Exfoliation ........................................................................... 36 

3.3.1.2 Liquid Phase Exfoliation ................................................................................... 36 

3.3.2 Bottom-up Synthesis............................................................................................. 37 

3.3.2.1 Epitaxial Growth on Silicon Carbide .................................................................. 38 

3.3.2.2 CVD on Transition-metal films.......................................................................... 38 

3.4 GFET Electrical Transport............................................................................................ 40 

3.5 Graphene Sensors ........................................................................................................ 40 

4 Methods.............................................................................................................................. 43 

4.1 Sensor Fabrication ....................................................................................................... 43 



vi 
 

4.1.1 CVD Graphene Growth......................................................................................... 43 

4.1.2 Graphene Transfer ................................................................................................ 44 

4.1.3 GFET Fabrication ................................................................................................. 46 

4.1.4 Graphene Oxidation .............................................................................................. 48 

4.2 Sensor Measurement .................................................................................................... 49 

4.2.1 Electronic Characterisation.................................................................................... 49 

4.2.2 Gas Machine ........................................................................................................ 51 

4.3 Analysis Methods ........................................................................................................ 55 

4.3.1 Atomic Force Microscopy ..................................................................................... 55 

4.3.2 Raman Spectroscopy............................................................................................. 57 

4.3.3 X-Ray Photoelectron Spectroscopy ........................................................................ 60 

5 Pristine Graphene Gas Sensors ............................................................................................. 63 

5.1 GFET Device Cleanliness............................................................................................. 64 

5.1.1 Higher Resolution Microscopy and SEM................................................................ 64 

5.1.2 AFM.................................................................................................................... 66 

5.1.3 Raman Spectroscopy............................................................................................. 67 

5.1.4 XPS ..................................................................................................................... 69 

5.1.5 Electric Characterisation ....................................................................................... 70 

5.2 NO2 Sensor Characteristics ........................................................................................... 72 

5.2.1 NO2 Saturation Measurement ................................................................................ 73 

5.2.2 NO2 Repeatability Measurement ............................................................................ 76 

5.2.3 NO2 Cycles Measurement ..................................................................................... 78 

5.2.4 Repeated Device Test after 9 Months ..................................................................... 82 

5.3 NH3 Sensor Characteristics ........................................................................................... 84 

5.3.1 NH3 Saturation Measurement ................................................................................ 84 

5.3.2 Mass Spectrometry ............................................................................................... 85 

5.4 GFET Sensing and Field Effect Gating.......................................................................... 86 

5.4.1 NO2 Cycles Measurement ..................................................................................... 87 

5.4.2 Gating Sensitivity Test .......................................................................................... 89 

6 Functionalised Graphene Gas Sensors................................................................................... 95 

6.1 Functionalised GFET Device ........................................................................................ 96 

6.1.1 High Resolution Microscope ................................................................................. 96 

6.1.2 Raman Spectroscopy............................................................................................. 98 

6.1.3 XPS ....................................................................................................................100 

6.1.4 Electric Measurements for Functionalised Graphene FET (GFET) ..........................103 

6.2 NO2 Functionalised Sensor Characteristics ...................................................................106 



vii 
 

6.2.1 NO2 Saturation Measurement ...............................................................................107 

6.2.2 NO2 Repeatability Measurement ...........................................................................111 

6.2.3 NO2 Cycles Measurement ....................................................................................112 

6.2.4 Repeated Device Test without Vacuum Condition .................................................118 

6.2.5 Specificity Measurement ......................................................................................120 

7 Conclusion and Future Work...............................................................................................123 

7.1 Future Work ...............................................................................................................124 

 

  



viii 
 

List of Figures 

 
Figure 1.1: Shows the interaction between gas molecule and receptor leads to the signal 

generated by the transducer........................................................................................................ 2 

Figure 1.2: Demonstrates the mechanism of the MOs gas sensor. The green layer represents 

the MOs sensing film, the brown layer represents the depletion region, the yellow region 

represents the Au electrode, the blue layer represents the substrate, and the orange layer 

represents the heating element.  At the operating temperature, the sensing layer interacts with 

oxygen, and the oxygen is adsorbed on the surface. When the CO reducing gas interacts with 

the adsorbed oxygen, it forms CO2 by taking one oxygen. As a result, the electron injects 

back to MOs surface which changes the resistance. .................................................................. 6 

Figure 1.3: Shows the shape of the FET, which has a P-type sensing layer between two 

electrodes (source and drain), silicon is coated with silicon oxide and voltage is applied to 

substrate. As an oxidising gas e.g. oxygen interacts with the sensing layer, some electrons 

from the conduction band are captured on the surface. On the other hand, reducing gas like 

carbon monoxide interacts with the sensing layer and result in freeing electrons back to the 

conduction band. ........................................................................................................................ 9 

Figure 1.4: Shows the CO oxidised through the chemical reaction on the working electrode. 

This results in generated H+ and current flow to the counter electrode through the electrolyte. 

Also, the generated e- flow through the external circuit to the counter electrode. .................. 10 

Figure 1.5: Schematic of catalytic gas sensor. ......................................................................... 11 

Figure 1.6: Schematic of Nondispersive infrared radiation gas sensor. .................................. 12 

Figure 2.1: Shows the change in sensitivity of the graphene sensor upon exposure to different 

types of gases. Region I: the device is in vacuum before its exposure; II: exposure to a 5 l 

volume of a diluted chemical; III: evacuation of the experimental set-up; and IV: annealing at 

150 ̊C. Adapted from reference [77]. ....................................................................................... 20 

Figure 2.2: Transfer curves characteristics of a back-gated CVD graphene FET in air while 

exposed to NO2 and NH3. Inset shows the changes in conductance of CVD graphene with the 

flow of 20 ppm NO2 and 550 ppm NH3. The gas carrier used in the experiment during the 

exposure is N2. Adapted from reference [80]. ......................................................................... 21 

Figure 2.3: a) Represent the response of the GO sensors to NO2, NH3, and H2. The inset 

shows the change in the response curve to the gases. b) demonstrate the response curve to 

different concentration range from 1 -5 ppm of NO2, and the inset shows linear response vs 

gas concentration. Adapted from reference [64]...................................................................... 25 

file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313363
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313363
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313364
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313364
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313364
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313364
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313364
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313364
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313364
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313365
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313365
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313365
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313365
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313365
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313365
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313366
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313366
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313366
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313367
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313368
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313369
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313369
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313369
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313369
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313370
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313370
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313370
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313370
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313371
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313371
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313371
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313371


ix 
 

Figure 2.4: Demonstrates the change in resistance for pristine graphene (black) and graphene 

oxide by ozone treatment (red) upon exposure to different concentrations of NO2( 0.2ppm to 

200 ppm). The inset shows the response change for both pristine and treated graphene to 

different NO2 concentrations. Adapted from reference [69].................................................... 26 

Figure 3.1: Shows the graphene honeycomb lattice and its Brillouin zone. The lattice on the 

lift demonstrates a structure of graphene, which is made of two interpenetrating triangular 

lattices. The a1 and a2 are the vectors of the lattice unit, and δi, i=1, 2, 3 are the closest 

neighbour vectors. The right lattice corresponds to the Brillouin zone, where the Dirac points 

are located at the K and Kʹ points. Copied from reference [103]. ........................................... 31 

Figure 3.2: Energy dispersion in the graphene lattice. Left: energy spectrum in units of t for 

finite values of t and tʹ, with t= 2.7 eV and tʹ= -0.2t. Right: zoom in on of the energy bands 

close to one of the Dirac points. Copied from reference [103]................................................ 32 

Figure 3.3: Shows the calculated resistance for shifting the Fermi level in graphene using gate 

voltage. Adapted from reference [106]. ................................................................................... 34 

Figure 3.4: Graphene oxide structure. Adapted from reference [117]..................................... 34 

Figure 3.5: Demonstrate the general four used methods for graphene production; a) 

micromechanical cleavage, b) liquid phase exfoliation, c) epitaxial growth on SiC. d) 

chemical vapour deposition. Adapted from reference [118].................................................... 37 

Figure 3.6: Represent the epitaxial growth of graphene on silicon carbide wafer. Adapted 

from reference [128]. ............................................................................................................... 38 

Figure 3.7: Schematic diagrams of the possible distribution of C isotopes in graphene films 

based on different growth mechanisms for sequential input of C isotopes. (a) Graphene with 

randomly mixed isotopes such as might occur from surface segregation and/or precipitation. 

(b) Graphene with separated isotopes such as might occur by surface adsorption. Copied from 

X. Li et al [141]........................................................................................................................ 39 

Figure 4.1: A schematic of the CVD furnace reactor used for graphene growth. ................... 43 

Figure 4.2: Shows the synthesis process of the graphene sheet............................................... 45 

Figure 4.3: Shows an image of fabricated GFET in this project. The GFET consists of a 10 

nm Cr/ 60 nm Au electrode on top of a silicon substrate capped with 300 nm silicon dioxide. 

The transferred graphene is outlined by the white dashed line for easy visualisation............. 46 

Figure 4.4: Demonstrates a fabrication process from the spin of the photoresist to the transfer 

of the graphene to create GFETs.............................................................................................. 48 

Figure 4.5: Demonstrates an oxidation process of graphene for the creation of GFETs. ........ 49 

file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313372
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313372
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313372
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313372
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313373
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313373
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313373
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313373
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313373
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313374
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313374
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313374
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313375
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313375
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313376
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313377
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313377
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313377
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313378
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313378
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313379
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313379
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313379
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313379
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313379
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313380
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313381
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313382
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313382
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313382
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313383
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313383
file://campus/home/home2018/b8056611/Thesis%20chapter/Hall%20thesis%201%20draft/Final%20Draft/Theses%20revisions%20draft%20final%201.docx#_Toc139313384


x 
 

Figure 4.6: a) Shows the I-V curve of the graphene channel with a metal electrode. b) the 

typical transfer curve of the graphene field effect transistor. Dirac point on the forward sweep 

is located at 9 V and at 13 V on the backward sweep. c) the forward/backward sweep of the 

gm as a function of gate voltage. Blue and green circles highlight the gm values for the holes 

and electrons, which can be substituted in equation 4.4. ......................................................... 51 

Figure 4.7:  Shows an image of the GFETs device preparation for the gas sensitivity test. 9. a) 

represent the GFETs devices wired for the measurements, b) thermal cable used to read the 

temperature inside the chamber, and c) Gaps junction connected to the junction box for the 

measurements. The right represents the enlarged image of the GFETs device. ...................... 53 

Figure 4.8:  a) Diagram description of the user inputs into the apparatus. All the set up with 

black arrows most be used while the blue arrows are optional.  b) An image of the gas 

controller chamber. Which show the setup in order from top to bottom, MFCs, the junction 

box which connect the device to the instrument, pressure sensor which gives the reading from 

the pressure inside the chamber, chamber, the regular vacuum  pumps are at the back of the 

unit, and the turbopump at the bottom. C) Schematic of the LabVIEW setup with 

measurement inputs/outputs and gas control. .......................................................................... 54 

Figure 4.9: Display the force relationship between the tip to sample and distance separation. 

Adapted from reference [190].................................................................................................. 56 

Figure 4.10: Display the force relationship between the tip to sample and distance separation. 

Adapted from reference [191].................................................................................................. 57 

Figure 4.11: Demonstrates the three Raman scattering processes of Rayleigh, Stokes, and 

Anti-Stokes under the light-material interaction. The upward and downward shift in energy is 

due to obtaining or losing energy from a phonon to a phonon or unsteady state in the material.

.................................................................................................................................................. 58 

Figure 4.12: a) Shows a single- layer graphene structure, b) a measured desperation phonon 

relation, and Raman spectra taken from the edge of graphene showing the characteristic D, G, 

2D, D̛̛, Raman peaks. d) represent the photon-phonon interactions which give most of the 

spectral peaks on Raman spectroscopy. Adapted from reference [200]. ................................. 59 

Figure 4.13: Represents ID/IG ratio for CVD graphene, CVD graphene with low oxidation 

level and CVD graphene with higher oxidation as presented on red and blue graphs, 

respectively. ............................................................................................................................. 60 

Figure 4.14: Represent a diagram of XPS. .............................................................................. 60 

Figure 4.15: Shows the XPS result for the binding energies of Carbon and Oxygen and their 

intensity which relate to the atomic percentage of each element in the sample. ..................... 62 
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Figure 5.1: Images displaying the graphene sheet after being transferred to SiO2/Si substrate, 

a and c), show the 10 µm area of the middle of the graphene sheet and edge of the graphene 

sheet, respectively, with a black, blue, red, and green arrow pointing to folding, residues, tear, 

and multilayer graphene, respectively. b and d), the same images of a and c) after converting 

the dark field for residues analysed.......................................................................................... 65 

Figure 5.2: a and b) Represent the SEM image that has been taken for the graphene sheet 

after transfer to SiO2/Si with red, blue, black, and orange arrow pointing to tears, residuals, 

fold, and back side graphene, respectively. The transfer handling procedure causes a large 

tear on the bottom right side of Figure a) with a tweezer. ....................................................... 66 

Figure 5.3:  Shows an AFM image of transferred graphene to SiO2/Si substrate with blue, 

black, and yellow pointed to residues, wrinkles, and dirt, respectively................................... 67 

Figure 5.4: Demonstrates the Raman spectra for the graphene where G and 2D peaks are 

presented at 1580 cm-1 and 2670 cm-1, respectively. The laser excitation wavelength is 532 

nm............................................................................................................................................. 68 

Figure 5.5: C1s core-level XPS spectrum recorded from graphene on Si substrate coated with 

295 nm SiO2. ............................................................................................................................ 70 

Figure 5.6: Shows typical transfer curve of graphene field effect transistor. Dirac point on the 

forward sweep locate at 35 V and on the backward sweep at 62V.......................................... 71 

Figure 5.7: a and b) Response of graphene device D1 and  D2 for 1000 ppb of NO2 gas, 

respectively. Graphene in devices D1 and D2 were transferred using NC as a supporting 

layer. The measurement is done at room temperature with a flow of N2 during the recovery 

process...................................................................................................................................... 74 

Figure 5.8: a and b) Show the rate fitting curves for the exposure curves for 1000 ppb of NO2.

.................................................................................................................................................. 76 

Figure 5.9: a and b) Show the repeatability of the devices for 1000 ppb of NO2 gas exposure 

on three cycles of 180s each at room temperature. During recovery, N2 was purged into the 

system. c and d) demonstrate the change in resistance response for devices D1 and D2 as a 

function of the sequence obtained from Figures a and b. ........................................................ 77 

Figure 5.10: a and b) Show the sensor's response for five steps measurements under different 

concentrations of NO2 at room temperature. The change in resistance increase with NO2 

concentration. The columns represent the time of exposure to NO2. ...................................... 80 

Figure 5.11: Shows the response percentage for the two devices during exposure to different 

NO2 concentrations. The black and red lines are related to devices 1 and 2, respectively. ..... 80 
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Figure 5.12: Represents the response percentage versus the recovery percentage for NO2 for 

the pristine graphene devices presented within this work by a blue cross, compared to the 

pristine devices in the literature as presented by a red cross. .................................................. 81 

Figure 5.13: Shows both resistance response for the device after prepared and after 9 months 

which are presented by black and red curves, respectively.  The change in resistance increase 

with NO2 concentration. The columns represent the time of exposure to NO2. ...................... 83 

Figure 5.14: Shows the response percentage for the device before and after 9 months upon 

exposure to different NO2 concentrations. The black and red lines are related to device 

measurements as prepared and after 9 months, respectively. .................................................. 83 

Figure 5.15: a and b) Response of graphene device D1 and D2 for 10 ppm of NH3 gas, 

respectively. The measurement is done at room temperature with a flow of N2 during the 

recovery process....................................................................................................................... 85 

Figure 5.16: Shows the mass spectrum result of nitrogen (N2), methanol (CH3OH), and 

ammonia (NH3) gases. ............................................................................................................. 86 

Figure 5.17: Shows both resistance response for the devices D3 and D4 which are presented 

by black and red curves, respectively.  The change in resistance increase with NO2 

concentration. The columns represent the time of exposure to NO2. ...................................... 88 

Figure 5.18: shows the response percentage for the device D3 and D4 upon exposure to 

different NO2 concentrations. The black and red lines are related to device measurements of 

D3 and D4, respectively........................................................................................................... 88 

Figure 5.19: a and b) Demonstrate the conductance vs gate voltage under different 

concentration of NO2 and NH3, respectively. c) the carrier charge density increase with NO2 

adsorption, and d) the carrier charge density decrease with NH3 adsorption. ......................... 91 

Figure 5.20: a and b) Demonstrate the Dirac point shift vs gas concentration of  NO2 and 

NH3, respectively. a and c) the resistance response upon NO2 and NH3 adsorption, 

respectively. ............................................................................................................................. 92 

Figure 5.21: a and c) Represent the linear factor calculated from inverse of mobility versus 

gate voltage. b and d) the summation of the linear factor  versus the summation of gate 

voltage. ..................................................................................................................................... 93 

Figure 6.1: Images displaying the graphene sheet before a) and after being immersed in 3.6 

mol of sulphuric acid (H2SO4) for 120 minutes c). a and c) show the 10 µm area of the 

graphene sheet with a black, blue, red, and green arrow pointing to folding, residues, tear, and 

multilayer graphene, respectively. b and d) the same image after converting to the dark field 
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Chapter 1 

1 Introduction 

Chemiresistor gas sensors play an important role in environmental and industrial monitor ing.  

They work by the changing electrical resistance due to the interaction between the sensor 

material and the gas molecule. Chemiresistor gas sensors can be used to detect the existence of 

harmful gas as a part of safety systems to detect poisonous and flammable gas mixtures in the 

air. Gas detectors are very important in the medicine and aviation industries to detect the 

decrease or increase of oxygen.  Industrial emissions, such as NO2 and NH3, are increasingly 

monitored and are a significant contributor to air pollution, which is harmful to human health 
and the environment.  

 

1.1 Gas Sensing 

Gas sensors can be used for the detection and determination of the concentration of toxic and 

hazardous gases in the environment. For some toxic gases, even small changes in the 

percentage of these gases can cause health problems and can negatively affect the human 

body [1]. Various research has reported the influence of these pollutant gases, such as NO2, 

CO and NH3, on serious diseases, such as ischemic heart disease, lung cancer, chronic 

obstructive pulmonary disease, and strokes [1].  A report from the World Health Organization 

stated that globally, environmental pollution was the cause of around 9 million deaths in 2022 

[2].   

A gas sensor normally possesses two major principal functions, receptor function, and 

transducer function [3]. The receptor function is the interaction between the analyte gas and 

sensor device, such as adsorption, chemical reaction, or an electrochemical reaction [3, 4]. 

Transducer function is the change in the receptor which translates to a signal that can be 

measured and quantified to expresses the concentration of the gas. This transduction might take 

the form of a change in electrical resistance, colour, or reflectivity. Figure 1.1 demonstrates 

how gas molecules interact with the receptor and lead to a signal being generated by the 

transducer. The performance of gas sensors is assessed based on several key characterist ics 

including sensitivity, selectivity, response time, recovery, adsorption capacity, and energy 

consumption [5, 6]. We discuss these characteristics in the section below. 
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• Sensitivity 

The sensitivity is the ability of the sensor to determine the concentration of the target gas. 

Different levels of sensitivity may be needed for different sensing applications. For example, 

measuring oxygen content in air (at 21%) requires a lower sensitivity device than measuring 

the concentration of certain atmospheric pollutants (like NO2 at 40 ppb) [7]. The sensitivity is 

determined as the ratio of the signal level (for example resistance) before and after the sensor 

is exposed to a target gas and is denoted by S. It takes the general form of,  

𝑆𝑆 = ∆𝑎𝑎
∆𝑏𝑏

  

Where ∆𝑎𝑎 is the change in the output, and ∆𝑏𝑏 is the change of the input of the sensors.  

In chemiresistor gas sensors, the sensitivity determined by the change in resistance and 

therefore can be written as,  

𝑆𝑆 = ∆𝑅𝑅
∆𝑡𝑡

 , [8] 

Where ∆𝑅𝑅 is the resistance change of the gas sensors at a particular target gas concentratio n 

and ∆𝑡𝑡 is the time taken for the sensor to change resistance.  

 

 
Figure 1.1: Shows the interaction between gas molecule and receptor leads to the signal generated by the 
transducer. 
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• Selectivity 

Selectivity is the ability of the sensor to distinguish between types of gases. It is described as 

the proportion of the output signal change generated by the target gas at the sensor interface. 

It is important that sensors are able to differentiate between gases as sensors are usually used 

to detect a specific type of gas in a mixture of other gasses (for example oxygen in air). Some 

sensors can show sensitivity towards several different gasses. Here, the gas sensors cannot 

identify the target gas in the gas mixture, and show the same response for all of the different 

types of gases. Selectivity of gas sensors can be variable dependant on the conditions of the 

environment, creating great challenges for sensing gases in certain settings, such as in 

presence of humidity and extreme temperatures [9]. Increasing the selectivity is essential to 

improve the function of gas sensors and decrease false-positive responses. To increase 

selectivity, the gas sensor can be modified physically or chemically [10]. Physical 

modification is used to change the gas sensor's physical properties (such as physical 

structure) or physical barriers (like using a microchannel filter to only allow the target gas to 

reach the sensing channel) [11-13], or using sensor arrays which can sense the target gas 

molecule.  Chemical modification occurs by adding additional material to the sensing channel 

which is attracts the target gas molecule. Materials are usually chosen based on their 

chemical properties, which allow them to recognise specific gas molecules by adsorption or 

reaction. In general, higher selectivity can be achieved by chemical modification than 

physical modification [14, 15].  

 

• Response Time 

Response time is the time it takes for a sensor to correctly report gas concentration. Described 

as the time required to change from sensor resistance in air, to the resistance expected after 

target gas exposure [9]. Similarly, for FET-mediated gas sensing, the response is explained as 

the change in current (or resistance) under the target gas compared to in air [10]. Reception and 

transduction processes take some time to complete, and thus all gas sensors have a 

characteristic response time to make a measurement. This time should be as short as possible, 

as some gases cause an impact on health or the environment in short exposure times. For 

example, short exposure to ammonia (NH3) at a concentration level of 35 ppm can cause serious 

health problems [11].  Also, exposure to nitrogen dioxide (NO2) of 5 ppm concentration is 

hazardous at short exposures, as  reported by Occupational Safety and Health Administra t ion 

(OSHA) [12]. Several parameters can affect the response speed, such as temperature, pressure, 
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and humidity. For example, metal oxide sensors requires high operating temperature to show a 

fast response [13], and graphene sensors are disturbed by humidity, which increases the 

response time [14]. Several techniques have been reported to improve sensor sensitivity, such 

as changing the nanostructure morphology, using conducting polymers, temperature 

modulating, and 2D metal dichalcogenides, all with limited achievement [15-18]. Despite these 

methods for increasing sensitivity, it remains difficult to reduce response time, as a trade-off 

between selectivity and response time exists due to device geometry at the nanoscale.  

Achieving high selectivity requires functionalisation of the sensor's material, which often 

increases the response time. Therefore, achieving a fast response time needs less sensor 

material's functionalisation, and this reduces selectivity. 

 

• Recovery 

 Recovery is the ability of the sensing material to recover to the initial condition after detecting 

some concentration of gas. If gas sensors are to be installed for a long periods of time, they 

must be capable of measuring many gas events. Therefore, to maintain sensitivity over a long 

period of time, it needs to be able to respond identically to the same stimuli (gas concentration) 

over the device’s whole lifetime. This is important for the reliability and long life of a device. 

 

• Adsorption Capacity 

Adsorption capacity is the amount of the available adsorption sites to host gas molecules. A 

large capacity increases the ability to adsorb a large amount of gas before the device reaches 

saturation. This is particularly important for sensors that might be exposed to very high 

concentrations of gases while still needing to maintain sensitivity. For example, in 

semiconductor metal oxide gas sensors, the limitation of low detection limit is attributed to the 

immunity of the interface capacity [19]. Several studies have been done to overcome this 

challenge, such as introducing oxygen vacancy, or surface decoration with nanoparticles to the 

sensing material [9, 20-23]. M. Epifani et al. demonstrated that a tin (IV) oxide (SnO2) 

nanocrystal sensor doped with oxygen vacancy increased the electrostatic adsorption capacity 

for NO2 detection [24]. The sensor exhibited a high sensitivity to NO2, which resulted from 

high charge carrier transport induced by oxygen vacancy.  

Another publication shows an increase in sensitivity to NO2 of CVD graphene sensors 

decorated with Polystyrene (PS) beads compared to CVD graphene alone [25]. The graphene 
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sensor was prepared by CVD and transferred to a Si wafer coated with 300 nm SiO2 to form a 

graphene-based field effect transistor gas sensor. After that, the PS beads were drop-coated on 

the graphene layer. The increase in sensitivity in graphene/ PS was due to the increase in the 

adsorption sites provided by the PS for the target gas, resulting in a large amount of electron 

charge transfer [25].  

• Energy Consumption 

Energy consumption is the power used by the device to sense the gas. A gas sensor such as a 

metal oxide or catalytic sensor needs a high temperature to operate, which causes an increase 

in energy use [26-28]. Therefore, an improvement is needed for these sensors toward reduced 

operating temperate. Many methods have been investigated to overcome this problem by using 

other materials, such as decorating metal oxide with nanoparticles [29], or introducing oxygen 

vacancy [30]. On the other hand, graphene chemiresistor gas sensors can operate at room 

temperature, reducing energy use and operating costs. H. Choi et al. demonstrated the use of 

CVD graphene gas sensors for NO2 detection at room temperature, the sensors showed 

sensitivity to sub-ppm scale with low power operation [31]. 

 

1.2 Types of Gas Sensors 

 Given the change in receptor and transducer described in the section above, gas sensors require 

further enhancement to have the best performance while operating sustainably at low power. 

That is why it is important to review the advantages and disadvantages of different gas sensors 

when considering which sensor is best suited to a particular application. Variations exist in the 

way sensors are affected by environmental conditions, cost of the production of the sensor, and 

power consumption, all of which are dependent on the type of technology and sensors used. 

Various common sensors can be used, such as catalytic gas sensors, electrochemical, thermal, 

metal oxide gas sensors, field-effect transistor-based gas sensors, optical gas sensors, and 

Nondispersive infrared radiation gas sensor [32-35]. Each sensor type cannot detect all types 

of harmful gases on its own, so the sensor type and capabilities must fit the specific sensing 

needs of the system. 
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1.2.1 Metal Oxide Gas Sensors 

One subtype of semiconductor gas sensors is the thin film metal oxide (MO) sensor, in which 

the MO acts as the sensing layer [4, 36, 37]. The surface structure of the MO is polycrystalline, 

meaning it has many grains. Grains usually have random crystallographic orientation. This 

means that each orientation of crystal is different to the adjoining grains. The interfaces 

separating the grains from each other are called grain boundaries. These grain boundaries act 

as defective sites and decrease the conductivity of the material, but corrosion or oxidation is 

more easily achieved at grain boundaries [4, 37], which is favorable for gas adsorption, and 

therefore detection.  

The MO sensing layer works by adsorbing the oxygen from the atmosphere at the surface as 

shown in Figure 1.2. When an oxygen atom from the atmosphere reacts with the surface of 

MO, it takes an electron from the outer surface of MO to form an oxygen ion (O−). This leads 

to a decrease in the conductivity of the MO sensing layer. The decrease in conductivity occurs 

as the electron that is taken by the oxygen is no longer free, creating a depletion region 

(insulating layer), and therefore an energy barrier, around the grain boundaries. This causes the 

conduction band to bend as the electron cannot move freely due to the barrier, if the electron 

wants to move, it must have a certain amount of energy to cross the barrier.   

 
Figure 1.2: Demonstrates the mechanism of the MOs gas sensor. The green layer represents the MOs sensing film, 
the brown layer represents the depletion region, the yellow region represents the Au electrode, the blue layer 
represents the substrate, and the orange layer represents the heating element.  At the operating temperature, the 
sensing layer interacts with oxygen, and the oxygen is adsorbed on the surface. When the CO reducing gas interacts 
with the adsorbed oxygen, it forms CO2 by taking one oxygen. As a result, the electron injects back to MOs surface 
which changes the resistance. 
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Temperature plays an important role in the MO gas sensor’s sensitivity. The sensors cannot 

show fast response and recovery in the atmosphere at room temperature due to the low 

adsorption of O- on the surface of the MO layer [26, 38]. Increasing the temperature makes O-  

dominant at the surface of the MO sensing layer, which increases the interaction between gas 

species and adsorbed O- on the MO sensing layer. Most MO sensors operate at high 

temperatures ranging between 150 and 450 ̊C depending on the type of MO material.  For 

example, tin oxide (SnO2) operates at 200 ̊C and zinc oxide (ZnO) operates at 150 ̊C [26, 27]. 

The sensing mechanism can be written chemically, separated into two reactions as follows: 

a) Adsorption of the oxygen on the surface of MOs.  

O2 = 2O 

O + e′ =  O−(ads) 

b) When the sensor is exposed to the oxidising gases in the air, the gas species will act as an 

electron donor or acceptor leading to a decrease in resistance for p-type or an increase in 

resistance for n-type, respectively [36]. For example, when absorbing carbon monoxide (CO), 

a reducing gas, the chemical reaction is as follows [39, 40], 

CO(g) + O−(ads) =  CO2(g) +  e′ 

As a result of the gas species interaction with chemosorbed oxygen on the surface, the electron 

that is held by the oxygen on the surface is injected back to the MO’s material and therefore 

becomes free. Which leads to an increase or decrease of the conductivity for p-type or n-type 

material, respectively. 

As described above MO sensor is suitable for detecting oxidizing and reducing gases. But the 

high operating temperature means it is not cost-effective in real applications. Therefore, many 

methods have been investigated to enhance the MO sensor and reduce the operating 

temperature, such as doping with nanoparticles and oxidation [41, 42]. 
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1.2.2 Field Effect Transistor (FET) Sensors 

A field-effect transistor sensor consists of a sensing channel placed between two electrodes 

(source and drain) with a gate contact to modulate the electronic response of the channel [43, 

44]. The flow of the current is adjusted by applying a voltage to the gate, which changes the 

conductivity between the source and drain. FETs operate by using electrons or holes as 

charge carriers by applying a positive or negative voltage to the gate.  

The adsorption or desorption of the gas molecules on the surface of the sensing layer of a 

FET will modify its channel conductivity. The conductivity depends on the mobility and 

concentration of free charge carriers. When used as a gas detector, the main mechanism is the 

adsorption of the gas molecules, which causes the change in the mobility and concentration 

of the charge carriers via charge transfer interactions between the adsorbed species and FET 

channel.  

In the case of the p-type sensing layer, charge carrier concentration increases under the 

adsorption of the oxidizing gas molecules, which causes some of the free electrons in the 

conduction band to be captured on the device surface by the adsorbed species. In contrast, 

under a reducing gas, the charge carrier concentration decreases, as some captured electrons 

on the surface are released into the conduction band.  

There are a variety of sensing mechanisms for the FETs, one of which is described in Figure 

1.3. The figure below illustrates the mechanism of the p-type sensing layer, which interacts 

with the oxidizing gas oxygen (O2), and reducing gas carbon monoxide (CO). The O2 

interacts with the sensing layer leading to electron-withdrawal at the surface. As a result, 

charge carrier (hole) concentration and therefore, device conductance, are increased. 

Adversely, when the CO interacts with the sensing layer, it is oxidised by O-. This results in 

electrons being released back into the conduction band, which then recombine with holes. 

This interaction causes the charge carrier concentration and device conductance to decrease. 
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1.2.3 Electrochemical Gas Sensor 

Electrochemical gas sensors consist of a working electrode, an electrolyte, and a counter 

electrode [45, 46]. Both the working and counter electrodes work as sensing layers. The 

electrolyte acts as a thin channel that separates the two electrodes while allowing ions to pass 

from the working electrode to the counter electrode. An ammeter is connected to the working 

electrode and the counter electrode through an external circuit to measure the current that 

results from the electrochemical reaction between the target gas and the working electrode.  

When gas molecules interact with the working electrode, ions and electrons are generated. 

These generated charge carriers will flow from one electrode to the other through the 

electrolyte channel. The generated electrons (current) produced due to this mechanism flow 

through the external circuit, as demonstrated in Figure 1.4. During oxidation, the generated 

charge flows from the working electrode to the counter electrode, and during reduction, the 

flow of the generated charge will be from the counter electrode to the working electrode. The 

number of generated electrons is measured by the ammeter, and is proportional to the target 

gas concentration. For example, CO gas molecules interact with the working electrode as 

shown in Figure 1.4, where the CO interacts with water vapour on the working electrode and 

is oxidised [47]. The chemical reaction can be written as follows. 

 
Figure 1.3: Shows the shape of the FET, which has a P-type sensing layer between two electrodes (source and drain), silicon is coated 
with silicon oxide and voltage is applied to substrate. As an oxidising gas e.g. oxygen interacts with the sensing layer, some electrons 
from the conduction band are captured on the surface. On the other hand, reducing gas like carbon monoxide interacts with the sensing 
layer and result in freeing electrons back to the conduction band. 
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𝐶𝐶𝐶𝐶 +  𝐻𝐻2𝐶𝐶 →  𝐶𝐶𝐶𝐶2 + 2𝐻𝐻+  + 2𝑒𝑒− 

This interaction results in the charge carriers  H+ and e− being generated. 

Electrochemical gas sensors are suitable for the detection of toxic and oxygen gases. They 

require low power to operate, but the sensors have some problems which limit their 

performance. For example, electrochemical gas sensors are sensitive to changes in humidity 

and temperature, which deteriorate their response [48, 49]. 

 

 

 

1.2.4 Catalytic Gas Sensor 

Catalytic gas sensors can be used to detect flammable gas [33, 50]. They consist of two 

platinum wire coils, each embedded in an alumina bead as presented in Figure 1.5, connected 

to form a Wheatstone bridge circuit. The alumina bead is then covered with a thick film 

catalyst which is made of metal. The first sensor (detector coil) acts as the active resistance 

which oxidises in the presence of gas, and the second acts as a reference resistance which is 

encapsulated to avoid oxidation. 

When the flammable gas molecule oxidises on the detector coil, the temperature will increase 

causing a change in the resistance, while the temperature and resistance on the reference coil 

stay unchanged. Consequently, the presence of the gas, and therefore it’s oxidation on the 

 
Figure 1.4: Shows the CO oxidised through the chemical reaction on the working electrode. This results in generated H+ and 
current flow to the counter electrode through the electrolyte. Also, the generated e- flow through the external circuit to the 
counter electrode. 
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detector coil, can be detected by monitoring the variation in resistance compared to the 

reference resistance.  

Catalytic gas sensors are simple and operate at low energy. However, they require oxygen to 

operate and can easily be contaminated by chlorine [51]. Which lead to the failure in their 

sensitivity.  

 

 

 

 

 

 

 

 

 

 

 

1.2.5 Nondispersive Infrared Radiation Gas Sensor 

Nondispersive infrared radiation gas sensor is used to detect gas molecules and measure their 

concentration [52, 53]. As shown in Figure 1.6, it comprises of a chamber with an infrared 

light source on one side and an infrared detector on the other. An optical filter is placed in 

front of the infrared detector to filter out all light except frequencies absorbed by gas 

molecules. It operates by directing an infrared beam through the chamber which may contain 

the target gas molecules. In the presence of the gas, the infrared beam is absorbed 

proportionally to the concentration of gas present - this causes the detector signal to be 

attenuated as less light remains to hit the detector, and thus the gas concentration is 

determined [53].  

This type of gas sensor is usually used to detect carbon dioxide and combustible gases in the 

absence of oxygen in the surrounding environment. It can also operate in inert atmospheres. 

 
Figure 1.5: Schematic of catalytic gas sensor. 
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However, only gases that absorb infrared radiation can be detected in this manner, which 

limits their potential application to only certain target gases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3 Graphene based Gas Sensors 

In recent years, graphene has been demonstrated to provide good characteristics for sensing 

application. Such as its large surface area to volume ratio, high conductivity, and low 

electrical noise [54-56]. Graphene can operate as a sensor at room temperature, which greatly 

reduces energy consumption compared to other key sensing technologies[57]. The unique 

feature of graphene is its high surface area to volume ratio and atomic thickness, which 

means that any adsorbed gas molecules on the surface influence the entire depth of the 

graphene channel. This means that graphene interacts strongly with its surrounding 

environment. Also, graphene has high electrical mobility of 1304 cm2V-1s-1 even within 

low-quality of prepared devices [58]. These properties make graphene an ideal candidate for 

gas sensor material, and it is used widely in gas sensors today [59]. However, graphene 

sensors suffer from issues such as slow response time, baseline drift, and taking a long time 

to reach saturation [60-63]. 

Graphene oxide (GO) sensors with functional oxygen groups have been revealed to overcome 

device issues and improve the sensitivity and stability [64, 65]. Functional oxygen groups 

 
Figure 1.6: Schematic of Nondispersive infrared radiation gas sensor. 
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significantly influence the graphene sensor's performance. The inclusion of oxygen groups 

within the graphene lattice causes larger electron transfer from adsorbates and thus yields an 

improved sensing signal. However, a high percentage of oxygen groups on graphene can 

degrade the graphene sensitivity and stability and ultimately make graphene electrically 

insulating [66]. Therefore, oxidation of graphene needs to be controlled to improve electrical 

characteristics for gas sensors use. Reduced graphene oxide sensors have been used to 

overcome this problem and device performance improved in comparison to graphene oxide 

[64, 67]. The sensitivity and stability for the device at room temperature are enhanced after 

oxygen groups are reduced [64, 67]. Introducing oxygen groups to CVD graphene (oxidised 

CVD graphene) sensors by the chemical method has been demonstrated and found to possess 

the same properties as the reduced graphene oxide [68]. In addition, the amount of introduced 

oxygen can be controlled during the oxidation process without the need for further reduction 

steps. Devices based on oxidised CVD graphene have higher sensitivity and stability in the 

ambient environment than pristine graphene and GO [66, 69, 70]. 
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Chapter 2 

2 Literature Review 
 

2.1 Graphene Gas Sensors 

Graphene is widely used as a semiconductor today. It is made of a hexagonal lattice of carbon 

atoms in a single layer. Graphene has attracted attention from researchers due to its ultimately 

high surface area to volume ratio, of 2000 m2

m3�  [54], high conductivity, and low electrical 

noise [55, 56]. Graphene can operate as a gas sensor at room temperature, which greatly 

reduces energy consumption compared to other key sensing technologies, such as MO 

sensors operating at temperatures ranging between 150 and 450 ̊C [26, 27, 57]. The 

distinctive features of graphene are its high surface area to volume ratio and atomic thickness, 

which means that any physisorbed gas molecules on the surface influences the entire depth of 

the graphene channel. This means that graphene should interact strongly with its surrounding 

environment. Additionally, graphene has high electrical mobility. These properties make 

graphene an ideal gas sensor material, and it is used widely in gas sensors today[59].  

 

Moreover, if graphene is modified with functional oxygen groups, such as epoxy, hydroxyl, 

carbonyl, and carboxylic groups, it can significantly improve the graphene sensor's 

performance. The increasing in adsorption strength provided by oxygen groups causes larger 

electron transfer from adsorbates to the sensor, and an improved sensing signal. 

 

In the following section, literature about unmodified/modified graphene gas sensors is 

reviewed. Also, density functional theory (DFT) was reviewed for the sake of understanding 

the charge transformation between the adsorbent and the graphene and oxygen graphene 

oxide (GO). 
 

2.2 Density Functional Theory (DFT) 

The low density of states around the graphene Dirac-Point, tied with atomic thinness of 

graphene, make it easy for graphene to be influenced by adsorbed gas species, because any 

adsorbed species will interact with the entire depth of the graphene channel, and the pysisorb-

related charge-transfer should have a non-negligible impact on the graphene- channel charge-

carrier-density [71]. Therefore, controlling the type and the density of charge carriers of the 

graphene via doping makes graphene a very promising material for selective gas detection. The 
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adsorption of the atoms or molecules can easily influence the graphene-channel charge-carrier 

density [72]. 

The detection of the NH3 and NO2, as archetypal electron donors and acceptors, respectively, 

have been widely studied, theoretically [72-75].  

O. Leenaerts et al. used first-principles calculations, and showed that the charge transfer 

between adsorbed NO2 molecules and the graphene surface is independent of the adsorption 

site[73], but is dependent on adsorbate orientation on the graphene surface [73].  Their work 

also shows that NO2 strongly p-dopes graphene by -0.1e, if it adsorbed on lowest unoccupied 

molecular orbital (LUMO) position below the Dirac point. In contrast, in the mixed orientation 

of the highest occupied molecular orbital (HOMO) and LUMO orbital, there is a small charge 

transfer to the graphene surface (±0.039e). On the other hand, the charge transfer from NH3 to 

the graphene surface is about 0.03e in the HOMO orbital orientation. While in the LUMO and 

HOMO orbitals orientation, the charge transferred from the LUMO orbital is opposite to the 

HOMO orbital, and therefore they cancel each other. They result in zero charges transferred.  

T. Wehling et al., used local density approximation (LDA) and gradient–corrected exchange-

correlation functionals (GGA) to study the charge transfer from NO2 and NH3 to graphene [72]. 

According to their calculation, the electron transfer from graphene to NO2 is found to be 0.1e. 

While in the case of NH3, the electron being donated to graphene and the calculation predicted 

donated electrons to be between 0.03 and 0.04e. Which is comparable with values identified 

by Leenaerts. 

DFT has also been used to investigate the charge transferred between adsorbates and graphene 

oxide (GO) with oxygen functional groups [74]. S. Tang and Z et al. used the first-princip les 

calculation to study the adsorption of NOx (x=1,2,3) on graphene and GO [74]. They show that 

the adsorbed NO2 on graphene results in -0.07e charge transfer from NO2 to the graphene 

surface, which is a similar value to that identified by Leenaerts. On the other hand, the charge 

transfer by adsorption of NO2 on the GO with the oxygen functional groups C-OH (hydroxyl), 

C-O-C (epoxy), C=O (carbonyl), and R-COOH (carboxyl)) is different. The adsorption of NO2 

on the –OH site is found to have a larger charge transfer of -0.2e compared to -0.1, -0.07, and 

0.19 e charge transferred on graphene. This improvement of the charge transformation is 

attributed to the strong binding between the hydrogen bond and the oxygen from NO2. In 

addition, the binding energy depends on the orientation of NO2, which can also form weak 

covalent nitrogen bonds with carbon [74]. The study shows that the existence of hydroxyl and 
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carbonyl functional groups on GO increases the charge transfer resulting in NO2 being 

adsorbed on GO chemically. The –OH and –COOH are favourable energetically for NO2 

adsorption. As the concentration of the hydroxyl group decreases on the GO, the charge transfer 

between the adsorbate and GO increases. This gives rise to the importance of controlling or 

reducing the amount of oxygen functional groups on GO, which then improve the sensitivity 

for the GO [74]. Epoxy and carbonyl group are not favourable energetically by NO2 but also 

does not affect the adsorption on –OH and -COOH site.  

Other publications investigate NH3 adsorption at the vacancy of carbon atom on the graphene 

layer and epoxy group, via DFT, and show that both adsorption results in a small electron 

charge transformation [75]. Matterson et al. used the QUANTUM ESPRESSO package and 

LDA to perform the calculation. They found that the adsorption of NH3 on pristine graphene 

was found to have a small charge transferred of -0.001e. At the same time, the interaction 

between NH3 and the carbon vacancy site (C-OH, C=O) on graphene was found to be reactive 

with an adsorption energy of -1.71eV. Moreover, the adsorption on the epoxy group is 

energetically favourable by NH3 with an adsorption energy of -0.37eV. This binding leads to 

the dissociation of the NH3 to NH2 and OH, resulting in chemisorption formation. The carbonyl 

and hydroxyl groups provides an active site for the adsorption of NH3 through the hydrogen 

bond to oxygen or N to the H in hydroxyl [75]. However, adsorption of NH3 on carbonyl and 

hydroxyl groups are more likely to occur due to the high binding energy than epoxy groups. 

Therefore, carbonyl and hydroxyl groups are favoured energetically for NH3 adsorption. 

Y. Peng et al reported that epoxy and hydroxyl groups enhance the adsorption of NH3 on GO 

compared to pristine graphene [76]. They used the DFT calculation to study the molecular 

adsorption on GO. The result of the calculation revealed that the binding energy of the 

adsorption on pristine graphene (0.114 eV) is smaller than that for hydroxyl (0.175 eV) and 

epoxy (0.145) groups and is not affected by the adsorbent orientation. The increased binding 

energy of hydroxyl groups is favourable for the NH3 adsorption and results in enhancing the 

adsorption compared to epoxy groups and pristine graphene. Also, the charge transfer from the 

NH3 molecule to the graphene surface is 0.001e, which is smaller than the charge transfer of 

0.018e and 0.003e from hydroxyl and epoxy groups, respectively. The enhancement in the 

charge transferred is attributed to the high binding energy provided by the oxygen groups [76]. 

The adsorption of the NH3 in hydroxyl groups is higher than that in epoxy groups. This can be 

explained by the N atom from adsorbed NH3 being bonded to the H atom from the hydroxyl 

group, resulting in high charge transfer. While the adsorption on epoxy groups happens by the 
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H atom from NH3 being bonded to the O atom, resulting in low charge transferred. Therefore, 

the enhancement of the adsorption and charge transferred provides high sensitivity to the GO 

sensors. 

Table 2.1: Summary of oxidised graphene gas sensors process and presented response, recovery, and detection limit for NO2 
and NH3. 

Oxidation Method Response to 
NO2(-%) 

/concentrati
on (ppb) 

Response to 
NH3 (+%) 
/concentrati

on (ppb) 

Recovery 
NO2 (%) 

Recovery 
NH3 (%) 

LOD 
(ppb) 

Temperature 
( ̊C) 

Reference 

Graphene 
(Micromechanical 

cleavage of graphite) 

5/1000 
(0.005) 

3.8/1000 
(0.0038) 

0 3 - room 
temperature 

[77] 

Graphene 
( epitaxial graphene 

on SiC) 

2/50 
(0.04) 

0.1/50000 
(0.000002) 

5 - - room 
temperature 

[78] 

CVD Graphene 10/2000 
(0.005) 

19/2000 
(0.0095) 

- - 100 
(NO2) 
500 

(NH3) 

room 
temperature 

[79] 

CVD Graphene 21/20000 
(0.00105) 

10/550000 
(0.000018) 

70 80 - - [80] 

CVD Graphene 
 

Hummers 
GO 

 
rGO(1) 

 
rGO(2) 

 
(rGO was obtained by 
annealing the GO at 

200  ̊C ) 
 

0.2/5000 
(0.00004) 

 
17/5000 
(0.0034) 
16/5000 
(0.0032) 
7/5000 

(0.0014) 

0.1/500000 
(0.0000002) 

 
2.5/500000 
(0.000005) 

- 
 
- 

0 
 
 

83 
 

50 
 

23 

0 
 
 
3 
 
- 
 
- 

- 
 
 

650 
(NO2) 

room 
temperature 

[64] 
 

Hummers 
(0.2 mg/mL GO 

dropped cast on Pt 

32/5000 
(0.0064) 

9/50000 
(0.00018) 

92 
 
 

- 0.21 
(NO2) 

150 [70] 
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IDEs/SiO2/Si 
substrate and left for 
10 min at 100  ̊C  to 

dry) 

 

Hummers 
(suspension GO was 
spry coated on heated 
SiO2/Si substrate at 80 
 ̊C  by Fengda BD-208 

airbrush) 

- 30/500000 
(0.00006) 

- 49 - 25 [65] 
 

rGO 
(GO was reduced by 
thermal annealing in 
argon (Ar) flow at 

300 ̊C for 1 h) 

156/2000 
(0.078) 

- 80 - - room 
temperature 

[81] 
 

rGO 
(GO was reduced  by 
laser irradiation ) 

5/50000 
(0.0001) 

0.04/50000 
(0.0000008) 

85 - 10000 
(NO2) 

25 [82] 
 

rGO 
( The reduction of GO 
was performed using 

aniline) 

- 37.1/50000 
(0.000742) 

- 100 - - [67] 
 

rGO 
( The reduction of GO 
was performed using 

pyrrole) 

- 10/1000 
(0.01) 

- 100 1 
(NH3) 

room 
temperature 

[83] 
 

rGO 
( The reduction of GO 
was performed using   

n-hexanol ) 

19.6/60000 
(0.000326) 

- 20 - - room 
temperature 

[84] 
 

rGO 
(GO was reduced by  
hydrazine and then 

annealed at 300 ̊C  for 
4 h ) 

5/10000 
(0.0005) 
6/10000 
(0.0006) 
7/10000 
(0.0007) 

8/20000 
(0.0004) 

- 
 
- 
 

45 
 
- 
 

78 

37 
- 
- 

- 
- 
- 

25 
 

60 
 

100 

[85] 
 

rGO nanofibers 
(the reduction was  
hydriodic acid with 

acetic acid (HI–
AcOH)) 

 

18/4500 
(0.004) 

- 70 - - 100 [86] 

CVD G 
 

CVD GO 
(CVD G oxidised by 

ozone treatment for 70 
s) 

8/200000 
(0.00004) 

 
20/200000 
(0.0001) 

- 
 
 
- 

70 
 
 

80 

- 
 
 
- 

- 
 
 

1.3 
(NO2) 

room 
temperature 

[69] 
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2.3 Pristine Graphene Gas Sensors 

Graphene gas sensors have been used to detect a different type of gas such as NH3 and NO2 

[77]. These types of gas sensors have many advantageous features, such as working at room 

temperature, thus consuming less power, and costing less [78, 91]. Generally, 

oxidising/reducing gas adsorption on the graphene surface causes a reduction or increase in 

the response of the sensors, respectively.  

In 2007, Schedin et al.  fabricated a sensor using micromechanical exfoliation of graphite for 

detecting gas molecules [77]. In the sensitivity measurements, the response of graphene to 1 

ppm ammonia (NH3), nitric oxide (NO), water vapor, and carbon monoxide (CO) was 

measured by recording the change in resistance of the sensor [77]. Figure 2.1. represents the 

change in resistance upon exposure to different types of gases. The sensor showed an 

increase in resistance upon exposure to the reducing gases, NH3 and CO. This increase in 

resistance is attributed to the electron transfer from these gases into to the graphene layer 

after adsorption on the surface of graphene, which causes a decrease in the device’s 

conductivity and therefore an increase in resistance. Because the device is within the hole-

transporting regime as the Dirac point is located to the right of 0 volts. By adding electrons, 

the number of charge carriers available is decreased. The inverse can be observed for 

CVD GO 
(CVD G oxidised by 

oxygen plasma 
treatment) 

- 60/475000 
(0.0000126) 

- 100 - room 
temperature 

[87] 
 

CVD GO/G 
composite 

(CVD G oxidised by 
oxygen plasma 

treatment) 

- 13/200000 
(0.000065) 

- 95 750 
(NH3) 

room 
temperature 

[88] 
 

CVD GO 
(CVD G oxidised by 

65% concentrated 
nitric acid (HNO3)) 

9/100000 
(0.00009) 

41/100000 
(0.00041) 

- 
 
 

80 27 
(NH3) 

25 [89] 
 

CVD GO 
(CVD G oxidised by  
hydrogen peroxide 
(H2O2) under UV 

light) 

- - - - - - [90] 

CVD GO 
(CVD G oxidised 

using 20% of 
sulphuric acid 

solution(H2SO4) 

- - - - - - [68] 
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oxidising gases such as water vapor and NO2. The response for the sensor was 0.005% for 

NO2 and 0.0038% for NH3, as presented in Table 2.1. Also, the recovery after NO2 was not 

achievable as the sensor did not recover at all at room temperature; meanwhile, after NH3 

exposure, the recovery was very low and was found to be 3% at room temperature. In order 
to achieve full recovery sensors was annealed at 150 ̊C. 

In 2016, S. Novikov et al. fabricated sensors based on epitaxial graphene on SiC for detecting 

low concentrations of NO2 [78]. The sensors show n-type behaviour due to electron donation 

from the SiC substrate to the graphene layer. This n-type behaviour is in contrast to the typically 

p-type behaviour of transferred CVD graphene. In the experiment, the sensors were annealed 

at 110 ̊C before exposure to different concentrations (20 and 50 ppb) of NO2 for 100 seconds 

and 300 seconds of exposure to 50 ppm of NH3. The sensors show high sensitivity to sub ppb 

of NO2 with response of 0.04% and 0.00002% for NO2 and NH3 respectively as presented in 

Table 2.1. The sensor only recovered 5% after exposure to NO2 at room temperature and did 

not recover after NH3 exposure. However, 100% of recovery was achieved after annealing the 

sensors at 110 ̊C. 

Another publication by F. Yavari et al. showed that GFETs fabricated using CVD graphene 

show a response of 0.005% and 0.0095% for 2 ppm of NO2 and NH3, respectively, at room 

temperature [79]. The exposure time was 50 and 360 minutes for NO2 and NH3, respectively. 

The response behaviour is similar to Novikov's results, which show that the graphene is more 

sensitive to NO2 than NH3, which is comparable to the DFT identification [72, 73]. The 

 

Figure 2.1: Shows the change in sensitivity of the graphene sensor upon exposure to different types of gases. 
Region I: the device is in vacuum before its exposure; II: exposure to a 5 l volume of a diluted chemical; III: 
evacuation of the experimental set-up; and IV: annealing at 150 ̊C. Adapted from reference [77]. 
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detection limit was calculated for the sensor and found to be 100 ppb and 500 ppb for NO2 and 

NH3, respectively. However, the recovery was not achievable at room temperature, and the 

device recovered to almost 95% of the baseline resistance after being heated on a hot plate at 

200 ̊C. 

A. Singh et al. also demonstrated NO2 and NH3 sensing at 20 ppm and 550ppm, respectively, 

using GFETs based on CVD graphene [80]. Two different measurement regimes were used to 

determine the sensitivity of the device – one regime involved sweeping back gate voltage and 

monitoring the change of Dirac point, the second regime was carried out by modulation via 

back gate bias and measuring the resulting channel conductivity [80]. Figure 2.2, demonstrates 

the response and change in Dirac point upon exposure to different gases [80].  As the device is 

exposed to oxidising gas (NO2) the Dirac point moves to positive voltage, whereas exposing it 

to reducing gases causes the Dirac point to move toward negative voltage. The shift toward 

positive voltage or downshift of the Fermi level is attributed to NO2 being an electron trap, 

which results in increasing the hole density in the graphene. While the shift in the Dirac point 

toward negative voltage or upshift to the Fermi level is due to the NH3 donating electrons to 

graphene, increasing the electron density in the graphene layer. The inset figure, in Figure 2.2, 

shows the response to 20ppm NO2 and 550ppm NH3. The response for the sensor is 0.00105% 

and 0.000018% for NO2 and NH3, respectively. Correspondingly, the sensor response direction 

changes upon gas exposure, which increases with NO2 and decreases with NH3 as the GFETs 

initially poses p-type behaviour. The sensor recovered to 70% after NO2 and 80% after NH3 

exposure. 

 

 Figure 2.2: Transfer curves characteristics of a back-gated CVD graphene FET in air while exposed to NO2 and NH3. Inset 
shows the changes in conductance of CVD graphene with the flow of 20 ppm NO2 and 550 ppm NH3. The gas carrier used 
in the experiment during the exposure is N2. Adapted from reference [80]. 
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In separate study, Wei et al. demonstrated change in Dirac point upon exposure to nitrogen 

dioxide (NO2) and ammonia (NH3) in ambient conditions [58]. The device sensitivity was 

determined by the Dirac point shift upon gas exposure to NO2 and NH3. The Dirac point is 

initially located at a positive voltage, indicating that graphene is p-doped. The shift in Dirac 

point was observed toward more positive voltage as the concentration of NO2 increased from 

50 ppm to 400 ppm, whilst the opposite shift was observed for NH3. The shift in Dirac point is 

attributed to the increase or decrease in the charge carrier concentration after gas adsorption as 

the NO2 withdrew an electron from the device leading to an increase of hole charge carrier 

concentration and resulting in a downshift to the Fermi level; meanwhile, upon exposure to 

NH3, the opposite happens with an upward shift to the Fermi level. Which is similar to the 

Dirac shift observed by Singh.  

Another publication by H. E. Romero et al. showed that Dirac shifts in GFETs toward negative 

gate voltages as the device exposes to 10% NH3. This change is due to the electron transferred 

to the pristine graphene surface which increase the electron charge carrier density [92].  

In the literature above, it was shown that the lack of surface modification in the unmodified 

graphene gas sensors limits their performance to detect gas concentration of sup ppb. This 

results in in low sensitivity and selectivity which are inherent to the devices in these 

experiments. Another related issue associated with these sensors is not being able to show 

stable operation, reproducibility, or recovery at room temperature. It was shown that increasing 

the temperature (100 -150 ̊C) improved recovery, but this was at the cost of increased energy 

consumption [93]. To overcome these issues, various methods have been investigated to 

modify the surface of graphene gas sensors with an aim to improve and achieve the desired 

sensitivity, recovery and selectivity. One route to enhance the selectivity of graphene gas 

sensors is by modifying the surface of the graphene via oxidation, which provides defect sites 

on graphene for gas adsorption. 

 

2.4 Graphene Oxide Gas Sensors 

Pristine graphene gas sensors are not favourable for gas adsorption and desorption as they do 

not possess high sensitivity and fast response time. Also, these gas sensors have limitations in 

their sensitivity, as explained in section 2.3 and the result presented in Table 2.1, which is 

seen as low response at room temperature. Moreover, these pristine graphene gas sensors do 
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not have a high response. The response percentage achieved was around 0.005% and 

0.0038% per ppb after adsorption to NO2 and NH3, respectively, as presented in Table 2.1.  

Therefore, variations on pristine graphene gas sensors have been introduced to overcome this 

problem via oxidation [69, 88, 89]. Graphene oxide (GO) gas sensors with oxygen functional 

groups on graphene surfaces (C-OH (hydroxyl), C-O-C (epoxy), C=O (carbonyl), and R-

COOH (carboxyl)) have high selectivity, sensitivity, and recovery, making them good at 

differentiating between chemically similar and diverse compounds.  

The oxidation to graphene surface was studied many years ago [70, 81, 85]. Chemical 

oxidation to CVD graphene has been recently studied and oxidised CVD graphene has been 

found to interact much more strongly with the target gases than pristine graphene [64, 68, 69, 

82, 85, 87, 89]. Many oxidation methods are used to oxidise graphene, such as chemically 
[68, 89], reduced graphene oxide [84, 85], laser [82], Oxygen plasma [87, 88], and UV [90]. 

2.4.1 Oxidation Methods 

One possible chemical method involves a simplified Hummers method which consists of the 

oxidation of graphite by using a mixture of a potent oxidising agent such as sulphuric acid 

(H2SO4), nitric acid (HNO3) and hydrogen peroxide (H2O2) to produce oxygen functional 

groups on the graphene surface [64, 68, 83, 89, 90] . The amount of oxidation on graphene 

cannot be well controlled during the oxidation process by Hummers method in comparison 

with other chemical oxidation methods. As the Hummers oxidation cannot be controlled, 

further reduction is required, to lower the amount of oxygen groups on GO by chemical, 
thermal, and laser irradiation, to produce reduced graphene oxide (rGO)  [64, 81, 82].  

Y. R. Choi et al. and N. Hu et al. have used XPS to evaluate the oxidation percentage change 

from GO to rGO as the GO has 30.03% to 35 % of C-O compare to 30% to 11.29 % on rGO 

[64, 83]. Reduced graphene oxide has low oxygen groups concentration with low percentage 

compared with GO by Hummers method.  Also, the carbon to carbon bond (C-C) improves 

after reduction from 55% for GO to 79% for rGO.  

Another method to chemically oxidise CVD graphene is via the use of strong nitric acid or 

sulphuric acid [68, 89]. The oxidation to CVD graphene was confirmed by taking the Raman 

ID/IG ratio to evaluate the defect percentage before and after oxidation. For oxidised CVD 

graphene, the Raman ID/IG ratio was found to be depending on oxidation time as ID/IG ratio 

ranged from 0.14% for pristine CVD graphene to 1.10%, 3.44%, and 4.16% for oxidation 

time of 30, 60, and 160 minutes respectively [68].  The ID/IG is used to estimate the number 
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of the introduced defects in the graphene as it increases with defect. The ID/IG ratio is very 

small for the pristine graphene as there is small vacancy defect, while oxidising graphene 
increases the vacancy defect on graphene is proportional to it. 

Yet another method of oxidising CVD graphene is through the use of oxygen plasma to 

introduce oxygen defects on the graphene surface [87]. The defects introduced on graphene 

was determined by Raman measurements which show the ratio of ID/IG increased after 

oxidation from 0.05 for pristine CVD graphene to 2.5 for oxidise graphene. The increase in 

the ID/IG ratio attributed to the carbon atom having sp2-bound after treatment with oxygen 

plasma.  Ozone treatment has also been used to introduce oxygen groups defect on CVD 

graphene, and the amount of oxidation can be control by the time of exposure and the 

intensity of UV light during the exposure as Raman ID/IG ratio was changed from 0.035% for 

pristine graphene to 0.11% and 0.25% after 70 and 80 s of treatment [69], which confirms the 

defect being formed on graphene. Overall the best method for controlling the oxidation 
percentage and type of introduced oxygen groups is through chemical oxidation to graphene. 

 

2.4.2 Sensitivity 

GO gas sensors' sensitivity at room temperature is much higher than pristine CVD graphene 

(CVD G) upon exposure to NO2 and NH3 gases [64]. As presented in Table 2.1, the pristine 

CVD G sensor shows a response precentage of 0.00004% and 0.0000002% to NO2 and NH3 

gases, respectively, while the GO sensor has a sensitivity of 0.0034% and 0.000005% to NO2 

and NH3, respectively. Figure 2.3 a) illustrates the change in response of a graphene oxide 

device upon exposure to different gases; when the sensors are exposed to oxidising gases 

(NO2), the response decreases, and adversely, when exposed to reducing gases (NH3), the 

response increases. The sensor's response changed linearly with changing the NO2 

concentration, as shown in the inset Figure 2.3 b) The limit of the detection of these sensors 

was estimated to be 650 ppb. The enhancement in sensitivity for the GO sensor over the CVD 

G sensor to NO2 was attributed to the hydroxyl groups, which serve as adsorption sites on 
graphene sensors. 

J. Park et al studied the use of GO sensors at 150 ̊C operating temperature for NO2 and NH3 

detection [70].  The response of the sensors was found to be very high, with 0.0064% to NO2 

and 0.00018% to NH3. The  lower limit of detection for the sensors was found to be close to 
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0.21ppb for NO2. This high sensitivity is thought to be the result of the acid washing 

condition, which removes epoxide groups leading to low adsorption energy [70].  

G. Bannov et al. demonstrated graphene oxide chemiresistive gas sensors for ammonia (NH3) 

gas detection that operate at 25 ̊C [65]. The sensors show a change in response with 

0.00006% during the exposure to NH3 under humidity of 65%. However, in dry air, the GO 

sensors show a change in response of 0.00001% to NH3, which is lower than the response 

under humidity. the improvement in sensitivity in the relatively high humidity is attributed to 

the enhancement of NH3 adsorption on sensors in wet air as the carboxylic and sulfonic 

groups increases. In wet air, the ammonia adsorbed on the GO through the physical 

adsorption as the chemical interaction with oxygen groups is weak. Also, the sensors showed 

the highest sensitivity toward ammonia compared to CH4 and H2 due to the increases of the 

adsorption site on the GO in high humidity (carboxylic and sulfonic groups), which improved 

the selectivity as the increased oxygen groups being energetically favoured by NH3 [65].  

 

Thermally reduced graphene oxide sensors have a higher sensitivity compared to rGO 

reduced by chemical and laser methods, GO, and pristine graphene sensors as presented in 

Table 2.1.  rGO sensors reduced by thermal method show a response of 0.078% to NO2 while 

for chemically reduced graphene oxide sensors the response range between 0.004% to 

0.0007% [67, 81, 83-86]. The response for rGO sensors by laser irradiation is 0.0001% to 

NO2 [67]. An increase of ~100x in response for thermally reduced graphene compared to the 

 
Figure 2.3: a) Represent the response of the GO sensors to NO2, NH3, and H2. The inset shows the change in the response curve to the gases. b) 
demonstrate the response curve to different concentration range from 1 -5 ppm of NO2, and the inset shows linear response vs gas concentration. 
Adapted from reference [64]. 
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response for reduced graphene oxide by chemical or laser irradiation methods. Device 

response was enhanced by the oxygen reduction, attributed to the recovery of the double-

bonded carbon atoms, as the amount of C-O defective site needs to be lower than the C-C 

bond to achieve a fast and high response. Also, the sensitivity to NH3 by rGO sensors was 

observed to be higher for sensors reduced by using pyrrole compared to other reducing GO 

methods [83-85]. The response was found to be 0.01% for NH3, while for other reduction 

methods response was found to range from 0.0004% to 0.0000008%, as in Table 2.1. 

Enhancement in response to NH3 attributed to the increasing of epoxy (C-O) and carboxylic 

acid (C=O) on the rGO sensors, which interact with NH3 gas molecules [67]. This result in 
charge transfer from rGO to adsorbed NH3 molecule leads to an increase in the response. 

Two different CVD graphene sensors that oxidised by two different methods, which are 

ozone treatment and nitric acid, show a response of 0.0001% and 0.00009%, respectively, to 

NO2 [69, 89]. The lower limit of detection was estimated to be 1.3 ppb for the device oxide 

by ozone. The sensor, which was treated with ozone for 70 s, was exposed to NO2 

concentration range from 200 ppb to 200000 ppb and showed good sensitivity, as shown in 

Figure 2.4 [69]. The pristine graphene sensor did not show any sensitivity to NO2 

concentration below 180000 ppb, while graphene treated by ozone exhibited high sensitivity 

with a low limit of detection of 200 ppb. The response of oxidising CVD G device is 

0.0001%, and the pristine CVD G device is 0.00004%. This shows that the oxidised device's 

response is enhanced 50 times more than the pristine one. 

  
Figure 2.4: Demonstrates the change in resistance for pristine graphene (black) and graphene oxide by ozone treatment 
(red) upon exposure to different concentrations of NO2( 0.2ppm to 200 ppm). The inset shows the response change for 
both pristine and treated graphene to different NO2 concentrations. Adapted from reference [69]. 
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The enhancement in response to NO2 by CVD graphene oxide through ozone treatment 

resulted from the oxygen functional groups (C-OH) created on the graphene. Which then 

provides favourable sites for gas adsorption on the graphene surface. In contrast, the 

sensitivity for CVD G oxide by chemical method (nitric acid) is low due to the oxygen group 

introduced (-NO2) not being favoured energetically for NO2 adsorption. Also, CVD G sensors 

oxidise by nitric acid have a response of 0.00041% to NH3 with a limit of detection 27 ppb 

[89]. The enhanced sensitivity for the device treated with nitric acid is attributed to the 

interaction of the C-N bond and nitro (- NO2) functional groups introduced to the graphene 

surface, which provides an active site for the adsorption of the NH3 on graphene. While for 

the CVD G treated with oxygen plasma, the response was 0.000065%, which is 50 times less 

than the device treated with nitric acid. The improvement in the sensitivity of CVD G oxide 

by nitric acid compared to CVD G oxide by ozone treatment or oxygen plasma is attributed to 
the C-N and –NO2 induced by nitric acid being energetically favoured for NH3 adsorption. 

As described above, the oxygen functional groups defects on graphene are favourable for gas 

adsorption, and the selectivity of the graphene gas sensors can be tailored through the 

appropriate choice of said functional group. Moreover, the sensitivity of the GO sensors 

depends on the number of oxygen functional groups on the graphene oxide, with a delicate 

balance having to be considered between the increase of favourable gas adsorption sites and 

the reduction of graphene's intrinsic favourable electronic properties. Problems associated 

with GO produced by the Hummer method, ozone treatment for CVD G, and oxygen plasma 

treatment for CVD G is the difficulty in controlling the amount of oxygen functional group 

formed on the GO during oxidation. The high amount of oxygen functional groups on GO 

reduces their electrical properties, which makes GO an insulating material. Also, to overcome 

this problem, the reduction method is used to reduce the oxygen group concentration and 

improve the sensitivity, but the process is hard to control. However, the oxidation to CVD G 

through the chemical method can be controlled via the exposure time and result in a low 

concentration of oxygen groups introduced to graphene without causing any damage to the 

graphene surface, which enhances the sensitivity toward gas adsorption. Also, the introduced 

oxygen groups (C-OH, C-O, C=O, and –NO2) could be controlled by using a specific type of 

acid solution (nitric acid or sulfuric acid). However, the type of introduced oxygen groups 

cannot be controlled for other oxidation methods. 
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2.4.3 Recovery 

The recovery at room temperature for pristine graphene gas sensors and functional graphene 

sensors with oxygen moieties changes depending on the quality of the graphene and the 

percentage of oxidation. Whilst oxidation of graphene improves the sensitivity by providing 

favourable sites to increase the adsorption on the graphene surface, it can also negatively 

impact recovery behaviour by providing sites for chemisorption, which is less easily reversed 

than physisorption [94].This leads to two different recovery behaviours that originate from 
physisorbed (fast recovery) and chemosorbed desorption (slow recovery) gas molecules [95].  

The recovery percentage for pristine graphene gas sensors and functionalised graphene gas 

sensors are presented within Table 2.1. The GO gas sensors (Hummer’s methods) show a 

recovery of 83% at room temperature, while the recovery for pristine CVD G gas sensors 

found to be 70%. The GO sensors show a recovery of 10% higher than the pristine device. 

The increase in recovery is attributed to the adsorption site provided by oxygen functional 

groups [69]. However, increasing the concentration of oxygen groups on graphene reduces 

the recovery by providing chemisorption sites that are hard to reverse at room temperature. 

The functional oxygen groups have a variety of chemical binding with different high energy 

levels (40-800 kJ/mol) and orientations on the graphene surface, which, as the cycle repeats 

of the gas adsorption and desorption, causes gas species to become more permanently 

adsorbed on these energetically favourable sites, which makes recovery slow down [69]. On 

the other hand, the recovery of CVD G gas sensors was 80% after exposure to NH3, which 

was attributed to the NH3 being physisorbed on the graphene rather than chemisorbed due to 

the very low amount of defect on the graphene surface. Compared to the CVD G device, GO 

gas sensors show a low recovery of 49% as NH3 adsorbed chemically to the oxygen 

functional groups on the graphene oxide surface.  However, the amount of the oxygen 

functional groups on graphene devices effect their recovery. So, high amount of oxidation 

make the device recovery slow compared to the lightly oxidised one.  

As can be seen in Table 2.1, the recovery percentage for rGO gas sensors by laser irradiat ion 

is 85%, which is 13% and 2% higher than the pristine CVD G and GO sensors, respectively. 

This recovery improvement by the rGO sensor is attributed to the removal of oxygen functiona l 

groups (C-O), which enhance the adsorption of the NO2 molecule by changing of rotational 

motion of C-OH groups and relaxation to the original cause of the desorption of the NO2 [64]. 

Also, compared to the laser irradiation method, other methods of reducing graphene oxides, 

such as thermal annealing and chemical reduction, have shown low recovery percentages of 
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80% and 20%, respectively. These reduction methods are speculated to remove a large amount 

of hydroxyl groups from the graphene surface, making a recovery slower [84]. Therefore, 

maintaining the amount of hydroxyl groups is important for higher recovery. Nevertheless, the 

rGO gas sensors by chemical reduction process have a higher recovery of almost 100% after 

NH3 desorption than the GO device. This result of high recovery is attributed to the use of an 

IR lamp during the measurement, which increases the heating on the device and leads to faster 

desorption as the higher repulsive force is created by exciting the molecules' vibration [83].   

The CVD GO gas sensors oxidised by oxygen plasma show high recovery after exposure to 

NO2 gas, compared to pristine, chemical, and thermal rGO sensors. The CVD GO sensors 

showed an 80% recovery at room temperature as in Table 2.1. Further, the CVD GO sensors 

that were oxidised by oxygen plasma and chemical methods showed a recovery percentage of 

100% and 80% after the desorption of NH3. Oxidised graphene provides more sensitivity due 

to  the high energy sites provided by oxygen functional groups causing larger charge transfer 

between graphene and adsorbates [88, 89]. However, GO is worse at recovery at room 

temperature than pristine graphene or reduced graphene oxide. This is because oxygen 

functional groups (C-OH, C-O, and C=O) provide preferential binding sites for incident gases, 

but the binding energy of gases on these groups makes it more difficult to get rid of the gases 

post-exposure. Therefore, carefully controlled graphene oxidation should provide a route 

towards increased sensitivity without sacrificing too much recovery behaviour. 

2.5 Graphene Gas Sensors Benefits and Challenges 

Benefits: 

Graphene possesses an exceptional surface-to-volume ratio due to its 2D structure. It is the 

thinnest material and has excellent electron mobility, making it promising for use as a gas 

sensor [55, 96]. These properties allow small gas molecules to adsorb easily on the graphene 

surface. Moreover, graphene is a good conductor for both electricity and heat. All these 

properties make graphene a good candidate for gas sensing. In particular, graphene’s atomic 

thickness means that any adsorbate on the graphene will have the effect of doping the entire 

graphene channel thickness [55, 72]. In addition, graphene possessing a low density of states 

close to its Dirac point [97]. This is important as a small change in the number of charge 

carriers upon gas adsorption significantly changes the electronic state. Taken in combination, 

these factors make graphene an ideal candidate for gas sensing, as even modest charge 

exchange interactions between the graphene sheet and adsorbates should produce a 
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measurable change in the graphene’s conductivity [58, 80] and shift in the Dirac point of the 

graphene channel [58, 79, 80]. Graphene gas sensors can be used to detect flammable gases 

such as hydrogen and ethanol at low concentrations [98]. In addition, it can detect toxic and 

explosive gases, including nitrogen dioxide, ammonia, carbon monoxide, and sulfur dioxide 

[70, 80]. It can operate at room temperature which leads to low consumption of energy [80], 

and can be fabricated easily and without high costs [98]. Also, GO with low amount of 

defects can be used  as a gas sensor to improve gas detection [70] as oxygen introduces 

defects to the graphene which makes it favorable to the gas adsorption.  

Challenges: 

Graphene has no band gap, which makes it not useful for transistors devices [99] as it is difficult 

to switch between conducting and insulating states. Because of this, the on/off ratio is very 

high making it very unfavorable. In addition, the recovery time of the graphene gas sensor is 

very long and can never fully recover at room temperature. As a result, currently, the 

temperature of the sensor is increased to improve the sensitivity and recovery time, which in 

turn increases the power consumption.  It also shows cross sensitivity to different gases [100, 

101].  

Pristine graphene is not favorable for gas adsorption, so defects have to be introduced to form 

adsorption sites and allow graphene to act as a good sensor. The oxidation method is a 

common way to make the sensor favorable to gas adsorption. However, the percentage of the 

oxygen on graphene surface is difficult to control during the oxidation process. Too much 
oxygen on the surface can turn the graphene into an insulator and prevent sensing.   



31 
 

Chapter 3 

3 Theory 
 

3.1 Graphene 
 

Graphene is a two-dimensional (2D) material. It is considered to be one atom thick, and 

extends in length and width dimensions. This single atom layer of carbon atoms forms a 

hexagonal lattice structure, as shown in Figure 3.1.  Pure carbon allotropes with different 

orientations join together to form blocks of graphene, for example, graphite (3D), polycyclic 

aromatic, fullerenes (0D), and carbon nanotube (1D).  For all of the allotropes, each carbon 

bonded to the three adjacent neighbouring carbons in the form of a sp2 hybridized carbon. 

This bonding leads to a flexible structure and formation of π and π* state bands [102], which 

exist over the layer of carbons. Graphene is a bipolar conductor with high electrical 

conductivity, and high electron/hole mobility. Graphene was first isolated by Novoselov and 

Geim in 2004, and since then has drawn attention due to its exceptional electronic, optical, 

and thermal properties [71].  

3.1.1 Atomic Structure of Graphene 

The graphene lattice consists of two carbon atoms per unit cell [103]. Figure 3.1 represents the 

shape of the single- layer graphene lattice. The two vectors of the graphene lattice are presented 

by Equation 3.1. 

 
Figure 3.1: Shows the graphene honeycomb lattice and its Brillouin zone. The lattice on the lift demonstrates a structure of 
graphene, which is made of two interpenetrating triangular lattices. The a1 and a2 are the vectors of the lattice unit, and δi, i=1, 
2, 3 are the closest neighbour vectors. The right lattice corresponds to the Brillouin zone, where the Dirac points are located at 
the K and Kʹ points. Copied from reference [103]. 
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𝑎𝑎1 = 𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑜𝑜𝑜𝑜−𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑜𝑜𝑜𝑜
2

�3,√3�,    𝑎𝑎2 = 𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑜𝑜𝑜𝑜−𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑜𝑜𝑜𝑜
2

(3,−√3)      (3.1) 

Where the carbon-carbon distance is measured and found to be about 1.42 Å. A reciprocal 

lattice of graphene vectors can then be written as in Equation 3.2 [103]. 

𝑏𝑏1 = 2𝜋𝜋
3𝑎𝑎
�1,√3�,     𝑏𝑏2 = 2𝜋𝜋

3𝑎𝑎
(1,−√3)                                            (3.2) 

For the physical properties of graphene, the most critical parameter is the Dirac points, K and 

Kʹ. These two Dirac points are located at the corners of the graphene Brillouin zone (BZ). The 

importance of Dirac points will be explained shortly, their location and momentum are 

described in Equation 3.3.  

 

𝐾𝐾 = �2𝜋𝜋
3𝑎𝑎

, 2𝜋𝜋
3√3𝑎𝑎

� ,    𝐾𝐾ʹ= (2𝜋𝜋
3𝑎𝑎

,− 2𝜋𝜋
3√3𝑎𝑎

)                                             (3.3) 

 

 

3.1.2 Electronic Band Structure of Graphene 
 

 

 
Figure 3.2: Energy dispersion in the graphene lattice. Left: energy spectrum in units of t for finite values of t and tʹ, 
with t= 2.7 eV and tʹ= -0.2t. Right: zoom in on of the energy bands close to one of the Dirac points. Copied from 
reference [103]. 
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The carbon atom has four valence electrons. Only three electrons per carbon atom are involved 

in creating strong covalent sigma bonds. The electron that is not involved produces a pi bond, 

which is responsible for the material’s electronic properties at low energy. Meanwhile, the 

covalent sigma electrons generate energy bands formed far from the Fermi level. The 

conduction band and valence band in graphene meet at the K, Kʹ points, making it a zero-band-

gap semiconductor. By considering the interaction that happens at the closest of neighbour ing 

atoms, the energy can be expressed as [103, 104], 

 

𝐸𝐸�𝐾𝐾𝑥𝑥 ,𝐾𝐾𝑦𝑦� = ±𝛾𝛾0[1 + 4𝑐𝑐𝑐𝑐𝑐𝑐 √3𝑘𝑘𝑥𝑥𝑎𝑎
2

𝑐𝑐𝑐𝑐𝑐𝑐 𝑘𝑘𝑦𝑦𝑎𝑎
2

+ 4𝑐𝑐𝑐𝑐𝑐𝑐2 𝑘𝑘𝑦𝑦𝑎𝑎
2

]1 2�   (3.4) 

Where 𝐾𝐾𝑥𝑥  and 𝐾𝐾𝑦𝑦 are vectors for the wave in X and Y directions. 𝛾𝛾0 is the integral transfer 

between the closest neighbour. The energy dispersion in the graphene lattice is demonstrated 

in Figure 3.2 [103]. The upper and lower half of the curve are named 𝜋𝜋∗ and π band, 

respectively, which degenerate at the Dirac points (K and Kʹ). As the density of states becomes 

zero, the energy dispersion (Fermi level) also goes to zero close to K and Kʹ points. The Dirac 

points are vital for the purpose of studying the electronic properties of graphene. The linear 

dispersion exists at the areas near the Dirac points and can be explained by the Dirac equation 

as follows, 

𝐸𝐸± (𝐾𝐾) ≈ ±𝑣𝑣𝐹𝐹⃓𝐾𝐾⃓ +𝐶𝐶[�⃓𝐾𝐾⃓
𝐾𝐾
�
2
]                                             (3.5) 

Where 𝑣𝑣𝐹𝐹  is the Fermi velocity.  

The linear dispersion near the Dirac points makes the charge carriers function as massless 

particles. This causes suspended graphene to have high mobilities of up to 250,000 cm2 (Vs)-1 

[105]. The absence of band gap in graphene makes it possible to apply an external electrica l 

field to shift between holes and electrons. By shifting the Fermi energy (Ef)  away from the 

Dirac point, holes or electrons become the majority charge carriers with applied positive and 
negative voltage, as demonstrated in Figure 3.3 [106]. 
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3.2 Graphene Oxide 
 

 

 

 

 

 

 

 

 

The pristine graphene has a zero-band-gap at the Dirac point, meaning the Fermi level stays in 

the middle of the conduction and valence bands. The absence of the bandgap limits pristine 

graphene’s utility in electronic logic devices [107], which requires precise control over electron 

transport. In contrast, the absence of the bandgap makes it difficult to control the electron 

transport. Therefore, shifting the fermi level with respect to the Dirac point by introduc ing 

 
Figure 3.4: Graphene oxide structure. Adapted from reference [117]. 

 

 

 
Figure 3.3: Shows the calculated resistance for shifting the Fermi level in graphene using gate voltage. Adapted from 
reference [106]. 
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electronic charge in the pristine graphene is needed for its application as a semiconduc tor. 

Many methods have been implemented to overcome this issue, such as graphene metal oxide 

composite, polymer decorating, and oxidising graphene [25, 108, 109].  Decorating graphene 

with metal oxide nanoparticles alters the majority carrier concentration, and hence the 

resistance. In the case of p-doped graphene, graphene composites with p-type metal oxide 

nanoparticles will increase the number of majority hole carriers, while n-type metal oxide 

nanoparticles will decrease the number of majority hole carriers. Decorating the graphene with 

polymer is also used to open the band gap by causing charge transfer at the interface between 

graphene and polymer layer, which increases the charge carrier concentration [109].  

Another way of opening a band gap in graphene is oxidation; many procedures have been used 

to oxidise graphene, such as Hummer’s method, oxygen plasma, and ozone treatment [69, 110, 

111]. The most common method for producing GO is known as the modified Hummer’s 

method, which has the advantage of mass producibility [111-113] and its ability to be 

performed on graphite from mining, a cheap and plentiful material resource [114]. 

L. S. Hui et al. reported that oxygen plasma etching procedures introduce oxygen defects on 

CVD graphene [110]. The process was carried out by placing the CVD graphene sheet in the 

centre of the chamber of the plasma PDC-001 system at 29.6W; however, the high-power 

plasmas completely remove the graphene rather than oxidising it. Then the chamber was then 

evacuated to pressure below 100 mTorr, and oxygen flowed into the chamber for etching 

graphene. They found oxygen formed on the graphene surface after plasma etching. 

In a separate study, M. G. Chung et al. demonstrated a method of introducing oxygen groups 

on CVD graphene by ozone exposure [69]. The graphene was exposed to ozone in the ambient 

atmospheric pressure. The ozone used in the experiment was generated by ultraviolet (UV) 

lamp irradiation with an intensity of 20 mW/cm2. This result in oxygen being introduced to a 

graphene sheet. However, low UV intensity does not cause oxidation [115, 116]. 

The processes mentioned earlier in the oxidation of the graphene layer lead to the creation of 

various oxygen-based functional groups. These functional groups include epoxy, hydroxyl, 

carbonyl, and carboxylic groups, as demonstrated in Figure 3.4 [117].  These oxygen groups 

on the pristine graphene increase the bonding between oxygen functional groups and carbon, 

causing large electron transfers from the graphene to the oxygen groups on the surface. This 

leads to a shift in Fermi level with respect to Dirac point.   
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3.3 Graphene Growth 

In 2004, Novoselov and Geim reported the first measurement of the electrical properties of 

graphene [71]. The measured graphene was obtained via micro-mechanical exfoliation of 

graphite. In 2010 Novoselov and Geim were awarded the Noble prize in physics for their 

successful work. Graphene that is produced by micro-mechanical exfoliation is of very high 

quality, but this process is difficult to perform and is not scalable. Hence, many alternat ive 

methods are now used for large-scale graphene production. Methods can be divided into two 

different categories, top-down and bottom-up synthesis.  

3.3.1 Top-down Synthesis 

In top-down syntheses, Graphene is formed by reducing the bulk material -graphite - to a small 

amount of  nanostructure, as in micro-mechanical exfoliation and liquid phase exfolia t io n 

process which are demonstrated in Figures 3.5 a) and b) [118].   

3.3.1.1 Micro-Mechanical Exfoliation 

Micro-mechanical exfoliation is performed using adhesive tape to separate material from bulk 

crystal. A thin layer of graphene film is produced via repeated peeling of material from bulk 

graphite, which is then stuck to a target substrate for use in the experiments. Other methods 

can be used to exfoliate graphene such as transfer printing technique [119], etc. Micro-

mechanical exfoliation is the first method used to separate graphene from graphite by 

Novoselov and Geim [71]. The produced graphene has high quality with low defect formation 

[120]. However, large scale production of graphene is still hard to achieve using micro-

mechanical exfoliation.  

3.3.1.2 Liquid Phase Exfoliation 

Liquid phase exfoliation is the process used to convert a bulk laminar material (3D) into single 

or few-layer 2D material. In this method, the bulk material is placed into a liquid, which 

intercalates between the material layers and separate them [121]. The liquid usually used in 

this method is water or a polar solvent [122]. The high scalability of Liquid phase exfolia t ion 

drew attention for experimental use. However, 2D flakes obtained from this method are 

typically laterally small, and the dispersion of graphite in the liquid is difficult due to the high 

tension between graphite materials [123].  
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To overcome these issues graphene oxide (GO) is used, as it’s interfacial energy does not 

prevent the suspension in liquids [124], resulting in the GO layer being obtained.  However, a 

reduction process on the GO, to form reduced graphene oxide (rGO), is required to regain the 

properties of graphene. Additionally, it is not possible to avoid the introduction of defects via 

the GO to rGO route, even after the reduction of GO. For this reason, rGO is considered to be 

distinct material [125].The first graphene dispersion from graphite using the liquid phase 

exfoliation was reported by Hernandez et al [126]. They placed the graphite bulk material in 

N-methyl-pyrrolidone in a sonicator to disperse the graphene. This method also suffers from 

difficulty in solvent removal. 

 

3.3.2 Bottom-up Synthesis 

The bottom-up synthesis is the method used to form a desired layer by sticking atoms onto each 

other. The most frequently used methods for bottom-up graphene synthesis are epitaxial growth 

on silicon carbide (SiC) and chemical vapour deposition (CVD), which are illustrated in Figure 

3.5. c) and d). The highest quality of large-scale graphene production in terms of electronic 

properties is generally produced by bottom-up synthesis processes, as reported by X. Wu et al, 

who found that this graphene has charge carrier motilities of 4000 cm2V-1s-1 [127]. 

 
Figure 3.5: Demonstrate the general four used methods for graphene production; a) micromechanical cleavage, b) liquid 
phase exfoliation, c) epitaxial growth on SiC. d) chemical vapour deposition. Adapted from reference [118]. 
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3.3.2.1 Epitaxial Growth on Silicon Carbide 
 One method to produce large scale graphene layers is by the thermal decomposition of SiC. 

When the SiC wafer is annealed at high temperature above 1400 ̊C in a vacuum, silicon atoms 

evaporate from the surface of the wafer leaving behind graphitic layers [128]. Figure 3.6  

illustrates graphene growth on SiC wafer via evaporating the silicon atoms, This leads first to 

the formation of a buffer- or 0-layer, which covalently bonds to the underlying SiC substrate, 

followed by free-standing graphene layers [128].  

Graphene produced via epitaxial growth on SiC was found to be grown on both terminated 

faces, Si - (001) and C-(001�)[129]. The growth speed for graphene on SiC (001�) was found to 

be faster than on SiC (001). Also, the number of grown layers is affected by the terminated 

faces of SiC. The single layer was found to be grown on the Si face and is identical to 

freestanding graphene [130]. On the other hand, the multilayer of graphene is grown on the C 

face and was found to be defective [131, 132]. 

 

3.3.2.2 CVD on Transition-metal films  
CVD is a technique used to deposit high-quality thin films in a vacuum. The deposition is 

carried out by heating the chamber to the desired temperature to make the precursors react and 

bind to the surface of a substrate [133]. This method is the most common method for producing 

large-scale monolayer or bilayer graphene [134, 135]. For graphene growth, the common 

hydrocarbon precursor used is methane. However, high-quality graphene growth requires a 

high working temperature for methane-based graphene CVD [136]. Other precursor’s material 

have been used to reduce the working temperature for graphene growth such as ethanol [137], 

 
Figure 3.6: Represent the epitaxial growth of graphene on silicon carbide wafer. Adapted from reference [128]. 
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and solid sources [138]. But graphene obtained from these methods is of lower quality 

compared to graphene grown with methane.  

Transition metal foil is used as a supporting substrate in most CVD graphene growth. As well 

as providing the substrate for growth, it also works as catalyst to speed up the precursor 

dissociation. The most common catalysts and supporting substrates used in CVD graphene 

growth are copper (Cu) and nickel (Ni). The growth of graphene on these catalysts differs as 

the carbon solubility within copper substrate (0.01%) is lower than a nickel substrate (0.18%) 

[139-142]. Figure 3.7  demonstrates the two different growth methods a) on nickel and b) on 

copper [141].  Copper has low carbon solubility, which means that carbon fragments are only 

adsorbed to the surface of the copper substrate. Resulting in promoting the growth of large-

scale monolayer graphene [141, 143-146]. In contrast, the high solubility of carbon in the nickel 

substrate results in the carbon species dissolved into the nickel before penetrating out to coat 

the surface. Which then leads to producing high-quality graphene that has large multilayer 

regions [141, 142]. Copper is the preferred substrate grow large monolayer graphene and is 

known to produce graphene with high electronic properties. Hence, copper was chosen for 

CVD graphene growth in this project.  

 

 
Figure 3.7: Schematic diagrams of the possible distribution of C isotopes in graphene films based on different growth 
mechanisms for sequential input of C isotopes. (a) Graphene with randomly mixed isotopes such as might occur from 
surface segregation and/or precipitation. (b) Graphene with separated isotopes such as might occur by surface 
adsorption. Copied from X. Li et al [141]. 
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3.4 GFET Electrical Transport  

Recently, graphene has attracted the attention due to its electronic properties which provide 

the high carrier velocity.  Graphene transferred to silicon dioxide coated silicon substrate has 

low field carrier mobility, limited to 2 × 104 𝑉𝑉𝑐𝑐⁄    [147, 148]. Many researchers have studied 

the mobility of graphene and changing the conductivity by doping [149-151]. The main 

problem causing the mobility degradation is the surrounding charge impurities to 2DEG. To 

overcome these charge impurities, suspending graphene has been reported to have high 

mobility [152, 153].  K. I. Bolotin et al, demonstrated that suspended graphene on SiO2/Si has 

low scatter impurities which enhance the carrier mobility at a temperature of 5 K  to in excess 

of  12 × 104 𝑉𝑉𝑐𝑐⁄  [152]. The improvement in mobility is attributed to the cleanliness of 

suspended graphene.  

Suspended graphene has been measured at room temperature and found to have electron 

mobility in excess of 1 × 105 𝑉𝑉𝑐𝑐⁄  [152]. This high mobility makes graphene the fastest 

semiconductors at room temperature. Moreover, high mobility is achievable in graphene field 

effect transistors (GFET) on SiO2/Si substrates at over 10,000 cm2/Vs [90]. The mobility of 

electrons can be determined by the saturation velocity in GFETs [154, 155]. As graphene 

possesses bipolar behaviour GFETs can operate in either electron- or hole+ transporting 

regimes, at Vg < or > Vdirac, respectively [156]. 

 

3.5 Graphene Sensors 

Graphene has attracted the attention of researchers due to its high surface to volume ratio, 

high conductivity, high electric mobility, adsorption ability, and low density of states near the 

Dirac point [55, 77, 97, 98, 157]. Graphene can operate as a gas sensor at a much lower 

temperature than metal oxide gas sensors which consumes no power to heat the sensor [158] 

compared to the operating temperature of metal oxide (200 ̊C- 500 ̊C) [28]. This results in 

reduced energy consumption in comparison to other key sensing technologies [159].  

Graphene is well suited to use within gas sensing devices, due to its large surface-to-volume 

ratio [55] and thinness [160]. In particular, graphene’s atomic thickness means that any 

adsorbate on the graphene will have the effect of doping the entire graphene channel 

thickness [55, 72]. In addition, graphene possess a low density of states close to its Dirac 

point [97]. Taken in combination, these factors make graphene an ideal candidate for gas 

sensing, as even modest charge exchange interactions between the graphene sheet and 
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adsorbates should produce a measurable change in the graphene’s conductivity [58, 80] and 

shift in the Dirac point of the graphene channel [58, 79, 80]. Generally, graphene gas sensors 

are fabricated based on field effect transistor structure. GFET’s mobilities depend on their 

cleanliness. Therefore the cleaner GFETs mean the greater sensitivity [161]. 

The conductivity of graphene is influenced by the analyte species, for instance, NO2 and NH3 

as an electron acceptor and donor respectively [58, 79]. However, as graphene has low defect 

density, gas species are adsorbed on graphene through physisorption interactions. Also, the 

chemisorption interaction is low in graphene due to the low density of chemically active sites. 

Leenarets et al. reported that the charge exchanged between NO2 and graphene is 0.1e per 

NO2 molecule [73]. NO2 is a polar gas that is physisorbed to graphene. Therefore, the gas 

sensor’s device sensitivity is affected by the quality of graphene used within the sensors. As 

defects, enhance the small charge transfer between physisorbed gases and graphene. 

 

On the other hand, the gas species that are chemosorbed to graphene have charge exchange 

between graphene and chemosorbed species of 1e. This enhancement in the adsorption is 

attributed to chemisorbed species being ionically or covalently bonded to graphene. One 

method, which is attracting a lot of interest in the field, is enhancing CVD graphene-based 

sensor sensitivity and selectivity through the oxidation of graphene [64, 69, 81, 83, 162-164]. 

The principle relies on the increase of the adsorption sites on the graphene layer, provided by 

a functional oxygen group, which leads to increases in the interaction strength of 

chemisorption.  

 

 Many methods have been used to oxidise graphene, aiming to improve the sensitivity and 

selectivity toward the oxidising and reducing analyte gases. As an example, NO2 detection at 

2 ppm was reported at room temperature by G. Lu et al. through the use of partially thermally 

reduced graphene oxide prepared from graphite using the Hummers method [81]. Even 

higher sensitivity to NO2 was demonstrated by Y. R. Choi et al., who reported detection of 

650 ppb of NO2 through the use of the modified Hummers method [64]. Moreover, the lowest 

detection to 200 ppb of NO2 was reported at room temperature by M. G. Chung et al., 

through ozone treatment to CVD graphene [69]. R. Ghosh et al. demonstrated a detection 

limit of 200 ppm of NH3 by reducing graphene oxide, which was prepared by the Hummers 

method and then reduced by NaBH4 solution for 90 min [162]. Improved detection to 1 ppb 

of NH3 was reported by N. Hu et al. through reduced graphene oxide [83]. More examples of 
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NO2 [14, 165-168], NH3 detection [169-171], hydrazine hydrate vapor detection [164], H2 

detection [172], NO2 detection [173], and ethanol detection [163] show that graphene oxides 

have great impact as gas sensors, highlighting the high potential impact of developing a 

controllable method of oxidising graphene.  
 

In this work, a similar oxidation approach is adopted from the Hummer method, which 

involves using sulphuric acid. However, we modified the method by using a diluted 

concentration of sulphuric acid and applying it to CVD graphene instead of graphite. This 

modification lets us separate the impact of aggressive chemical exfoliation from introducing 

oxygen groups. As a result, we can investigate the enhancement of the sensing response of 

graphene to low oxidation levels, specifically for NO2 and NH3. Also, using vacuum pre-

condition significantly impacts the device sensitivity as it increases 10 times compared to a 

non-vacuumed device. 
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Chapter 4 

4 Methods 
4.1 Sensor Fabrication 
 

4.1.1 CVD Graphene Growth 

Graphene was grown on copper foil using a hot-wall CVD reactor. The heating element 

provided energy to the reactor, increasing the reaction zone's temperature. This process requires 

high energy to achieve stable, consistent heating during the reaction [174, 175], which is 

important for the growth reproducibility and for obtaining continuous graphene sheets. 

  

A schematic of the CVD reactor and its set-up is represented in Figure 4.1. The reactor is 

constituted of a three-zone Carbolite furnace, a quartz tube, a mass flow controller (MFC), an 

end cap, and a pressure gauge. The three-zone Carbolite furnace was placed in the middle of 

the two-meter quartz tube length with an external diameter of 54 mm and an internal diameter 

of 50 mm. Two Eurotherm 2132 temperate controllers controlled the Carbolite furnace end 

zones. Meanwhile, the middle zone was controlled by Eurotherm 321l6 temperature controller. 

A nitrile O-ring was placed at both ends of the caps between the quartz tube and KF fittings to 

create a seal, which kept the reaction zone isolated from the ambient atmosphere. Both ends of 

the cap were checked for leaks and found to have a leak rate of 1.38 × 10−3 mBar.Ls−1. A 

MKS G-series mass-flow-controller was used to regulate the gas flow into the reactor. Three 

 
Figure 4.1: A schematic of the CVD furnace reactor used for graphene growth. 
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gas lines were used in this operation, each with a control input. The flow rate of the MFCs used 

in this project was 200 standard cubic centimetres per minute (sccm) on the Nitrogen/Methane 

line and 1000 sccm on the Nitrogen and Nitrogen/Hydrogen lines. The flow rate used in this 

project was chosen to provide a large graphene domain and continuous sheet growth. The 

MFCs were set up to provide Hydrogen: Methane with a ratio of 10:1.  

Using this setup, graphene was grown on a copper (Cu) substrate with a thickness of 25 µm 

via CVD. After loading the Cu substrate into the CVD reactor, the reactor was heated to 1050⁰C 

under a constant flow of 100 sccm of Nitrogen (N2). Once 1050⁰C was reached, the copper 

substrate was annealed for 30 minutes under a flow of 100 sccm of N2 at 1050 ̊C. Following 

the annealing, 100 sccm of 2% Methane/Argon (CH4/Ar) and 1000 sccm of 2% 

Hydrogen/Argon (H2/Ar) were introduced in the chamber for 30 minutes to grow the graphene. 

Finally, the chamber was cooled to below 100 ̊C, and the CH4 and H2 flow was reduced to 20 

sccm and 1000 sccm respectively, during the cooling process.  

 

4.1.2 Graphene Transfer 

After the graphene was grown on the copper catalyst using the above protocol, it was then 

transferred from the metal growth substrate to the insulating substrate. This allows us to 

characterise the quality of the graphene and make the sensor.  

The insulating substrate used in this project is thermally grown SiO2 on Si, with thicknesses of 

295± 10 nm, chosen as it provides the optimum contrast for optical imaging for the monolayer 

graphene placed on it [176]. 

A polymer was used to assist the graphene transfer from the copper growth substrate to the 

SiO2/Si substrate. Using a procedure that kept graphene safe during the handling process was 

essential as a single layer of graphene is one atom thick and easy to damage. The polymer 

supports and protects the graphene structurally during the delicate transfer process from the 

growth substrate. In this project, two different supporting layers were used to transfer graphene 

to investigate the impact on the graphene's electrical measurements. The first supporting layer 

used to transfer graphene is PMMA as reported by Li et al. [141], a process used widely for 

graphene transfer. The other supporting layer used is nitrocellulose, as reported by Hallam et 

al. [177], who found that nitrocellulose produces less residue on the graphene than PMMA.  
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Figure 4.2 shows the entire process of graphene transformation, which is described stepwise 

below: 

1. Graphene is grown on both sides of the copper foil via CVD. 

2. As mentioned earlier, two different methods are used to transfer graphene to investiga te 

the impact of left residues on the electric properties of graphene.  

a. A 280 nm layer of PMMA is spin cast from a 4% solution on the desired side 

of the graphene grown on copper. The spin coating speed is 700 rpm for 15 s, 

followed by 2000 rpm for 45 s.  

b. A 200 nm nitrocellulose (NC) layer is spin-cast on the graphene. The NC was 

bought from Sigma Aldrich, item number 09817, and it is a 2% solution in ethyl 

acetate. 

It is important to note that the NC will be used in the following sentence as a supporting 

layer. Nevertheless, keep in mind that PMMA supporting layer is also used in the other 

transferred followed the same process as NC supporting layer.  

3. Ammonium persulphate (APS) (0.5 M) is used to etch the copper growth substrate. The 

NC supporting graphene/copper/graphene floats on the APS solution where the NC side 

up on the copper etching[177]. 

4. The NC/graphene/copper/graphene is gently handled and dipped in the fresh beaker 

filled with deionised (DI) water ten times to remove the one grown on the other side of 

copper before returning to the APS etchant for 90 seconds. This process was repeated 

 

Figure 4.2: Shows the synthesis process of the graphene sheet. 

 

 

Copper

APS

Graphene

Graphene

NC or PMMA

DI water

SiO2
Si

1 2 3

4 5 6 7



46 
 

10 times, then the NC/graphene/copper was left in the etchant for 2 hours to ensure 

complete removal of the graphene grown on the other side of copper. 

5. The NC/graphene was then gently transferred using a clean microscope slide to a beaker 

filled with DI water. The NC/graphene was left floating on the DI water for 5 minutes 

to rinse graphene of APS residue.  

6. Once the rinsing on DI water is done, the NC/graphene is transferred onto the target 

substrate and left to dry overnight. 

7. After that, the NC/graphene/substrate is placed into a dish of acetone to dissolve the 

NC or PMMA supporting layer for 2 hours. 

8. The graphene/substrate is taken from the acetone, placed on the wipe, and sprayed with 

isopropyl alcohol. 

9. Finally, the graphene/substrate is dried with a compressed air gun. 

 

4.1.3 GFET Fabrication 

The graphene devices in this project were fabricated as graphene field effect transistor device 

(GFETs). Before graphene transfer, the substrates must be prepared, they are pre-patterned 

with Chromium/Gold (10 nm/60 nm) electrodes via thermal evaporation, as shown in Figure 

4.3. The displayed configuration provides 11 graphene channels per chip, with the underlying 

Si acting as a global back gate.  

 
Figure 4.3: Shows an image of fabricated GFET in this project. The GFET consists of a 10 nm Cr/ 60 nm Au 
electrode on top of a silicon substrate capped with 300 nm silicon dioxide. The transferred graphene is outlined by the 
white dashed line for easy visualisation. 
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The electrodes were patterned using positive photolithography with AZ5214 photoresist and 

then exposed to the UV light through the shadow mask. After that, a thermal evaporator was 

used to deposit contact electrodes using 10 nm Chromium (Cr) and 60 nm Gold (Au). 

Chromium was used to improve the adhesion between gold and the substrate. Also, the low 

contact resistance between the gold and graphene makes gold a suitable choice for this project 

[178]. The process of electrode deposition is demonstrated in Figure 4.4 with an explanat ion 

explained below: 

1. Use SiO2/Si wafer. 

2. Clean the wafer in a petri dish filled with acetone in a sonicator for 5 minutes, followed 

by 5 minutes sonication in isopropyl, and dry with a compressed air gun. Then prebake 

the wafer in an oven for 5 minutes for extra drying at 90 °C. 

3. A layer of photoresist of ~ 1.5 µm is created on the wafer by spinning a photoresist 

(AZ5214). A spinner speed was set at 4000 rpm for the 60s, and soft baking for 10 

minutes in the oven at 90 °C. 

4. The shadow mask is placed the photoresist/wafer. Then send the UV light through the 

shadow mask for 12s to make the exposed photoresist area soluble. 

5. The petri dish is filled with a photoresist developer (Microchem AZ 326 MIF 

Developer) and the sample is immersed to dissolve the exposed areas of photoresist. 

6. 10 nm Cr / 60 nm Au metal contacts are deposited over the entire patterned area. The 

thicknesses of the metal film are determined and controlled by quartz crystal 

monitoring.  

7. The remaining photoresist is dissolved in acetone using a sonicator, lifting away excess 

metallisation. 

8. After the desired electrode pattern, a small sheet of NC/graphene/copper is transferred 

to cover all electrodes area using the method explained earlier in part 2. 
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4.1.4 Graphene Oxidation 

Sulphuric acid (H2SO4) was used in diluted concentrations to introduce a mixture of oxygen 

groups to the GFET (Carboxyl, Hydroxy, Epoxy) [68]. The amount of the defect of the oxygen 

moieties was found to be dependant on the immersion time in the H2SO4. In order to have 

different oxidation levels, various immersion times were used for GFET in sulphuric acid. The 

oxidation process schematic has been demonstrated in Figure 4.5. The oxidation process used 
in this project is described below: 

1. Use Au/Cr/graphene/SiO2/Si wafer described in part 3. 

2. Anneal Au/Cr/graphene/SiO2/Si at 120 °C for 1 hour to evaporate any water residue 

from the sample. Annealing is more effective in avoiding graphene removal during the 

oxidation process.  

3. 3.6 mole (M) of sulphuric acid is prepared by adding 21 ml of H2SO4 to 79 ml of DI 

water, then leaving for 15 minutes to cool down. 

4. The Au/Cr/graphene/SiO2/Si is immersed in the 3.6 M solution for 30 minutes.  

5. Clean the sample with DI water to remove the H2SO4 residue, and spray with isopropyl 

alcohol. 

 
Figure 4.4: Demonstrates a fabrication process from the spin of the photoresist to the transfer of the graphene to create GFETs. 
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4.2 Sensor Measurement 
 

4.2.1 Electronic Characterisation 

Electrical measurement provides information about the performance of the GFETs as 

functional devices, and the location of the Dirac point. The graphene channel's doping 

concentration and mobility (µ) are calculated to provide information on how the GFETs 

behave. In this work, the quality of the transferred graphene is studied and determined by the 
gradual channel approximation [179, 180].  

The measurements were carried through a cascade probe station (CPS) that connected to a 

Keithley 4200A analyser to record the current (Ids) vs gate voltage (Vg) sweeps. Figure 4.6.a. 

displays I-V curve characteristics of GFETs measured from -5 V to + 5 V to investigate the 

electrical contact between the graphene channel and Cr/Au electrode. As can be seen, the 

current increases linearly with increased voltage, which proves that the electrical contact 

between graphene and Cr/Au electrode is similar to a p-type semiconductor [81, 89]. Figure 

4.6.b. demonstrates a typical transfer curve of GFETs device measured in this work. It is 

compatible with previously reported graphene results [181-184]. The V-shaped transfer 

characteristic indicates that GFETs have ambipolar behaviour. The minimum point of the 

transfer curve is related to the Dirac point. The intentional doping of the graphene channel can 
be calculated by using Equation 4.1[184]. 

𝑛𝑛0 = (𝑉𝑉𝑔𝑔−𝑉𝑉𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐).𝐶𝐶𝑜𝑜𝑥𝑥
𝑒𝑒

                                  (4.1) 

Where 𝑛𝑛0 is the carrier density of the graphene device, 𝑉𝑉𝑔𝑔 is the gate voltage, VDirac is the Dirac 

point voltage, Cox is the capacitance for the dielectric layer, and e is the electron charge.  

 
Figure 4.5: Demonstrates an oxidation process of graphene for the creation of GFETs. 

 

Transfer graphene Graphene oxideH2SO41 2 3
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The electron and hole mobilities can be calculated using the gradual channel approximation 

shown in Equation 4.2 [39].  

𝐼𝐼𝑑𝑑𝑑𝑑 = 𝑊𝑊
𝐿𝐿
𝜇𝜇𝐶𝐶𝑜𝑜𝑥𝑥(�𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑡𝑡�𝑉𝑉𝑑𝑑𝑑𝑑 −

𝑉𝑉𝑑𝑑𝑑𝑑
2

2
)               (4.2) 

Where Ids, W, L, µ, and Cox are the drain-source current, width of the channel, length of the 

channel, hole/electron mobility, and capacitance of dielectric layer, respectively, Vg is the gate 

voltage, Vt is the threshold voltage, Vds the bias of the source-drain. Equation 4.2 differentia ted 

by Vg, and the result displayed in Equation 4.3: 

𝛿𝛿𝛿𝛿𝑑𝑑𝑑𝑑
𝛿𝛿𝑉𝑉𝑔𝑔

= 𝑊𝑊
𝐿𝐿
𝜇𝜇 .𝐶𝐶𝑜𝑜𝑥𝑥 .𝑉𝑉𝑑𝑑𝑑𝑑                            (4.3) 

Where 𝑑𝑑𝐼𝐼𝑑𝑑𝑑𝑑  and 𝑑𝑑𝑉𝑉𝑔𝑔𝑑𝑑  are the derivatives of the source current and gate voltage, respectively. 

Equation 4.3 can be written after substituting g𝑚𝑚 = 𝑑𝑑𝛿𝛿𝑑𝑑𝑑𝑑
𝑑𝑑𝑉𝑉𝑔𝑔𝑑𝑑

 as displayed in Equation 4.4: 

 

𝜇𝜇 = 𝑔𝑔𝑚𝑚 .𝐿𝐿
𝑊𝑊.  𝑉𝑉𝑑𝑑𝑑𝑑 .  𝐶𝐶

                             (4.4) 

The hole/electron mobility value can be extracted from the gm vs Vg plot as displayed in Figure 

4.6.c. The value of gm is obtained from the maximum curve value and then substituted in 

equation 4.4 to calculate hole (µh)/electron (µe) mobility values. Each forward and backward 

sweep has values for hole/electron mobility, as noted on the plot.  

The gradual channel approximation is useful method to extract the quality information of GFET 

transfer.  Also, conceding the charge trapped effect which make the device does not saturated. 

As well, the electric field between the drain and source is much smaller than electric field 

between gate and source [180]. The gradual channel approximation is best chosen for the GFET 

application. However, it does not take the contact resistance into account for charge carrier 

mobility calculation which limits its use. Therefore, to calculate an accurate charge carrier 

mobility threshold voltage is required, which is not applicable for this project. Many 

researchers used the gradual channel approximation to calculate the charge carrier mobility as 

they do not have hall measurements [185-187]. This means that the result obtained in this 

project by gradual channel approximation is comparable with the result published in 
litterateurs.   
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4.2.2 Gas Machine 

Sensitivity measurements give information about the performance of the GFET devices 

fabricated within this work under different types of gases. Also, it provides details on the 

GFET’s selectivity, recovery, and repeatability. It is vital to know how the GFET device 

behaves under different gas conditions for comparison and practical use. A self-built gas 

machine chamber (GMC) was used to perform these measurements. This uses a program that 

constantly measures the change in the GFET device’s conductivity during changing chamber 

conditions. A labVIEW program was built by Callum Rigby and used to modulate the quad 

voltage source to MFCs and save the data obtained during the measurement from Sourcemeter 

in a PC file. In this measurement, the GFETs device was wired to provide four-sense 

measurement, as presented in Figure 4.7. The four-sensing technique gives more accurate 

measurements by minimizing the impact of lead resistance, as it is commonly used in resistance 

measurements. The device holder has a metal substrate to which the device is adhered and a 

thermal cable to monitor the temperature inside the chamber. The Keithley 2450 Sourcemeter 

was used to record the conductivity as it is able to measure even slight signal changes during 

the interaction of the small gas concentration with the GFETs device. Also, the MKS 600 Series 

Pressure controller and LakeShore 331 Temperature Controller controlled the pressure and 

temperature inside the chamber. An image of GMC was taken after all the equipment was set-

up, as displayed in Figure 4.8. The set-up process is explained below: 

 
Figure 4.6: a) Shows the I-V curve of the graphene channel with a metal electrode. b) the typical transfer curve of the graphene field 
effect transistor. Dirac point on the forward sweep is located at 9 V and at 13 V on the backward sweep. c) the forward/backward sweep 
of the gm as a function of gate voltage. Blue and green circles highlight the gm values for the holes and electrons, which can be substituted 
in equation 4.4. 
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1. The fabricated GFET device is wired to the supported sample holder tray, which has 

three junctions at the end, two used for electrical measurement and a third for thermal 

measurements. 

2. Three lines of MFCs used in this work for Nitrogen (N2), 10 parts per million (ppm), 

Nitrogen dioxide/Nitrogen (NO2/N2), and 10 ppm Ammonia/Nitrogen (NH3/N2). The 

flow rate for each MFCs is 200 sccm. The gas concentration of the NO2 or NH3 is 

reduced by mixing with N2 gas to the desired concentration within the chamber. 

3. The junction box connects the GFET device to the measuring instrument to continuous 

recording of the change in the resistance/current throughout the measurement. 

4. All the gas interaction with GFET device takes place in the chamber. 

5. A valve and pressure sensor connected to the pressure controller are used to modulate 

the pressure inside the chamber to a fixed pressure point. This then regulates the 

pressure by opening/closing the valve to evacuate the excess gas during the test 

measurement. 

6. Two vacuum pumps are used. The first vacuum pump is used to evacuate the chamber 

from all gases until the pressure reaches to 1.5 × 10−3mbar, and then the turbo pump 

is used to reach high vacuum level, which gets below 1 × 10−6mbar. The second 

vacuum pump is used during the gas test measurement to evacuate and carry the excess 

gas out of the chamber. 

 

The GFET device was put under a high vacuum overnight before the measurement started in 

order to remove as much atmospheric gas as possible from the chamber as well as from the 

GFET device itself. The overnight vacuuming of the device and the chamber step is required 

before each measurement of the gas, the device, and the chamber as the GFET device does not 

fully recover after gas exposure. 

The gas interaction with the device was carried in a cycle as follows: 

1. The pressure modulator is set at 799.9 mbar during the measurement. 

2. The sample settles under only in N2 for 600 seconds. 

3. 200 ppb of (NO2 or NH3)/N2 is introduced to fill the chamber for 180 seconds. Using 

NO2 concentration of 1ppm and mixing with N2 in a ratio of 1:5, a concentration of 200 

ppb is achieved, with the help of MFC. 
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4. The chamber was refilled with N2 for 600 second for another cycle to begin again for 

different concentrations. The concentration used in this project for NO2 is 200 ppb to 

1000 ppb, in steps of 200 ppb, and for NH3 is 2 ppm to 10 ppm, in steps of 2 ppm. 

  

 
Figure 4.7:  Shows an image of the GFETs device preparation for the gas sensitivity test. 9. a) represent the GFETs devices wired 
for the measurements, b) thermal cable used to read the temperature inside the chamber, and c) Gaps junction connected to the 
junction box for the measurements. The right represents the enlarged image of the GFETs device. 
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Figure 4.8:  a) Diagram description of the user inputs into the apparatus. All the set up with black arrows most be used while the blue arrows 
are optional.  b) An image of the gas controller chamber. Which show the setup in order from top to bottom, MFCs, the junction box which 
connect the device to the instrument, pressure sensor which gives the reading from the pressure inside the chamber, chamber, the regular 
vacuum  pumps are at the back of the unit, and the turbopump at the bottom. C) Schematic of the LabVIEW setup with measurement 
inputs/outputs and gas control. 
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4.3 Analysis Methods 
 

4.3.1 Atomic Force Microscopy 

Atomic force microscopy (AFM) has been used for characterizing nanomaterials since 1986 

[188, 189]. AFM works by mapping the surface of the sample in X and Y directions. The 

mapping is done by a cantilever, which has a sharp tip mounted at the end to produce the 

measurement, as demonstrated in Figure 4.9 [190]. During the movement on the surface of 

the sample, a laser is reflected by the cantilever which is then collected by the photodiode 

detector. The interaction between the tip and the surface of the material is on an atomic scale, 

while the movement of the cantilever is on a micrometre scale. Information of the 

measurement is collected by a photodiode detector, which converts the reflected laser light 

from the moving cantilever to an electric signal.  When the cantilever is kept at a short 

distance from the surface of the sample during the mapping, such as in contact mode, the 

force between the tip and the sample is repulsive due to the electrostatic forces between the 

tip and the sample [188]. Alternatively, non-contact mode can be used, where the distance 

between the cantilever and the surface of the sample is relatively large, the oscillation of the 

cantilever in this case is disrupted by van der-Waals forces above the surface of the material 

rather than the material itself. Figure 4.10 demonstrates how the force between the tip and 

sample varies with the distance separation between the tip and sample [191]. As seen in this 

figure, the force regimes where contact and noncontact mode is operated are presented.  

The topography measurements of AFM can be measured using three main modes: contact, 

non-contact, and tapping mode.  In contact mode the topography of the surface of the sample 

is measured by the cantilever deflection. Resulting from the force between the tip and the 

sample being electrostatically repulsive. Within contact mode the forces between the tip and 

sample kept constant during the mapping. Variations in the height of the surface of the 

sample cause the cantilever to bend and therefore the laser spot position change on the 

photodiode detector upon cantilever bending. Contact mode mapping measurements provide 

high z resolution, but the large shear force applied by the cantilever is capable of damaging 

the sample or the tip. Also, as the tip in contact mode moves extremely close to the surface, 
opportunities for the sample or recording tip to be contaminated are significant.   
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In non-contact mode the tip is held at distance from the sample where the attractive forces 

regime is effective. In this mode the forces between the tip and sample are low and shear 

forces are not generated. Measuring the surface of the sample through the deflection of the 

cantilever is not applicable to this mode as the repulsive force is low. Instead the 

measurement of the cantilever is dependant on the vibration of the frequency just above to its 

resonant frequency.  The range of frequency is typically from 100 to 400 kHz with distance 

between the samples of 10 to 100 Å. The oscillating cantilever resonance frequency and 

amplitude is decreased as the surface of the sample approached. This is due to the long-range 

force extending along the surface and van der-Waals interactions. These types of forces are 

very low compared to repulsive forces in the contact mode described earlier. The advantage 

of the non-contact mode is that tip has less potential for damage and contamination, and 

therefore a long lifetime. Also, if mapping a soft or delicate sample surface is advantageous 

to use non-contact mode to avoid contamination and damage of the sample as well as the tip. 

The data presented in this project is being collected by using a Park Systems XE-150 AFM. 

The XE-150 was used with non-contact mode to obtained topographic image for the surface 
of the graphene. 

 

 

 
Figure 4.9: Display the force relationship between the tip to sample and distance separation. Adapted from 
reference [190]. 
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4.3.2 Raman Spectroscopy 

Raman spectroscopy is a useful tool to characterise atomic-scale structural and chemica l 

modification of nanomaterials (graphene). It provides information about the material by 

measuring the shift in the scattered photon energy under illumination of monochromatic light.  

Raman is a type of visible light spectroscopy; it relies upon the scattering effect of the re-

emitted photon energy.  

 

 Raman spectroscopy works by sending a beam of monochromatic light (laser) to illumina te 

the sample. Scattering occurs when the light interacts with the material of sample, and the 

energy shift of the scattered photon can provide information on the material. Figure 4.11. is an 

energy level diagram for Raman spectra representation of elastic (Rayleigh) and inelast ic 

scattering. The wavelength of the re-emitted light after the interaction with the sample is the 

same energy as the incident light during elastic scattering, and will shift either up or down for 

Stokes and anti-Stokes during inelastic scattering. The shift occurs due to the incident photon’s 

interaction with the material leading to photons receiving or losing the energy, which results in 

energy shifts down (Stokes) or up (anti-Stokes) for the scattered photons. The change in energy 

is related to the energy of the scattered photons. The intensity of the scattered light relevant to 

the Raman shift is measured by the Raman spectrometer, and described as wavenumbers (cm-

1). The intensity of the scattered light presents the spectrum as a function of the monochromatic 

light wavenumbers. 

 
Figure 4.10: Display the force relationship between the tip to sample and distance separation. Adapted from reference [191]. 
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 Raman spectroscopy is a powerful tool for studying the quality of graphene, as it detects the 

missing Carbon (vacancy defect) within the graphene sheet [192-197]. Also, the absence of the 

band gap in graphene enhances the resonance of the incident photons. Which then provide high 

quality information of Raman spectra about the graphene atomic structure and electronic 

properties [192]. In addition, as single layer graphene is one atom thick, the entire graphene 

layer is measured under illumination [198]. By measuring the different phonon Raman spectra 

features, multiple different types of information can be extracted from the sample. Namely G, 

D, and 2D identify the quality of the graphene. The shape and intensity of G and 2D peaks 

change with the graphene layers [195, 199, 200]. The intensity of the G peak is increased 

relative to 2D with increasing number of graphene layers. On the other hand, the 2D peak is 

very sensitive to the graphene layer as its intensity decreases with the number of the graphene 

layer. The ratio of I2D/IG decreases with increasing numbers of layers. It is at a maximum of, 

typically,1:2, for monolayer graphene [201-203]. Figure 4.12. represents a) the structure of the 

single layer graphene, b) the phonon dispersion relationship calculated of graphene by using 

Born-von Karman model, c) graphene spectra showing the characteristics of D, G, 2D, and Dʹ, 

respectively, and d) the defect activation by impurities for D and Dʹ peaks [200]. All the 

processes for the Raman feature in graphene are presented in Figure 4.12.d. The ID/IG ratio 

changes with the defect percentage of the CVD graphene, as demonstrated in Figure 4.13. The 

D peak is generated from the breathing mode of the hexagonal ring and requires the defect to 

 
Figure 4.11: Demonstrates the three Raman scattering processes of Rayleigh, Stokes, and Anti-Stokes under the light-
material interaction. The upward and downward shift in energy is due to obtaining or losing energy from a phonon to a 
phonon or unsteady state in the material. 
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be activated. Within this study, we approximate the oxygen defect to the point defect, and 

therefore, as the oxygen increases the D peak increases as a result of more defects being 

generated on the graphene. Therefore, the ratio of ID/IG is proportional to the defect. The G 

peak is generated from a single high-frequency phonon from the graphene in a hexagonal ring 

of atoms. Also, the 2D peak is generated from two phonon processes and no defect is needed 

for the activation. The pristine graphene G peak appears at approximately 1580 cm-1 on Raman 

spectra. The defect D peak presents at around 1350 cm-1, and 2D presents at about 2670 cm1   

with a laser excitation wavelength of 532 nm [195, 199, 200].  

Raman spectroscopy confirms the growth quality of the graphene, helps study the effect of the 

polymer on graphene and shows the influence of the SO2/Si substrate on graphene. Raman 

spectroscopy will also be used on graphene after exposing it to an oxidising agent to study the 

amount of defect induced in the graphene. In this project, Raman spectroscopy measurements 

were collected using a Horiba Jobin Yvon HR800 UV. The incident laser power was 4 mW at 

room temperature, the laser excitation wavelength was 532 nm, and the laser beam diameter 

was 0.70 µm. An acquisition time was set to 5 s per measurement for spectra records. The 

 
Figure 4.12: a) Shows a single-layer graphene structure, b) a measured desperation phonon relation, and Raman spectra taken 
from the edge of graphene showing the characteristic D, G, 2D, D̛̛, Raman peaks. d) represent the photon-phonon interactions 
which give most of the spectral peaks on Raman spectroscopy. Adapted from reference [200]. 

 

 



60 
 

Raman signals depend on the excitation wavelength laser as it gets more robust with a shorter 

wavelength. For this reason, the laser citation energy kept similar to the excitation energy used 

in the literature for fair measurement comparisons. 

 

4.3.3 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique, it provides 

information about the chemical elements on the surface of the sample, and details about the 

 
Figure 4.13: Represents ID/IG ratio for CVD graphene, CVD graphene with low oxidation level and CVD graphene with 
higher oxidation as presented on red and blue graphs, respectively. 

 

  
Figure 4.14: Represent a diagram of XPS. 
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chemical bonding between these elements. A diagram of the XPS instrument is presented in 

Figure 4.14 [204]. 

XPS measurement works by sending a monochromatic x-ray to the sample surface. Electrons 

in the sample are excited from their specific bond state and escape from the core levels [205]. 

The energy from the emitted electrons is measured by an electron analyser which then creates 

an intensity of spectrum as a function of energy. The measurement of atom’s energy is 

determined by Equation 4.5: 

𝐸𝐸𝐵𝐵 = 𝐸𝐸𝑃𝑃ℎ − (𝐸𝐸𝐾𝐾 + ∅)                                                        (4.5) 

Where 𝐸𝐸𝐵𝐵  is the binding energy, 𝐸𝐸𝑃𝑃ℎ is the energy of the X-rays used by the spectrum, 𝐸𝐸𝐾𝐾 is 

the kinetic energy of the escaped electron from the sample, and ∅ is the work function of the 

sample. In solids, photoelectrons are only generated at the surface of the sample due to their 

short mean free path close to ~ 4 nm [206].  

XPS has an advantage in revealing information about the entire sample composition of 2D 

materials. Electrons escaping from a different state within the sample will have different 

energies, which allow XPS to determine the sample composition and measure the 

characteristics of just the target layer. XPS has different energy spectrum peaks corresponding 

to a specific element, such as Carbon (C) and Oxygen (O) peaks at 284.6 eV and 532.5 eV 

respectively, as demonstrated in Figure 4.15. Furthermore, the amount of each element present 
in the sample can be determined by the intensity of the peaks.  

 

The measurement of XPS is performed under high vacuum conditions (~10−9 mbar), meaning 

evacuation of the XPS chamber prior to measurements of XPS can take hours. This is important 

to ensure that the escaped electron reaches the electron analyser without any energy loss due 

to collision with atmospheric particles. 

 

In this project, XPS data was collected at the EPSRC National Facility for XPS 

(“HarwellXPS”). The data was collected using monochromatic Al Kα (1486.69 eV), X-rays 

were at 15 mA emission and 12 kV HT (180W). The spot size per analysis area was 700 × 300 

µm. Spectra of the high resolution were conducted using a pass energy of 20 eV, and the 

pressure base was below 5 × 10−8Torr at a room temperature of 294 K. 
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Figure 4.15: Shows the XPS result for the binding energies of Carbon and Oxygen and their intensity which relate to the 
atomic percentage of each element in the sample. 
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Chapter 5 

5 Pristine Graphene Gas Sensors 

In this chapter, the graphene gas sensing device, built based on the graphene field effect 

transistor (GFET). Graphene has been investigated as a gas sensor material due to its ultimate ly 

high surface area to volume ratio [54], low carrier density, and low electrical noise [55, 56, 

207]. Graphene can operate as a sensor at room temperature, which greatly reduces energy 

consumption compared to other key sensing technologies, such as metal oxide gas sensors [57]. 

In addition, graphene has high carrier mobility [207]. The distinctive features of graphene are 

its high surface area to volume ratio and atomic thickness, which means that any physisorbed 

gas molecules on the surface will interact with the entire channel thickness. Additionally, due 

to graphene's low carrier density near its neutral point, any charge interaction with adsorbed 

species should cause a measurable resistance change, even at low gas concentrations [77, 79]. 

This means that graphene should interact and show resistance change with its surrounding 

gases in the ambient.  

However, the growth and transferring process can affect the quality of graphene gas sensors 

[208-210]. There have been many reports [80, 211-214] about the graphene gas sensors with 

low quality, such as lack of obtaining a large area of single-layer graphene, high polymer 

residues, wrinkling, tears, and fold, which results in poor electric mobility and sensitivity [215]. 

Also, graphene gas sensors can sense all the adsorbates on its surface, making it even more 

sensitive to the contamination introduced during the fabrication process [210, 216].  To 

overcome this problem, many ways are used to obtain the large area of graphene layer with 

low defects, such as exfoliation of graphite via mechanical exfoliation, Liquid phase 

exfoliation, epitaxial growth on silicon carbide, and CVD on transition-metal films [71, 120, 

121, 128, 136]. Also, many different transferring processes are used to reduce the amount of 

contamination and wrinkling introduced to graphene during the transferring process using a 

supporting layer, which is polymethylmethacrylate (PMMA) [141, 217], rosin[218], polycyclic 
aromatic hydrocarbon (PAH) [219], paraffin [220], and  nitrocellulose [177]. 

Within this chapter, we will use the best graphene transfer procedure available to us and explore 

sensor response in the context of literature and best practice. The GFETs used within this work 

demonstrate behaviour similar to reported graphene sensors [64, 77-80]. In addition, the GFETs 

response percentage compared to the response in the literature is presented. 
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5.1 GFET Device Cleanliness 

To confirm the quality of the CVD graphene used in this work, multiple chemically sensitive 

spectroscopic techniques are used to evaluate the graphene quality. The samples are prepared 

by transferring CVD grown graphene on copper to Si substrate copped with 295 nm SiO2 as 

described in the Methods Chapter (4.1.2). The techniques used to investigate the 

contamination introduced to the graphene during the transferring process are: scanning 

electron microscope (SEM), atomic force microscope (AFM), Raman spectroscopy, and X-

Ray Photon Spectroscopy (XPS). In addition, electrical transfer curve measurements are used 

to evaluate the doping type on graphene and to calculate the charge-carrier mobility.  

 

5.1.1 Higher Resolution Microscopy and SEM  

Higher Resolution Microscopy and SEM are useful for investigating the graphene quality 

after transferring process. The high resolution microscopy provides a rapid method for 

assessing the general cleanliness and continuity of the graphene film. SEM can also provide 

an image which contains information about the residues, tears, and wrinkling on the 
transferred graphene surface [221].  

In this section, high-resolution microscopy and SEM have been used to evaluate the 

cleanliness of graphene sheet after transferred to SiO2/Si, and to show that the transferred 

graphene has low amount of residues, tears, and wrinkles. SEM operates by sending a beam 

of electrons to the surface of a sample. The electrons will interact with the sample resulting in 

secondary electrons ejected from the sample, which are then collected by a secondary 

electron detector to provide a sample topography.  

 Figure 5.1: a and c) demonstrates the high-resolution microscopic images for the CVD 

graphene after it transfers to (295 nm) SiO2/Si substrate to see if any damage was introduced 

to the graphene sheet during the process with a black, blue, red, and green arrow pointing to 

folding graphene, residues, tear, and multilayer graphene, respectively. The images show that 

the graphene is continuous with full coverage after transfer to SiO2/Si. Residues, tears, and 

wrinkles are visible in the image corresponding to the arrows. In addition, a very low multi-

layer graphene [222, 223] is observed close to the transfer sheet's edge. Figures 5.1: b and d) 

show the same images as Figures 5.1: a and c), respectively, with dark field images to 

visualise the residues of nitrocellulose and dirt on graphene after transfer. Dark field 
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microscopy is able to show residuals by enhancing contrast and selectively detecting 

scattering light caused by residuals. 

 

 

Figures 5.2: a and b) Demonstrate SEM images of graphene after transfer to SiO2/Si with red, 

blue, black, and orange arrow pointing to tears, residuals, fold, and back side graphene, 

respectively. The different thermal expansion coefficients between graphene and copper 

cause the wrinkles presented on the graphene surface during the growth. Also, the residuals 

result from the wet transfer process of graphene onto a SiO2/Si substrate. 

  

 

 

 
Figure 5.1: Images displaying the graphene sheet after being transferred to SiO2/Si substrate, a and c), show the 10 µm area of the middle of the 
graphene sheet and edge of the graphene sheet, respectively, with a black, blue, red, and green arrow pointing to folding, residues, tear, and 
multilayer graphene, respectively. b and d), the same images of a and c) after converting the dark field for residues analysed. 
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5.1.2 AFM 

AFM is useful for characterising the quality and micro-cleanliness of graphene sheets. It 

provides a high-resolution image that can distinguish the single atomic layers on SiO2/Si 

substrate. AFM images also contain information about roughness and morphology.  

Figure 5.3. displays a non-contact AFM scan of a graphene surface after transferral to 

SiO2/Si. The coloured arrows with blue, black, and yellow indicate the residues, wrinkles, 

and dirt, respectively. The image shows the low folding area originates from the CVD 

graphene trasfer process, with low density of residues on the graphene surface. However, 

tears or gaps on graphene only observed at the edge of the graphene sheets indicating the 

continuous graphene layer growth. From the high-resolution microscope, SEM, and AFM 

scans, graphene has some residues resulting from the transferring process and this could lead 

to some doping to the graphene [224, 225]. In addition, the amount of defects on the 

transferred graphene is low compared to reported values [226, 227] indicating that using 

nitrocellulose as supporting layer during the transfer is introducing lower residues than 

PMMA [177]. The amount of wrinkles on the transferred graphene is low, which means that 

the stress on the graphene is low. This should result in the electrical conductance being high, 

which is suitable for electronic transportation on the performance of the graphene-based 

device [228-230].  If a high amount of wrinkles and gaps were observed, this could lead to 

isolating the graphene into isolated islands, which deteriorates the graphene's electronic 

 
Figure 5.2: a and b) Represent the SEM image that has been taken for the graphene sheet after transfer to SiO2/Si with red, blue, black, 
and orange arrow pointing to tears, residuals, fold, and back side graphene, respectively. The transfer handling procedure causes a large 
tear on the bottom right side of Figure a) with a tweezer. 
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transformation [228, 230]. The transferred graphene presented within this work shows lower 

defect density and tears compared to the published literature [221, 231, 232]. 

 

 

5.1.3 Raman Spectroscopy 

Raman spectroscopy is a useful tool to characterise atomic-scale structural and chemical 

modification of graphene. To evaluate the number of graphene layers and defect introduced 

to the graphene, the Raman spectrum is used. It has three major peaks used to characterise the 

graphene quality: G, D, and 2D. The intensity of the G peak is increased relative to the 2D 

peak with an increasing number of graphene layers. In addition, the shape and intensity of G 

and 2D peaks change with the graphene layers [195, 199, 200]. The ratio of IG/I2D can be 

used to estimate the number of layers of graphene [192, 196, 201, 233]. Moreover, the D 

peak is generated from the breathing mode of the hexagonal ring and requires a defect to be 

activated. Also, the intensity ratio of ID/IG is used to evaluate the defect density of the 

graphene [193].  

 
Figure 5.3:  Shows an AFM image of transferred graphene to SiO2/Si substrate with blue, black, and yellow pointed to 
residues, wrinkles, and dirt, respectively. 
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Raman measurements have been taken for all the samples to investigate the quality of 

graphene. G and 2D peaks are visible, and the I2D/IG ratio of 1.97 indicates monolayer 
graphene [201-203]. The defect density (nD) can be calculated using Equation 5.1 [193]. 

𝑛𝑛𝐷𝐷 = 1.8±0.5×1022

𝜆𝜆𝐿𝐿
4 . (𝛿𝛿𝐷𝐷

𝛿𝛿𝐺𝐺
)                                     (5.1) 

Where λL is the wave length of the illuminating laser light, ID, and IG are the intensity of the 

D and G peaks, respectively.  

The amount of impurities on the graphene is very low and cannot be seen, as there is no sign 

of the D peak presented as it is below the noise level on the Raman spectrum, as represented 

in Figure 5.4. The ID/IG ratio is 0.038, which is smaller than the reported ratio values [89, 

234-238] for pristine graphene that ranges between 0.07 to 0.98. This is due to the low 

amount of defects in the graphene sheet. In order to calculate an upper boundary to the 

number of defects density, the peak-to-peak noise amplitude was taken, and the defect 

density of 1.3× 1010𝑐𝑐𝑐𝑐−2  was found. The small defect density of graphene is attributed to 

polymer residues and some oxygen groups. The presence of oxygen groups will be evaluated 
by XPS measurement in the following section. 

  

 
Figure 5.4: Demonstrates the Raman spectra for the graphene where G and 2D peaks are presented at 1580 cm-1 and 2670 cm-1, 
respectively. The laser excitation wavelength is 532 nm. 
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5.1.4 XPS 

As Raman spectroscopy does not provide information about the type of chemical elements 

and bonding between these elements compound, XPS is another technique used to investigate 

the graphene after transfer to Si substrate coated with 295 nm SiO2 and to determine the 

atomic percentage of the C-C bond. XPS data were collected at the EPSRC National Facility 

for XPS (“HarwellXPS”). XPS was acquired using Kratos Axis SUPRA using an X-ray 

source of monochromated Al kα with an energy of 1486.7 eV. The measurements were 

collected with a spot size/analysis area of 700 µm × 300µm using Kratos Axis SUPRA. The 

high-resolution spectra were collected by passing energy of 20 eV with step size and sweep 

time of 0.1 eV and 60s, respectively. All the data were collected at room temperature with a 

pressure set of below 5 × 10−8  Torr. Core-level spectra were recorded around the C1s 

binding energy. This energy was selected as the oxygen groups contamination presence is 

observable due to carbon-oxygen bonding. Figure 5.5. displays the C1s core-level spectra 

collected from the pristine CVD graphene after being transferred using nitrocellulose (NC) to 

SiO2/Si. The graphene samples spectra fitted by Casa XPS Software for carbon-to-carbon 

bonding (C-C), hydroxyl bonding (C-OH), epoxy bonding (C-O-C) and carbonyl bonding 

(C=O) peaks at 284.4 eV, 285 eV, and 286.3 eV, respectively [239]. The atomic percentage 

of C-C for the sample is 70.04%, comparable to the published results [64, 83, 240], which 

have a C-C percentage of 70 to 79%. In addition, the presence of oxygen group on pristine 

graphene from C1s core-level spectra is found to be 17.53% and 12.43% for C-OH or C-O-C 

and C=O, respectively. This is generated by transferring CVD graphene to SiO2/Si, which is 

known to introduce some polymer residues even after cleaning, as shown by the high-

resolution microscope and AFM in the previous section [241, 242].  
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5.1.5 Electric Characterisation 

The electric characterisation of GFETs is used to provide information about the graphene type. 

It also can be used to estimate the charge carrier concentration on the graphene and mobility. 

Also, the residual of the unintentional doping introduced to the graphene during the transferr ing 
process can be calculated using Equation 4.1. 

𝑛𝑛0 = (𝑉𝑉𝑔𝑔−𝑉𝑉𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐).𝐶𝐶𝑜𝑜𝑥𝑥
𝑒𝑒

                                                 (4.1) 

Where 𝑛𝑛0 is the carrier density of the graphene device, 𝑉𝑉𝑔𝑔 is the gate voltage, VDirac is the Dirac 

point voltage, Cox is the capacitance for the dielectric layer per cm2 (11.7 nF cm-2 for 295 nm 
SiO2), and e is the electron charge.          

The fabricated GFET device has 11 channels, and electrical measurements are taken from all 

channels after annealing in a vacuum at 100 ̊C for 1 hour. The FET measurement is taken for 

all the channels in the device, and Figure 5.6. shows the result obtained from the device. The 

 
Figure 5.5: C1s core-level XPS spectrum recorded from graphene on Si substrate coated with 295 nm SiO2. 
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plot shows a typical transfer curve of the graphene field effect transistor. The Dirac point for 

the forward sweep for all the 11 channels ranges between 35-37 V, and for the backward 

sweep range between 61-64V. In addition, the hysteresis between forward sweep and 

backward sweep is due to the electron trapped in water trapped between graphene and 

substrate following the transfer procedure and polymer [186, 243, 244]. Furthermore, the 

result indicates as transferred CVD graphene is p-type as the Dirac point is located at a 

positive voltage. Also, XPS measurement shows oxygen presence on the graphene, which 

may increase the hole concentration in graphene as oxygen will take electrons from graphene 

[70, 81, 85].  The mobility for electron and hole have been calculated for the devices using 

Eq. (4.4). and found to be range between 1258 – 2018 cm2/V.s and 2277- 3487 cm2/V.s, 

respectively, as presented in Table 5.1. Compared with published results for GFET mobility, 

which range from 10.15 𝑡𝑡𝑐𝑐 3000cm2 V.s⁄ , [58, 72, 80, 92, 245] our devices show mobility 

comparable with the upper end of published GFET mobility for similarly processed devices. 

The average electron and hole mobilities for every device vary from device to device within 

this work, as in Table 5.1; this variation is attributed to the quality of the transferred 

graphene. As the presence of residues, wrinkles and tears affect the mobility of graphene, it is 

important to control them in order to obtain high mobility [229, 246, 247]. The growth of 

CVD graphene on copper and transfer technique to SiO2/Si substrate helps reduce the 
wrinkles on graphene and enhance mobility [229, 247]. 

 
Figure 5.6: Shows typical transfer curve of graphene field effect transistor. Dirac point on the forward sweep locate at 35 

V and on the backward sweep at 62V. 
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The GFETs presented within this work show low wrinkles, tears, and residues, as discussed 

in section 5.1.1. These lead to high graphene quality, which preserves graphene's electric 

performance. However, the low amount of residues (nitrocellulose and water trapped under 

the graphene sheet) and the SiO2 substrate still induce some charge doping to the graphene, as 

was determined using Eq 4.1 and found to be  2.18 × 1012 cm−2. In addition, the carbon 

vacancy density in the graphene sheet was determined by Raman measurement and found to 

lie below the minimum detectable value of 1.37 × 1010cm−2. The Raman defect 

measurement and electric measurement show that a small amount of defect of 

1.37 × 1010cm−2 correlates to n0 of 2.18 × 1012 cm−2 . The variation in both measurements 

is due to Raman being only sensitive to certain types of defects that cause changes in a 

vibrational mode in the lattice, such as point defects. In contrast, electric measurement is 

sensitive to all types of defects that affect the electrical properties of the material, including 

defects that Raman does not detect. Also, from the electric measurement, the residual charge 

carrier density is attributed to holes as the Dirac point located at positive voltage [186].  

  

 

 

5.2 NO2 Sensor Characteristics  

The graphene gas sensor device presented in this work based on the field effect transistor 

(GFET). Graphene is atomic thinness [71], low noise [248, 249] and low density of state near 

to the Dirac point [71, 183] which means that any interaction between the graphene and gas 

species through physical adsorption will have a measurable change in resistance response. P-

doped graphene shows an increase in resistance upon exposure to reducing gas species and a 

decrease in resistance upon exposure to oxidising gas species. While for the n-doped 

graphene, the opposite behaviour is expected when electrons become the charge majority 

 

Table 5.1: Represent the average electron and hole mobility for field-effect transistor devices. 

Device Electron field effect mobility  
(cm2/V.s) 

Hole field effect mobility  
(cm2/V.s) 

1 1585 2927 
2 2018 3472 
3 1904 3487 
4 1258 2277 
5 1310 2747 
6 1853 3160 
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carrier. The graphene has a low defect density of impurities, which act as active sites in the 

graphene basal plane, the NO2 gas molecules are expected to be adsorbed on the graphene 

through the physisorption interaction. As discussed in DFT in the previous section, the 

oxidising gas, such as NO2, is strongly doping pristine graphene by – 0.1e as its lowest 

unoccupied molecular orbital (LUMO) position is located below the Dirac point [73]. On the 

other hand, the charge transfer from NH3 to the graphene surface is about 0.03e in the highest 

occupied molecular (HOMO) orbital orientation [73]. We can see from the magnitude of 

these charge exchanges that GFET gas sensors should react more strongly to NO2 than to 

NH3. 

In this work, graphene devices have been investigated for their sensitivity to NO2 gas via 

physisorption. The surface coverage of adsorbed molecules was calculated by fitting the first-

order rate equation to gas-sensing saturation measurements, and to identify the maximum 

resistance change devices reach before saturation at given gas concentrations. This is then 

used to evaluate the number of sensing events the device does upon exposure to different 

NO2 concentrations in a short period of time (3 min) before saturation is reached. The GFETs 

used in this work demonstrate resistance change behaviour upon NO2 exposure compatible 

with published results [60, 69, 77-80, 250, 251]. A comparison of response percentage 

between device sensitivity used within this work and reported values are presented.  In 
addition, the limit of detection for devices and recovery are compared with the literature. 

 

5.2.1 NO2 Saturation Measurement 

A saturation test was performed to study the response behaviour of the device under long-

time (1 h) exposure to NO2 gas. This is then used to estimate how the device can operate in 

cycle events for NO2 detection before reaching saturation. The experiment was carried out at 

room temperature inside the gas chamber. The device was left under a high vacuum overnight 

before the test was performed to remove molecules adsorbed on the graphene surface [25]. 

The gas rate during the measurement was controlled by mass flow controllers (MFCs). The 

change in resistance was recorded by The Keithley 2450 Sourcemeter. The sensitivity of the 

device was investigated by measuring the change in resistance using a four-terminal 

configuration method across the graphene channel during the gas exposure to NO2 and N2. 

The N2 is used in the sensitivity measurement as a reference or baseline gas in the sensitivity 

test for comparison and evaluating the device's response to NO2. The measurements were 

performed by flowing N2 for 10 minutes, followed by 1000 ppb of NO2 follow for 1 h and 
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then N2 for 2 h. During the measurements, the sensing chamber pressure was kept at 799.9 

mbar by the pressure modulator, and Vds was maintained at 10 mV by the sourcemeter across 

the graphene channel. As the device was exposed to NO2 gas in different time steps, the 

response of the device was analysed as the relative change in resistance and can be calculated 
using Equation 5.2 [60]. 

𝑆𝑆 = 𝑅𝑅0−𝑅𝑅𝑔𝑔
𝑅𝑅0

× 100%                                              (5.2) 

Where R0 is the initial resistance and Rg is the resistance after the gas has been introduced.  

Figures 5.7: a) and b) represent the response for the graphene devices D1 and D2 that is 

transferred using NC as a supporting layer to graphene, which is explained in section 2.1.2. 

The resistance of the devices decreases upon exposure to 1000 ppb of NO2 gas for 1 h. As the 

electric measurement shows that the device is initially p-doped, the extracted electron from 

the graphene surface to NO2 molecules increases the hole concentration in the graphene film, 

leading to a decrease in resistance [73].  In addition, the rate of resistance decrease is 

observed during the exposure with respect to time. Only for device D1 saturation was reached 

after 2329s of exposure to 1000 ppb of NO2. While for device D2 the saturation was not 

reached even for 1 h exposure time. The response to NO2 for devices D1 and D2 were 2.2% 

and 2.4%, respectively.  

 

Figure 5.7: a and b) Response of graphene device D1 and  D2 for 1000 ppb of NO2 gas, respectively. Graphene in devices D1 and D2 were 
transferred using NC as a supporting layer. The measurement is done at room temperature with a flow of N2 during the recovery process. 
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During the recovery process, none of the graphene sensors recovered to their initial resistance 

even after more than 2 h with N2 flow. However, when the devices are left under high 

vacuum overnight, the sensors recover to 95% of the initial resistance. The same recovery 

issue for the graphene sensors has been reported within the literature, and was resolved 

variously by illuminating the graphene sensors with an Infra-Red (IR) light source [250, 251], 

or with UV light source [252] to improve the sensor baseline recovery process. Nevertheless, 

both our devices demonstrate slow recovery, lower than those reported in the literature [250-

252]. In addition, some other sensors demonstrated recovery of up to 100 % at room 

temperature in short time [80, 89]. Importantly however, the aforementioned devices reported 

in the literature were measured without a preceding overnight vacuum conditioning step, 

while in our case both devices were under-vacuum overnight before the test was performed. 

The overnight vacuum step resulted in removing all adsorbents from the graphene surface. 

The effect of using vacuum on the devices before the test will be discussed later in section 

5.2.4. 

The rate of the adsorption and desorption of the NO2 gas species on graphene can be calculated 

using Equation 5.3 [253].  

𝜃𝜃 = 𝐾𝐾1
𝐾𝐾2

(1− 𝑒𝑒−𝐾𝐾2𝑡𝑡)                                                               (5.3) 

Where θ is the gas molecule total coverage of the surface on the device relating to 𝐾𝐾1and 𝐾𝐾2. 

𝐾𝐾1 = 𝐾𝐾𝑎𝑎𝑃𝑃𝑔𝑔𝑎𝑎𝑑𝑑                                                                             (5.4) 

and  

𝐾𝐾2 = 𝐾𝐾1 − 𝐾𝐾𝑑𝑑                                                                    (5.5) 

Where 𝐾𝐾𝑎𝑎  [𝑝𝑝𝑝𝑝𝑏𝑏−1𝑐𝑐−1 ]and 𝐾𝐾𝑑𝑑 [ 𝑐𝑐−𝑑𝑑] are the constant of adsorption and desorption, 

respectively. 𝑃𝑃𝑔𝑔𝑎𝑎𝑑𝑑  is the partial pressure of the detecting gas. 

Figures 5.8: a) and b) illustrates the rate equation fitting to the data obtained from devices D1 

and D2. From the fitted data, the  𝐾𝐾1
𝐾𝐾2

 is equal to a and 𝐾𝐾2 is equal to b.  

The equation shows the resistance response during the adsorption of the NO2 gas before the 

saturation is reached, and the exponent can be determined by fitting the equation as 

demonstrated in Figures 5.8: a) and b). The adsorption increases at the beginning of the cycle 

for devices D1 and D2 during exposure at 1000 ppb NO2. From the plotted curves of the 
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resistance, the adsorption Ka and the desorption Kd values can be obtained using Equations 

5.4 and 5.5. For the pristine graphene device D1 the ka and kd found to be 4.316 ×

10−6𝑝𝑝𝑝𝑝𝑏𝑏−1𝑐𝑐−1 and 2.36 × 10−3𝑐𝑐−1, respectively. While for pristine graphene device D2 the 

ka and kd found to be 1.352 × 10−6𝑝𝑝𝑝𝑝𝑏𝑏−1𝑐𝑐−1  and 8.26 × 10−3𝑐𝑐−𝑑𝑑, respectively. Device D1 

shows a higher adsorption rate than device D2. In contrast, device D2 demonstrate a higher 

desorption rate than device D1. However, the adsorption and desorption constant rates of 

NO2 is low on the pristine graphene, and this could be attributed to the low availability of the 

adsorption sites [254]. Using Equation 5.3 allows determining the Ka and Kd constant rates 

for both devices in this work. It could be used with functionalised graphene to study the 
effect of increasing the adsorption sites on graphene sensitivity. 

 

5.2.2 NO2 Repeatability Measurement 

The devices are tested under a repeatable cycle with the same gas concentration to study the 

reliability of the device. Figures 5.9: a) and b) represent the three cycles response of the 

sensors for 1000 ppb of NO2 gas from the pristine graphene. All the sensors' responses 

presented in this work were tested at different times for the repeatability and reproducibility 

of the devices. The sensors were tested for three cycles of response and recovery. The sensors 

were left under vacuum overnight prior to the cycle test to remove all the gas adsorbed on the 

sensor surface prior to testing. After that, the test cycles started with a 600s flow of N2 

followed by 180s of 1000 ppb of NO2 and repeated three times. From Figure 5.7, the 180s 

were chosen based on the saturation measurement, as the sensor response changed 50% of 

 
Figure 5.8: a and b) Show the rate fitting curves for the exposure curves for 1000 ppb of NO2. 
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their final response. The sensitivity of the devices degraded with repeated exposure to NO2. 

This is due to the repeated gas exposure causing the device to reach saturation, which is a 

well-known issue for graphene gas sensors [60]. It was also found that the recovery of the 

devices was very slow under a flow of N2 at room temperature. Therefore, as the sensors have 

to sense events many times, it suggests the need for shorter sensing events, which then will 

resolve the issue of the sensors reaching saturation. Figures 5.9: c) and d) represent the 

resistance response as a function of sequence, which is extracted from the data plotted in 

Figures 5.9: a) and b). As can be seen from the sequence response to 1000 ppb of NO2, the 

sensors are able to respond  multiple times. The change in resistance response was extracted 

for both sensors was found to be about 0.008 for D1 and 0.00175 for D2, both of which are 

below the saturation point as obtained earlier in the saturation test; the maximum change of 

resistance response was 0.022 and 0.024 for sensors D1 and D2, respectively.  For the 

recovery to be achieved the devices were left under a high vacuum overnight to investigate 

the recovery and the resistance of the devices returned to 95% of the initial resistance. 

 
Figure 5.9: a and b) Show the repeatability of the devices for 1000 ppb of NO2 gas exposure on three cycles of 180s each at room 
temperature. During recovery, N2 was purged into the system. c and d) demonstrate the change in resistance response for devices D1 and D2 
as a function of the sequence obtained from Figures a and b.  
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5.2.3 NO2 Cycles Measurement  

Within this section, gas sensors' sensitivity response for short-time events, recovery, and limit 

of detection (LOD) for NO2 are explored. The response time for the sensors should be as 

short as possible for low gas concentrations, as some gases cause an impact on health or the 

environment after only short exposure times. Many researchers have reported pristine 

graphene sensor values for the fast response, sensitivity cycles, and LOD for the pristine 

graphene devices upon exposure to NO2. In 2007, Schedin et al. fabricated a sensor using 

micromechanical cleavage of graphite for detecting NO2 gas molecules at 2000 ppb with a 

response time of 5 minutes [77]. F. Yavari et al. successfully detected NO2 at 100 ppb with a 

response time of 20 minutes at room temperature [79]. However, an improvement needed for 

the graphene sensors is rapid response to sub-ppb gas concentrations. In this work, the 

sensitivity of CVD graphene-based gas-sensor devices for fast response and LOD has been 
enhanced by obtaining high-quality CVD graphene with low residues, wrinkles, and folds. 

To study the behaviour of the pristine devices under changing gas, the devices were exposed 

to 5 different concentrations of 200, 400, 600, 800, and 1000 ppb of NO2. The measurements 

were performed in the home-made gas chamber on 5 cycles for each cycle, and N2 was 

introduced for 10 minutes before and after each NO2 exposure. The exposure for NO2 started 

from 200 ppb of concentration for 3 minutes and then increased in increments of 200 ppb as 

the cycles continued until the NO2 concentration reached 1000 ppb. During these 

measurements, the sensing chamber pressure was maintained at 799.9 mbar by the pressure 

modulator. The potential Vds was maintained at 10 mV across the graphene channel, while 
the change in resistance was measured.  

The device was left under a high vacuum overnight, with pressure below 1 x 10-6 mbar, 

before the test was performed, to remove molecules adsorbed on the graphene surface [25]. 

Figures 5.10: a) and b) shows the response and recovery of the graphene devices for different 

concentrations of NO2 at room temperature. The response of the sensors was increased with 

concentrations of NO2. As the graphene presented in this work is p-doped, NO2 adsorption 

will cause a decrease in resistance as it withdraws an electron from the graphene [255].  As 

can be seen in Figures 5.10: a) and b), the resistance of the device decreases with increasing 

NO2 concentration. This increase in the sensor response with concentration is attributed to 
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more gas molecules being adsorbed on the graphene surface, resulting in an increase in the 

charge transfer between gas molecules and the graphene surface [73, 255].  

The recovery for the devices was very low and did not reach 1% of their baseline resistance, 

which is an issue for these devices. Nevertheless, even though the full recovery was not 

achievable, all sensors' resistance was able to change with subsequent NO2 exposures. In 

addition, from the resistance measurements, the response upon different concentrations and 

the LOD was determined for the devices.  

Figure 5.11. represents the response percentage of two different graphene devices to 200 – 

1000 ppb NO2 measured at room temperature, with black and red lines assigned to devices 1 

and 2, respectively. The response increases linearly with NO2 concentrations. The response 

percentage to NO2 per ppb ranges between 0.00018 and 0.0125% for all tested devices, as 

presented in Table 5.2, which is consistent with the published pristine graphene response 

percentage results (0.00009 - 0.04 %), as shown in Table 2.1 [69, 77-80]. Figure 5.12 

demonstrates the response of the pristine graphene devices presented in this work, compared 

to the response obtained from the literature. Also, for the comparison with the literature, all 

the devices' responses were calculated by taking the percentage change in the response under 

NO2 exposure for 1min and compared with the percentage change for devices in literature 

with the same duration of time. The recovery of our devices was found to be about 1% for the 

devices at room temperature, whilst the published recovery was 70% for NO2 [69, 80]. The 

detection limit for devices D1 and D2 was calculated and found to be 192 and 88 ppb, 

respectively.  

Table 5.2. presents the LOD for all the devices tested within this work, with the lowest 

achieved LOD at 40 ppb. Devices D1, D2 and D5 were transferred using NC as a supporting 

layer, resulting in low residues. While D3, D4, and D6 were transferred using PMMA as a 

supporting layer, resulting in some contamination left on graphene and causing doping. In 

addition, all the devices were measured in our lab except D3, D4, and D6. Which were 

measured in the Universität Der Bundeswehr, München, by Dr. Kanogho Lee.  As the devices 

did not reach saturation, the LOD was estimated using the sensing cycles. This can be 

compared to the literature [69, 256, 257], as the devices can operate in short-sensing events 

many times before saturation is reached. Compared to the low detection limit presented in 

Table 2.1, our devices show detection limits to NO2, close to the LOD of previously 

published results [69, 80]. Devices presented within this work have the ability to show 

responses in short sensing events (3 min) for up to 35 cycles before the response is degraded 
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as the sensors approach saturation. The estimation of the sensing ability was based on the 

change in response resistance from the saturation sensing compared to the change in response 

resistance from cycles sensing events with different gas concentrations.  

  

 
Figure 5.10: a and b) Show the sensor's response for five steps measurements under different concentrations of NO2 at room temperature. The 
change in resistance increase with NO2 concentration. The columns represent the time of exposure to NO2. 

 

 
Figure 5.11: Shows the response percentage for the two devices during exposure to different NO2 concentrations. The 
black and red lines are related to devices 1 and 2, respectively. 
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Figure 5.12: Represents the response percentage versus the recovery percentage for NO2 for the pristine graphene devices 
presented within this work by a blue cross, compared to the pristine devices in the literature as presented by a red cross. 

 

  

 

 

Table 5.2: Represent the LOD and the response percentage for NO2 for all measured devices. 

Device LOD 
(ppb) 

Response to 
NO2 (%) 

D1 192 0.0022 
D2 88 0.0024 
D3 41 0.0028 
D4 40 0.0028 
D5 200 0.0125 
D6 57 0.00018 
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5.2.4 Repeated Device Test after 9 Months 

The device was tested after 9 months to investigate the recovery issue, as the devices 

presented within this project show slow recovery compared to other reported graphene 

sensors [78-80]. In contrast, the LOD for these devices is obtained from short detection time 

events (3 min) and presents LOD consistent with the best-achieved value in the literature [78-

80]. As discussed in section 5.2.3, the devices were vacuum-conditioned overnight before the 

sensing test was performed to remove all the adsorbed molecules on the graphene surface 

from the surrounding environment. However, in the literature, the sensors tested without 

using pre-test vacuum conditions displayed improved sensor recovery. This may be due to 

molecules which remain adsorbed to the surface, that might change the surface energetics for 

the adsorption of the gases molecules and enhance the gas molecule desorption. A recent 

report shows that the contaminant molecules from the ambient air form a self-assembled 

layer on the clean graphene surface [258]. The contamination type on the graphene surface, 

was identified as hydrocarbons,in the form of alkanes. 

In this section, the device was tested again without performing the vacuum pre-condition to 

see if there was any improvement in recovery. The device was stored for 9 months in ambient 

condition before the test. The measurements were performed similarly, as discussed in 

section 5.2.3. Figure 5.13  represents the resistance change for the device after preparation 

using vacuum conditioning before the test and after 9 months without vacuum conditioning 

upon exposure to different NO2 concentrations. The device shows similar sensing behaviour 

during gas exposure steps for both tests. However, the sensitivity was found to have degraded 

slightly after 9 months. However, the recovery was significantly enhanced, compared to the 

initial measurement after the device was prepared. The aged device showed a recovery of 

almost 100%, while the recovery of the device after the initial test was only 1%. The 

enhancement in recovery could be attributed to this recently reported hydrocarbon adlayer 

contamination from the ambient [259, 260], which may strongly influence the desorption of 

the adsorbed gas. In contrast, vacuum conditioning the device removes all the contamination 

on the graphene surface from the ambient air, which leads to the reduced recovery behaviour. 

Figure 5.14 demonstrates the response of the sensors upon exposure to different NO2 

concentrations. The response after 9 months decreased by 80% of the original response. The 

reduction in sensitivity after 9 months could be attributed to the adsorbed hydrocarbon layer 
from the surrounding environment [64].   
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Figure 5.13: Shows both resistance response for the device after prepared and after 9 months which are presented by black and red 
curves, respectively.  The change in resistance increase with NO2 concentration. The columns represent the time of exposure to NO2. 

 

 

 
Figure 5.14: Shows the response percentage for the device before and after 9 months upon exposure to different NO2 
concentrations. The black and red lines are related to device measurements as prepared and after 9 months, respectively. 
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5.3 NH3 Sensor Characteristics  

As discussed in section 5.2, the pristine graphene device show ability to detect NO2 gas. Here 

we are going to study the graphene device sensitivity to NH3 gas. The graphene device is 

initially p-doped which means that the adsorbed reducing gas (NH3) will increase resistance 

[64, 67].  Adsorbed NH3 gas molecules on the graphene surface result in electron charge 

transfers from NH3 to graphene. This leads to an increase in the electron concentration 

[73],which then leads to the depletion of the hole charge carriers, creating a reduction in 

charge carrier density as the material is within a p-type regime, and results in an increase in 

resistance.  

 

5.3.1 NH3 Saturation Measurement 

The saturation measurement has been done to evaluate the adsorption rate for the graphene 

devices and to calculate the resistance response percentage. The devices were tested at room 

temperature under the flow of 10 ppm of NH3 gas while recording the resistance for 1 h. 

After that, the N2 was introduced for 2 h while the resistance was measured to study the 

recovery behaviour. Figures 5.15: a) and b) represent the response for the graphene devices 

D1 and D2 upon exposure to 10 ppm of NH3. The resistance of the devices decreases upon 

exposure to 10 ppm of NH3 gas. In addition, the rate of resistance decreased during the 

exposure with time and did not reach saturation. The response for D1 and D2 per ppb are 

0.000017% and 0.00019%, respectively. As explained, NH3 is an electron donor, and it 

should result in an increase in resistance to the graphene device [64, 67, 73, 92]. However, 

these devices' characteristics show the opposite; instead of their resistance increasing, it 
decreased. This behaviour is not expected, as the graphene is p-doped initially.  

During the recovery process, device D1 showed a recovery of 65% under the N2 flow, and D2 

recovery was hard to estimate as the resistance kept increasing under the N2 flow. However, 

All the devices recovered to 95% of the original resistance after high vacuum conditions 

overnight. Even the devices that showed an increment in resistance returned to the baseline 
after high-vacuumed conditioning.  

From this test, the conclusion is that gas may be contaminated with other gas types. 

Therefore, mass spectrometry was employed in the following section to evaluate and confirm 

whether the test gas was contaminated. 
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5.3.2 Mass Spectrometry 

Mass spectrometry (MS) was carried out to investigate whether the ammonia (NH3) was truly 

ammonia or not. The testing was carried out because the sensitivity test, discussed in the 

previous section 5.3.1, shows the opposite response behaviour to that expected for ammonia 

[77, 80]. MS has the advantage of revealing the mass-to-charge ratio (m/z) for each molecule 

within the sample, and displays different mass spectrum peaks corresponding to specific 

components of the sample. In our sample, the peaks of interest are found to correspond to 

nitrogen (N2), ammonia (NH3), and methanol (CH3OH) at 28 (m/z), 32 (m/z), and 39.6 (m/z), 

respectively, as demonstrated in Figure 5.16. Furthermore, the amount of each component 
within the sample can be determined by the intensity (relative abundance) of the peaks.  

Our MS analysis shows that there are no peaks of m/z that would be expected from a sample 

containing NH3 (17.6, 19.4, 33.6, and 39.600), presented in Figure 5.16 [261, 262], but 

rather,that the gas mixture was N2 and CH3OH. The percentage of the N2 and CH3OH was 

calculated from the relative abundance of m/z peaks and found to be 86% and 8.7%, 

respectively. This is computable with sensitivity results as methanol has a hydroxyl oxygen 

group (OH), which interacts with the p-type doped graphene gas sensors, as an electron 

withdrawing species, thereby causing a decrease in resistance response [263]. From this test, 

we can confirm that the tested gas was not ammonia; it was methanol. 

 
Figure 5.15: a and b) Response of graphene device D1 and D2 for 10 ppm of NH3 gas, respectively. The measurement is done at room temperature 
with a flow of N2 during the recovery process. 
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5.4 GFET Sensing and Field Effect Gating 

Within this section, graphene devices have been fabricated based on the GFETs and sent to 

the Universität Der Bundeswehr, München to be tested for sensitivity for comparison with the 

results obtained in section 5.2.3. All devices have been characterised using Raman 

spectroscopy, XPS, and electric measurements, as discussed in section 5.1. Raman 

measurements show that all the pristine graphene devices have low point defects, as the D 

peak is below the noise level. The XPS test shows the presence of oxygen groups, which 

could be related to water trapped between the graphene film and the substrate, residue from 

the transferring process, and the substrate. In addition, transfer curve measurements show that 

the Dirac point is located at a positive voltage, indicating that graphene is p-doped. When 

compared with published results for GFET mobility which ranges 

from 10.15 𝑡𝑡𝑐𝑐 3000𝑐𝑐𝑐𝑐2 𝑉𝑉. 𝑐𝑐⁄ , [58, 92] our device mobility is found to be close to the highest 

published mobility as presented in Table 5.1. Also, they reported the measurement by varying 
the gate voltage bias; they were able to tune the GFET sensitivity. 

In this work, two types of measurements have been performed to investigate the GFETs' 

sensitivity. First, the devices were tested under gas exposure while monitoring the change in 

resistance before and after gas exposure. The second test is a gate sweep measurement while 

recording the Dirac point shift upon exposure to the gases. 

 

 
Figure 5.16: Shows the mass spectrum result of nitrogen (N2), methanol (CH3OH), and ammonia (NH3) gases. 
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5.4.1 NO2 Cycles Measurement 

The device sensing tests were performed at the Universität Der Bundeswehr, München, by 

Dr. Kanogho Lee. N2 was continuously flowed at 100 sccm in the chamber during the sensing 

test while chamber pressure was maintained at 0.9 mbar. The potential was fixed at Vds = 

5mV while recording the resistance. NO2 was introduced into the chamber in cycles of 5 

minutes on and 5 minutes off. The cycle started by introducing a concentration of 800 ppb 

and then reduced by 100 for each following cycle. In addition, devices were vacuum annealed 

at 100 ̊C for 1 h at a pressure of 9 × 10−6mbar before loading into the chamber, which assits 

with the removal of ambient adsorbates [25, 264, 265].   

As discussed in section 5.1.3, our graphene devices are initially p-doped, and should show a 

decrease in the channel resistance upon NO2 adsorption [73]. Figures 5.17: a) and b) 

demonstrate a plot of devices D3 and D4 response upon exposure to different concentrations 

of NO2. The resistance response changed with NO2 concentration, and the highest response 

was achieved at an exposure of 800 ppb with a relative resistance decrease of 0.014. Both 

devices display the same response behaviour. However, the resistance during the recovery 

keeps increasing even after reaching the baseline resistance. Figure 5.18 represents the 

response percentage and the detection limit of devices D3 and D4. The response increases 

linearly with NO2 concentration. The limit of detection is 41 and 40 ppb for D3 and D4, 

respectively. The response for both devices was 2.3% at 800 ppb of NO2 exposure, as 

presented in Figure 5.18. 

The device's response per ppb discussed in this section exhibits the same response for the 

devices presented in sections 5.2.3 and 5.2.4, which is reported in Table 5.2. The response for 

all devices ranges between 0.0125 and 0.00018%. Devices D3 and D4 show recovery of 

about 95%, while devices D1 and D2 did not show recovery during the measurements.  

However, when tested at Munchen, the devices presented in this section showed no 

sensitivity to NH3 upon exposure to different concentrations ranging from 1 to 10 ppm. 

Additionally, the devices discussed in section 5.3.1 show the opposite response behaviour to 

NH3 as that described within the literature [64, 67, 73, 92]. As mentioned above, this is 

believed to be because the NH3 gas at Newcastle contained other gaseous species. This was  

investigated using mass spectrometry, and it was found that the tested gas was not NH3.  

The devices discussed within this section show higher response than the aged device, which 

is discussed in section 5.2.4. Nevertheless, the recovery for the aged device was higher than 

for devices D3 and D4. In addition, the devices presented in this section show the lowest 

detection limits compared to those presented in the previous section (5.2.3). 
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Figure 5.18: shows the response percentage for the device D3 and D4 upon exposure to different NO2 concentrations. 
The black and red lines are related to device measurements of D3 and D4, respectively. 

 

 

 

 

 

 
Figure 5.17: Shows both resistance response for the devices D3 and D4 which are presented by black and red curves, 

respectively.  The change in resistance increase with NO2 concentration. The columns represent the time of exposure to NO2. 
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5.4.2 Gating Sensitivity Test 

Having successfully demonstrated that the resistance of GFET is sensitive to NO2 and NH3 

exposure, the sensing characteristics of pristine graphene by Dirac point shifts are 

investigated upon gas exposure. Studying the change in graphene FET's electrical properties 

upon the gas's adsorption is usually done by characterising the change in the electric 

resistance of the graphene. Here we will show that the change of the charge carrier density 

and the field effect mobility of graphene can be used to reveal the type of gas adsorbed on 

graphene [149, 266]. For example, the NO2  molecule adsorbed on the GFET can act as a 

dopant by withdrawing partial electron charge per molecule [73], and thus decrease the 

graphene resistance by increasing the hole carrier concentration. Meanwhile, the negatively 

charged NO2 molecule, after withdrawing ~0.1e from graphene, can behave as a spatially 

charged impurity sitting on the surface of pristine graphene, which will act as a scattering 

centre for charge carriers and modify the mobility of GFET [149]. These two affect the 

graphene's electrical resistance and give information about the physiochemical effect of gas 

differentiation [266].  

The mobility of the GFET at room temperature is limited by the charged impurities, which 

act as scattering centres for the charge carriers through the Coulomb effect. When gas species 

are adsorbed on the graphene surface, they become such charged centres, altering the sensor 

channel mobility. This effect can be used to differentiate between different gas molecule 

types [266].  

There are two significant behaviours after a gas molecule adsorbes on the graphene surface 

and becomes charged impurity on graphene. The first one is the Coulomb scattering ; long-

range scattering resulting from graphene's low carrier density. At the same time, the second 

one is the short-range scattering, which results from the graphene's high carrier density. 
Therefore, the number of carriers in the graphene affects the charge impurity behaviour. 

In this work, we will show the ability of the GFET to distinguish between NO2 and NH3 

gases by measuring the change in carrier density of graphene, which is relative to the shift in 

the Dirac point voltage upon gas exposure and the mobility of the GFET which is related to 

conductance as explained in section 4.2.1. All the GFET measurements were carried out at 

room temperature.  
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The sensing charactersitcs of pristine graphene by Dirac point shifts are investgated for 

device D3 and D4. The sensing measuernment were preformed by Dr. Kangho Lee at the 

Universität Der Bundeswehr München. During the measuernment the device was annealed at 

100 C for 1 h in high vacuum down to 2.6 × 10−5mbar and then tested in the vacuum (~800 

mbar) by sweeping the gate from -80V to +80V at Vds = 2 mV. The sensing cycle starts from 

measuerning the conductance versus gate voltage before and after each exposure of the gases 

concentrations. The device was exposed for 30 minutes to the each gas concentration before 

sweeping the gate voltage. From the ploting of the conductance versus the gate voltage, Dirac 

point shift was takeing to calculate the mobility and the carrier density. Each device was 

exposed to NO2 with concentration range from 0.1 to 1 ppm, followed by testing under 

exposure to NH3 with concentration range from 0.5 to 10 ppm. 

 These results demonstrate the pristine CVD graphene sensors' sensitivity toward NO2 and 

NH3 gas. Figures 5.19 a) and b) display the change in conductance versus gate voltage of 

GFETs measurements upon the exposure of different concentrations of  NO2 and NH3, 

respectively. The solid black curve is related to the normal state of the device (before 

exposure to the gas), and the dashed lines are related to the doped states after exposure to the 

gas. NO2 is known to be electron accepter which will take an electron from the graphene, 

leading to increase the hole density and therfore the Dirac point shifts toward positive voltage 

as ∆𝑉𝑉𝑔𝑔 ,𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷(𝑡𝑡)/∆𝑡𝑡 > 0 as shown in Figure 5.19.a. The Dirac point shifts to more positve as 

the concentration of the NO2 increases from 0.10 ppm to 1ppm. On the other hand, NH3 is 

electron donor which will donate electron to the graphene leading to increase of the electron 

density and that result on the Dirac point shifts toward nigative voltage as ∆𝑉𝑉𝑔𝑔,𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷(𝑡𝑡)/∆𝑡𝑡 <

0 as in Figure 5.19.b) as the concentration of NH3 increases from 1ppm to 10ppm, the Direc 

point shifts to more negative voltage. 

Figure 5.19 c) represents the change in the carrier charge density upon exposure to a different 

concentration of  NO2. The carrier charge density increases linearly for the smaller 

concentration of NO2. This is attributed to the number of available sites for adsorption on 

graphene. As the concentration of NO2 increases, the linearity disappears. The graphene is 

initially p-doped, and the adsorption of NO2 will increase the hole density in the graphene as 

the concentration of NO2 increases leading to more hole creation in graphene. This then leads 

to increasing the surface coverage of the sensor toward the saturation with increasing 

concentration of NO2. Figure 5.19 d) shows the change in the carrier density with exposure to 

different concentrations of NH3. The adsorption of NH3 on the graphene increases the 
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electron density, which depletes the hole density. Therefore, the overall charge carrier density 

decreases as more electrons are donated to graphene by NH3. The change in charge carrier 

density with increasing NH3 follows the oppsite behaviour described for NO2. The charge 

carrier density is estimated using Eq.(4.1). In this work, Vg Dirac was calculated from the 
electric measurements for each gas concentration. 

 

Figures 5.20 a) and b) represent the calculated Dirac point shift upon exposure to different 

concentrations of NO2 and NH3, respectively. As can be seen, the shift in Dirac point was 

observed to be increased toward high positive voltage with NO2 concentration. While for 

NH3, the Dirac point shift is observed to increase with NH3 concentration toward negative 

voltage. Figure 5.20 c) shows the resistance response for the devices decreased with exposure 

to NO2 until a concentration of 0.5 ppm, and then the change was very slow due to the device 

reaching saturation. The devices are initially p-doped, meaning if the oxidising gas (NO2) is 

 
Figure 5.19: a and b) Demonstrate the conductance vs gate voltage under different concentration of NO2 and NH3, respectively. c) the carrier 
charge density increase with NO2 adsorption, and d) the carrier charge density decrease with NH3 adsorption. 

 



92 
 

adsorbed on the graphene surface, electrons will transfer to NO2, increasing hole 

concentration density. Which then results in a decrease in the graphene resistance [58, 80, 

267]. However, the adsorption of reducing gas (NH3) leads to electron transfer to graphene, 

which increases the electron concentration on graphene and reduces holes [58, 92, 267]. 
Therefore, this results in a resistance increase, as demonstrated in Figure 5.20.d. 

 

From the electric measuernment we can calculate the long range scattering limited mobility 

from the field effect mobility 𝜇𝜇𝑒𝑒 ℎ,𝐷𝐷⁄ = 𝜇𝜇𝑒𝑒 ℎ⁄ (𝑉𝑉𝑔𝑔) where Vg is choosen to be at the Dirac point 

and from this we can drive the range of the scattering mobility for hole and electron [266]. 

The scattering regime for the scattering potential goes to the short regime when the applied 

gate voltage is away from the Dirac point. Also, the maximum change in carrier density after 

the Dirac point shifted in the two cases upon exposure to 1 ppm of NO2 and 10 ppm of NH3 

can be computed as 2.74 × 1013  and 1.63 × 1013𝑐𝑐𝑐𝑐−2, respectivly 

 
Figure 5.20: a and b) Demonstrate the Dirac point shift vs gas concentration of  NO2 and NH3, respectively. a and c) the resistance 
response upon NO2 and NH3 adsorption, respectively. 
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Figures 5.21 a) and c) demonstrates the inverse of calculated real-time from the field effect 

mobility upon exposure to NO2 and NH3 versus the Dirac point voltage for electron and hole 

regimes, respectively. Each data point obtained from GFET gas exposure time measurement 

shows the exact time exposure for a particular gas. The measurement did not show the 

linearity dependence between the inverse of mobility and the Dirac point, as expected. This is 

because of the noise in the testing system and measurement errors. Therefore, a summation of 

the inverse mobility and the Dirac point is taken to improve the linearity dependence. Figures 

5.21 b) and d) represent the summation results, which have linearity dependence better than 

the presented in Figures 5.20 a) and c). In addition, the linear factor for real-time gas 
exposure is different between NO2 and NH3 gases. 

 

 

 
Figure 5.21: a and c) Represent the linear factor calculated from inverse of mobility versus gate voltage. b and d) the summation of the linear factor  
versus the summation of gate voltage. 
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The linear fitting for each gas exposure is done on the data presented in Figures 5.4 b) and d). 

Table 5.3. shows the data obtained from the linear fitting and the norm of residuals for NO2 

and NH3. The norm of residuals for NO2 in the hole regime is larger than the residuals in the 

other regime, and this is due to the hole increases with NO2 adsorption. Meanwhile, the 

electron residuals are larger than other regimes due to the electron donation to the graphene 

by NH3 gas. Therefore, characterising the linear factor from the real time-measurements of 
GFET measurements can be used to differentiate between different types of gas.   

Table 5.3: Represent the data obtained from the linear factor fitting. 

Gas Hole Regime 
× 10−6(cm2/V.s)-1  
(norm of residuals) 

Electron Regime 
× 10−6(cm2/V.s)-1  
(norm of residuals) 

NO2 -5.35 (0.0025) -3.95 (0.0018) 
NH3 1.04 (0.00036) 2.51 (0.00074) 
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Chapter 6 

6 Functionalised Graphene Gas Sensors 

The aim of this chapter is to introduce sensing specificity and improve the sensitivity of the 

graphene sensors introduced in Chapter 5. Many different methods to achieve this aim have 

been explored within the literature (see chapter 2); to achieve high sensitivity, recovery, and 

selectivity in a simple way, we have chosen to introduce a low concentration of oxygen-based 

defect into the pristine CVD graphene lattice via a chemical method. 

Oxygen groups on graphene (C-OH, C-O, C=O) have high bonding energies which are more 

favourable for gas adsorption than the low bonding energy of pristine graphene (C-C) [67, 

69]. Oxidising graphene has been investigated widely for improving the sensitivity, recovery 

and the selectivity [64, 69]. In 2015, Y. R. Choi et al. demonstrated a high sensitivity of GO 

sensors to 550 ppb for NO2 at room temperature [64]. The enhancement in sensitivity is due 

to the increased bonding strength for oxygen groups, causing larger electron transfer from 

adsorbates. In graphene oxide, the high-oxygen concentration on graphene provides bonding 

sites with higher energy, which increases the chemisorption of the adsorbates, leading to low 

recovery for the device. Therefore, reducing oxygen concentration on graphene should 

provide high bonding-energy sites without sacrificing too much recovery behaviour. For 

example, G. Lu et al. reported high sensitivity of reduced graphene oxide (rGO) sensors to 

400 ppb for NO2 at room temperature [81]. The enhancement over GO is attributed to the 

removing some functional oxygen groups, which increases electrical mobility. Oxidising 

CVD graphene by the chemical method has been investigated recently, and it found that the 
amount of introduced oxygen can be controlled during the oxidation process [68]. 

This chapter shows that the controlled oxidisation of CVD graphene via chemical methods 

demonstrates high sensitivity compared to the pristine graphene device. The optimal level of 

oxidation for achieving high sensitivity was found to be 60 minutes of exposure to 3.6 mol 

sulphuric acid (H2SO4). The mechanisms for gas sensing behaviour are investigated based on 

physisorption and chemisorption. The GFETs used within this work demonstrate behaviour 

similar to reported graphene sensors [64, 65, 69, 70, 84, 85, 89]. In addition, the GFETs 

response percentage compared to the response within the literature is presented and is found to 

be comparable, improved. 
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6.1 Functionalised GFET Device 

To confirm the oxidation of the CVD graphene used in this work, multiple chemically 

sensitive spectroscopic techniques are used to evaluate the oxidation percentage of graphene. 

The samples are prepared by transferring graphene grown on copper via CVD, to a Si 

substrate copped with 295 nm SiO2, as described in the previous section. Then oxygen groups 

are introduced to CVD graphene by immersing in 3.6 mol of H2SO4 for different durations of 

time (30, 60, 90, and 120 minutes), and after each time of oxidation, the device is 

characterised. The techniques used to investigate the oxygen groups that are introduced to the 

graphene after the oxidation process are Raman spectroscopy and X-Ray Photon 

Spectroscopy (XPS). In addition, transfer curve measurements are used to evaluate the 

graphene's doping type, and calculate the mobility before and after each oxidation step. 

Furthermore, the transfer curve measurement, plus Raman and XPS, determine the number of 

defects, the introduction of carriers and the chemical configuration of defects before and after 

each oxidation step. 

 

6.1.1 High Resolution Microscope  

In this section, a high-resolution microscope has been used to evaluate the damage introduced 

to the graphene sheet after oxidation. Figure 6.1) demonstrate the high-resolution 

microscopic images for the CVD graphene a) before and b) after being immersed in 3.6 mol 

of H2SO4 for 120 minutes with a black, blue, red, and green arrow pointing to folding 

graphene, residues, tear, and multilayer graphene, respectively. The amount of dirt and 

polymer residues reduced after oxidation, as seen in Figure 6.1 c). The residues estimation 

before and after oxidation was done by taking the residues ratio to the clean area from the 

dark field images in Figures 6.1: b) and d). The percentage coverage of the dirt and residues 

was estimated from the high-resolution microscope images and found to be 0.204% for 

pristine graphene and 0.024% for oxidised graphene. This reduction is attributed to the acid 

removal of dirt and residues from graphene surface [70, 268]. Figure 6.1:c) shows no obvious 

optically visible damage caused to the graphene sheet after oxidation. Small areas of 

multilayer (2,3 and 4 layers) graphene are visible, which is expected from CVD graphene 

growth. The lack of observable gaps within the graphene film indicate full graphene coverage 

and homogeneous transfer of the CVD graphene film. Figures 6.1: b and d) shows the same 

images as Figures 6.1: a and c), with dark field images to visualise the residues of 

nitrocellulose and dirt on graphene before and after oxidation. The remaining particles are 
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identified as rolled-up backside graphene, which adhered themselves to the graphene film 

during transfer. 

 

  

 
Figure 6.1: Images displaying the graphene sheet before a) and after being immersed in 3.6 mol of sulphuric acid (H2SO4) for 120 minutes c). a and c) 
show the 10 µm area of the graphene sheet with a black, blue, red, and green arrow pointing to folding, residues, tear, and multilayer graphene, 
respectively. b and d) the same image after converting to the dark field for residue analysing. 
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6.1.2 Raman Spectroscopy  

Raman spectroscopy is a useful tool to characterise atomic-scale structural and chemical 

modification of graphene. To evaluate the number of graphene layers and defects introduced 

(oxygen groups) after the oxidation process, the Raman spectrum is used. It has three major 

peaks used to study the graphene quality: G, D, and 2D. The intensity of the G peak is 

increased relative to 2D with an increasing number of graphene layers. Also, the shape and 

intensity of G and 2D peaks change with the graphene layers and strain [195, 199, 200]. The 

ratio of IG/I2D can be used to estimate the number of layers of graphene [192, 196, 201, 

233].The D peak is generated from the breathing mode of the hexagonal ring and requires a 

defect to be activated, meaning that the intensity ratio of ID/IG can be used to evaluate the 
defect density of the graphene [193]. 

Raman spectroscopy measurements were collected using a Horiba Jobin Yvon HR800. The 

incident laser power was 4 mW at room temperature, and the laser beam diameter was 0.70 

µm. An acquisition time was set to 5 s per measurement for spectral windows. For each 

oxidation step, Raman measurements have been taken for devices to evaluate the defect 

(oxygen groups) introduced to the graphene. Raman spectra are presented in Figure 6.2.a) for 

all peaks G, D, and 2D. Both G and 2D peaks are visible for all oxidation steps. In addition, 

the I2D/IG ratio for the pristine graphene is 1.97, which indicates monolayer graphene [201-

203].  Figure 6.2.b) demonstrates the D peak region, which indicate no observable D peak for 

pristine graphene while a D-peak can be observed for all the oxidised graphene samples. The 

D peak intensity increases as the time of exposure to H2SO4 increases. This is due to the oxygen 

covalent bond and substitution of a carbon atom by oxygen atom in to the graphene lattice. In 

Figure 6.3.a), a linear increase of ID/IG with exposure time is observed, until a critical point, 

which lies between 90 and 120 minutes. At that point, the D/G ratio increases substantia l ly. 

Either this is due to increased reaction beyond a certain point, or too much graphene damage. 

Therefore loss of graphene rings and G-peak intensity. The change in ID/IG ratio after exposure 

to H2SO4 for 0, 30, 60, 90, and 120 minutes increased by 0.038, 0.058, 0.085, 0.1, and 0.26, 

respectively. In the literature [68, 269, 270], the ID/IG ratio for GO ranges between 0.11 to 2.5, 

consistent with the ratio detected within this project. The concentration of introduced oxygen 

groups has been estimated by calculating defect density using Equation 5.1 and plotted in 

Figure 6.3.b. The calculated result suggests that more defects (oxygen groups) are formed on 

the graphene with increasing exposure to H2SO4. It is calculated that the defect density of 
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pristine graphene, at the very most, is 1.3× 1010𝑐𝑐𝑐𝑐−2  (D-peak intensity is below the 

measurable limit) increases to 6.1× 1010𝑐𝑐𝑐𝑐−2 for highly oxidised graphene, with 120 minutes 

of oxidation. The increase in the defect density is attributed to the increase in oxygen groups 

concentration (C-OH, C-O-C, and C=O) [271, 272]. The oxidation recipe presented within this 

work is controllable and repeatable by controlling the time of exposure to H2SO4, as all the 

oxides samples show comparable defect densities (oxygen groups) introduced across samples 

as indicated by Raman defect density calculation. 

 

  

 
Figure 6.2: a) Raman spectra taken from CVD graphene before and after oxidation for 0, 30, 60, 90, and 120 as indicated by black, red, blue, green, 
and grey spectra, respectively. b) magnified view of the D peak before and after oxidation. 
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6.1.3 XPS  

As the Raman spectroscopy measurements indicated, the formation of defects in the graphene 

lattice after oxidation does not provide information about the type of chemical elements, and 

the bonding between these elements and compounds. XPS is used to determine the atomic 

percentage before and after the oxidation for the C-C bond, C-OH bound, and C-O-C bond on 
graphene. 

XPS data was collected at the EPSRC National Facility for XPS (“HarwellXPS”). XPS was 

acquired using Kratos Axis SUPRA using an X-ray source of monochromated Al kα with an 

energy of 1486.7 eV. The measurements were collected with a spot size/analysis area of 700 

µm × 300µm using Kratos Axis SUPRA. The high-resolution spectra were collected by 

passing energy of 20 eV with step size and sweep time of 0.1 eV and 60s, respectively. 

Figure 6.4. Shows all the data were collected at room temperature with a pressure set of 

below 5 × 10−8 Torr. Core-level spectra was recorded around the C1s binding energy. This 

energy was selected as the oxygen groups contamination presence is observable due to 

carbon-oxygen bonding.  

Figure 6.4: displays the C1s core-level spectra collected from the pristine CVD graphene 

after transferred using NC to SiO2/Si. Casa XPS Software is used to fit the graphene XPS 

 
Figure 6.3: a) Demonstrate the intensity ratio ID/IG as the function of time of exposure H2SO4. b) The calculated defect density as the function 

of the time of exposure. Both intensity ration and defect intensity increases linearly with time of oxidation. 
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spectra for carbon-to-carbon bonding (C-C), hydroxyl bonding (C-OH), epoxy bonding (C-O-

C) and carbonyl bonding (C=O), with peaks at 284.4 eV, 285 eV, and 286.3 eV, respectively. 

The atomic percentage of C-C for the sample is 70.04 %. In addition, the presence of oxygen 

group on pristine graphene from C1s core-level spectra is thought to be related to the polymer 
residues containing C-C and C-O groups.  

Figure 6.5.a) represents the C1s core-level spectra for graphene sample oxidise for 30 

minutes in H2SO4, whilst Figure 6.5. b) demonstrates the C1s core-level spectra for graphene 

sample oxidised for 120 minutes. The C-C peak is observed to decrease in intensity for both 

oxidised samples, when compared with the pristine graphene spectrum, whilst the intensity of 

the C-OH and C=O intensities increase. This indicates that the atomic percentages for C-OH 

and C=O increases as the oxidation time increase whilst the percentage of C-C bonding 

decreases. The atomic percentage of C-C after oxidation decreases after 30 and 120 minutes 

of oxidation to 60.47% and 49.63%, respectively, as presented in Figure 6.6. Also, the atomic 

percentages of C-OH increase with oxidation from 26.36% to 43.26%, respectively. In 

contrast, the percentage of C=O decreased from 12.43% for pristine graphene to 7.11% after 

120 minutes of oxidation, and this could be because the C=O signal originated from the 

transfer residues in that case. Overall, the oxygen group percentage increases with oxidation 

time from 30% for pristine CVD graphene to 50% for highly oxidised CVD graphene by 

H2SO4. While the carbon-to-carbon bonding decreased from 70% to 50% as the oxidation 

time in sulphuric acid increased. XPS measurements show a large increment in oxygen 

groups of C-OH with oxidation time. The percentage of introduced oxygen groups (C-OH) on 

graphene is comparable to XPS results published for GO and reduced GO [64, 89, 90], which 

range between 11.29 to 35%.  XPS measurement confirmed the formation of the oxygen 

groups on the graphene, suggesting that the Raman defect density measurements can be used 

to indirectly determine the amount of oxidation of the graphene sheet.    
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Figure 6.4: Demonstrates C1s core-level XPS spectrum collected from pristine CVD graphene. 

 

 
Figure 6.5: Demonstrates C1s core-level XPS spectrum collected from oxidised CVD graphene. a) oxidised sample for 30 min in H2SO4 and b) 
oxidised sample for 120 min in H2SO4. 
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6.1.4 Electric Measurements for Functionalised Graphene FET (GFET) 

The electric characterisation of GFETs is used to provide information about the graphene 

doping before and after the oxidation. It also used to estimate the charge carrier concentration 

of the graphene and the mobility before and after each oxidation step. Additionally, the 

residual of the charge carrier density introduced to the graphene during the oxidation process 

can be calculated using Equation 4.1. 

𝑛𝑛0 = (𝑉𝑉𝑔𝑔−𝑉𝑉𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐).𝐶𝐶𝑜𝑜𝑥𝑥
𝑒𝑒

                                                 (4.1) 

Where n0 is the carrier density of the graphene device, 𝑉𝑉𝑔𝑔 is the gate voltage, VDirac is the 

Dirac point voltage, Cox is the capacitance for the dielectric layer per cm2 (11.7 nF cm-2 for 

295 nm SiO2), and e is the electron charge.  

The fabricated GFET devices have 11 channels, and electrical measurements are taken from 

all channels for pristine devices and after each oxidation step. Figure 6.7.a) shows the result 

obtained from one measured device before and after each oxidation step. The plot shows a 

typical transfer curve of the graphene field effect transistor before and after exposure to the 

H2SO4 for 30, 60, 90, and 120 minutes, respectively. The solid black curve is related to the 

 
Figure 6.6: Shows the atomic percentage of carbon-to-carbon bonding (C-C), carbon-to-hydroxyl or epoxy 
oxygen bonding (C-OH, C-O), and carbon-to-carbonyl bonding (C=O) plotted versus the oxidation time. 
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pristine graphene device (before oxidation), and the dashed lines are related to the doped 

graphene after the oxidation. The Dirac point for the pristine graphene is located at 4 V which 

indicates that the graphene device is initially p-doped. This initial doping assigned to the 

polymer residue and water molecules trapped between the graphene sheet and the substrate 

[186, 243, 244]. Upon exposure to H2SO4, the Dirac point was observed to shift towards a 

more positive voltage, and the shift increased with the time of exposure. The Dirac point 

shifted after exposure to H2SO4 for 0, 30, 60, 90, and 120 minutes to 4, 9, 10.5, 13.8, and 

14V, respectively. The result indicates that H2SO4 is doping graphene with holes [244]. This 

agrees with the XPS measurements indicating that H2SO4 introduces oxygen groups to 

graphene, and the concentration of oxygen groups increases as the exposure time increases to 

H2SO4. Therefore, hole concentration in graphene increases as oxygen increases, resulting in 

larger electron transfer from the graphene lattice to the oxygen groups [70, 81, 85]. Electrons 

and holes mobility were calculated by Eq (4.4) for the devices before exposure to the H2SO4, 

and the average holes and electron mobility are displayed in Figure 6.7.b), which is consistent 

with reported GFET mobility [58, 72, 80, 92, 245].  After the device exposure to H2SO4 for 

the different durations of time, the electrons and holes mobility calculated for each time 

duration for all 11 channels and the average result is plotted in Figure 6.7.b). From Figure 

6.7.b) both electrons and holes mobility decrease with increasing the time of exposure to the 

H2SO4 resulting from the increased defect density scattering. Also, as the time of exposure to 

H2SO4 increases, the carrier charge density increases as in Figure 6.8. This increase is due to 

the charge impurities induced to graphene by oxygen groups. The average hole concentration 

was calculated using Eq 4.1 for the pristine graphene and found to be 2.2× 1012cm-2. Also, 

for 30, 60, 90, and 120 minutes of oxidation, the average charge impurities are 4.81, 5.5, 

7.22, and 7.74× 1012cm-2, respectively. The doping densities calculated from the devices are 

similar to the published graphene devices on SiO2 substrate [186, 273-275].   

The oxidation process presented in this work shows an increase in the defect density and 

charge residual carrier (oxygen groups) with oxidation on the graphene sheet, as calculated 

from Raman measurements and electric measurements presented in Table 6.1. The defect 

density is increases as the time of oxidation increases, resulting in a greater concentration of 

oxygen groups being introduced to graphene. Therefore, the charge residual increases as the 

oxygen concentration increase on the graphene as presented in Table 6.1. As can be seen, for 

60 minutes of oxidation, Raman-measured defects nD = 2.52 × 1010cm−2 correlates to n0 of 

5.5 × 1012cm−2  charged residues. These results show that Raman defect quantification 
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possibly underestimates the number of defects. This is because the equation used was 

determined for use with native point defects.  

 

 

 
Figure 6.7: a)  Shows the Dirac point shifted toward positive voltage as the time of exposure to the H2SO4 increases. Dirac point before exposure to 
the H2SO4 located at 4 V. After 30, 60, 90, and 120 minutes of exposure to the H2SO4, Dirac point shifted to 9, 1, 13.8, and 14 V respectively. b) 
shows both holes and electrons mobility as a function of time of exposure. 

 

 

 

 

Figure 6.8: Shows the carrier charge density increase with increasing the exposure time to H2SO4. 
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6.2 NO2 Functionalised Sensor Characteristics  

The graphene gas sensor devices presented in this work are based on the graphene field effect 

transistor (GFET). Graphene has atomic thinness [71], low electrical noise [248, 249] and a 

small density of states close to the Dirac point [71, 183] which means that any interaction 

between the graphene and gas species through physical adsorption will have a measurable 

change in resistance response. Graphene has been used as a gas sensor and shows sensitivity 

to both oxidising and reducing gases [72, 77, 79]. Pristine graphene has a low density of 

defects, which act as active sites in the graphene basal plane for the gas adsorption [64, 69]. 

As a result, pristine graphene does not favour gas adsorption as it has fewer chemically active 

sites, meaning that any sensing is predominantly due to physisorption interactions between 

gases and graphene sensors [64, 69]. Therefore, variations on pristine graphene gas sensors 

have been introduced to increase graphene-gas interactions. Introducing oxygen groups on 

CVD graphene (CVD GO) has been widely investigated to improve sensitivity and selectivity 
[68, 69, 87-90]. 

In this work, graphene oxide devices have been investigated for their sensitivity to NO2 gas 

via physisorption and chemisorption by studying the response behaviour, which follows two 

regimes of fast and slow response, due to the physisorption and chemisorption, respectively 

[276]. The saturation measurement was performed to identify the maximum resistance 

change devices reach before saturation and detection limit. This is then used to evaluate the 

number of sensing events the device can achieve upon exposure to different NO2 

concentrations in a short period of time (3 min) before saturation is reached. The CVD GO 

devices used within this work demonstrate behaviour compatible with published results [69, 

Table 6.1: Represent the average Raman defect and charge residual carrier before and after each oxidation step for 
field-effect transistor devices. 

Oxidation 
(min) 

Defect density 
(nD) 

(× 1010 𝑐𝑐𝑐𝑐−2) 

Residual carrier density 
(n0) 

(× 1012 𝑐𝑐𝑐𝑐−2) 
0 1.3 2.2 
30 1.65 4.8 
60 2.52 5.5 
90 3.09 7.2 
120 6.07 7.7 
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70, 84, 85, 87-89]. A comparison of response percentage between device sensitivity used 

within this work and reported values are presented.  In addition, the detection limit of devices 
(LOD) and recovery are compared with the literature. 

 

6.2.1 NO2 Saturation Measurement 

A saturation test was performed to study the response behaviour of the device before and 

after each oxidation step under long-time (1 h) exposure to NO2 gas. This is then used to 

estimate how the device can operate in cyclic events for NO2 detection before reaching 

saturation, which is then used to estimate the best oxidation time for obtaining a high device 

response.  

The device's oxidation was done in steps, and sensitivity measurements were performed after 

each oxidation step. The oxidation of the device was done by immersing the graphene sensors 

in H2SO4 in four steps of 30, 60, 90, and 120 minutes. At the same time, the sensitivity 

measurement was carried out at room temperature inside the gas chamber before and after 

each oxidation step. The device was left under a high vacuum overnight before the test was 

performed to remove molecules adsorbed on the graphene surface [25]. The gas rate during 

the measurement was controlled by mass flow controllers (MFCs). The change in resistance 

was recorded by a Keithley 2450 Sourcemeter. The sensitivity of the device was investigated 

by measuring the change in resistance, using a four-terminal configuration method across the 

graphene channel during the gas exposure to NO2 and N2. The measurements were performed 

by flowing N2 for 10 minutes, followed by 1000 ppb of NO2 follow for 1 h and then N2 for 2 

h. During the measurements, the sensing chamber pressure was kept at 799.9 mbar by the 

pressure modulator, and Vds was maintained at 10 mV across the graphene channel. As the 

device was exposed to NO2 gas in different time steps, the response of the device was 

analysed as the relative change in resistance and calculated using Equation 5.2. 
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Figures 6.9: a) and b) represent the response (sensitivity) for the graphene devices D1 and D2 

exposed to 1000 ppb of NO2 gas for 1h and left to recover under N2 flow for 2 h before and 

after each oxidation time while the change in resistance recorded. The pristine device results 

were discussed in section 5.2.1.  As presented on Figure 6.9, the response of the device upon 

exposure to 1 ppm NO2 increases more as the oxidation time increases up to 60 min and then 

decreases as the oxidation time increases to 120 min for all the devices. The black, red, blue, 

green, and grey curves represent the response for devices after 0, 30, 60, 90, and 120 min of 

oxidation, respectively. Saturation changes with oxidation and is not even reached after 1h of 

exposure time to NO2. This is attributed to the increases in the interaction between the gas 

molecules and oxygen groups on the graphene surface [164]. However, the oxidation first 

removed polymer residue reduces the conductivity and therefore reduces the response after 

the first step of oxidation for 30 min. After that, oxidation rapidly improves the response by 

introducing oxygen sites. This leads to two response rates in the saturation curves: the first 

rate represents the fast change in resistance response upon the NO2 exposure, and the second 

is the slow change in resistance response, as seen in Figure 6.9, which is consistent with the 

reported results [164, 276]. The fast rate of response is attributed to the NO+ molecular 

adsorption on C-C low binding energy sites, while the slow rate response to the high-energy 

binding sites (C-OH, C=O)[164]. For the fast rate response, the change in response for the 

device reaches 50% of the total change in response after 13min, while the other 50% of the 

 
Figure 6.9: a and b) Response of graphene device D1 and  D2 for 1000 ppb of NO2 gas before and after each oxidation step, respectively. 
The black, red, blue, green, and grey curves represent the response result optioned from device after 0, 30, 60, 90, and 120 minutes of 
oxidation, respectively. The measurement is done at room temperature with a flow of N2 during the recovery process. 
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response change takes 47min to be reached in the slow response regime. Furthermore, 

beyond a certain threshold, the interaction of oxygen groups is more damaging to the 

transport than beneficial to the sensing, and the response goes down as the oxidation time 

increases from 60 to 120min, as presented in Figures 6.9. a) and b) and is consistent with 

reported GO sensors' behaviour [64, 67, 276, 277]. The maximum change in response to NO2 

was observed for the sensors that oxidised for 60 minutes which ranged between 5.5% and 

9%. This is a 100% improvement in response compared to the pristine graphene devices 
(2.2% and 2.4%). 

During the recovery process, all the graphene sensors before and after the oxidation did not 

recover to the initial resistance even after more than 2 h with N2 flow. However, when the 

devices are left under high vacuum overnight, the sensors recover to 95% of the initial 

resistance. In contrast, the reported graphene oxide sensors [69, 70, 81, 87, 88] show up to 80 

% recovery at room temperature. The improvement in recovery might be because they did not 

vacuum condition the sensors before performing the sensing test, as discussed in section 

5.2.4, and show that recovery was good for devices that were not vacuumed condition before 

the sensitivity test. 

Figures 6.10: a) and b) illustrate the rate fitting from the data obtained from devices D1 and 

D2. From the fitted data, the  𝐾𝐾1
𝐾𝐾2

 is equal to a and 𝐾𝐾2 is equal to b. The equation 5.3 shows the 

resistance response change during the adsorption of the NO2 gas before the saturation is 

 
Figure 6.10: a and b) Show the rate fitting curves of device D1 and D2 for the exposure curves for 1000 ppb of NO2 before and after each 
oxidation steps. The black, red, blue, green, and grey curves represent the response result optioned from device after 0, 30, 60, 90, and 
120 minutes of oxidation, respectively. 
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reached, and the exponent can be determined by fitting the equation as demonstrated in 

Figures 5.10: a) and b). The equation used is for a single rate and is valid for a pristine 

graphene device. However, as the two rates fitting did not work for our data, the single rate 

equation was used just to give a notion of the change in adsorption after oxidation, with the 

error percentage being high from the fitting quality. The adsorption increases at the beginning 

of the cycle for devices D1 and D2 during exposure at 1000 ppb NO2. From the plotted 

curves of the resistance, the adsorption Ka and the desorption Kd values can be obtained 
using Equations 5.4 and 5.5.  

Table 6.2. Represent all the values of Ka and Kd extracted from the plot before and after the 

oxidation steps. The extracted data show that both constants, relating to adsorption and 

desorption rates, increase with oxidation. However, the highest constant rate of adsorption 

and desorption was observed for both devices after 60 min of oxidation. The enhancement in 

both constant rates is attributed to the introduced oxygen groups, which provide a more active 

site for gas adsorption and desorption and, therefore, enhance the device sensitivity. In 

comparison between the Ka and Kd values taken before and after oxidation steps within this 

work, these are useful for evaluating the effect of introducing various concentrations of 
oxygen groups on the graphene with regards to sensing performance. 

  

Table 6.2: Represent both constant of adsorption (ka) and desorption(kd) rates extracted from fitted curves for devices D1 and D2 
before and after oxidation. 

D1 
oxidation 
(min)-1 

Ka 
(ppb.s) -1 

Kd 
(s)-1 

D2 
oxidation 
(min)-1 

Ka 
(ppb.s) -1 

Kd 
(s)-1 

0 4.316× 10−6 2.36× 10−3 0 1.352× 10−6 8.26× 10−4 

30 5.911× 10−7 3.966× 10−4 30 1.866× 10−6 9.712× 10−4 

60 3.391× 10−6 2.808× 10−3 60 5.520× 10−6 4.996× 10−3 

90 9.187× 10−7 5.746× 10−4 90 2.476× 10−6 1.892× 10−3 

120 2.216× 10−6 2.216× 10−3 120 3.511× 10−6 2.980× 10−3 
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6.2.2 NO2 Repeatability Measurement 

In this work, all the sensors' responses were tested individually for the sake of repeatability 

and reproducibility. All sensors were left under vacuum overnight (below 1 × 10−6  mbar) 

prior to the cycle test. After that, the test cycles started with a 600s flow of N2 followed by 

180s of 1000 ppb of NO2 and repeated three times. The devices were tested under a 

repeatable cycle with the same gas concentration to study the reliability of the device before 

and after the oxidation step. Figures 6.11: a) and b) represent the three cycles response of the 

sensors for 1000 ppb of NO2 gas from all sensors before and after each oxidation step. The 

response for the sensors with each time of 0, 30, 60, 90, and 120 minutes of oxidation is 

presented by black, red, blue, green, and grey curves, respectively. The sensitivity of the 

devices degraded with repeated exposure to NO2 cycles. This is due to the repeated gas 

exposure, causing the device to reach saturation, which is a known issue for graphene gas 

sensors [60]. Also, the recovery of the devices was very slow within a flow of N2 at room 

temperature. Therefore, as the sensors have to sense events many times, it suggests the need 

for shorter sensing events or better recovery mechanisms, such as integrated heater or LED. 

Figure 6.11: c) and d) represent the resistance response as a function of sequence, which is 

obtained from the data plotted in Figures 6.11: a) and b) as seen from the sequence response 

to 1000 ppb of NO2, the sensors are able to respond  multiple times. The change in resistance 

response for both sensors upon NO2 exposure is enhanced after 60 minutes of oxidation. 

Even though the response degraded with repeated cycles, it can still show a response with 

repeated cycles up to 20 times before reaching saturation. All the devices show similar 

repeatable response behaviour. The sensors' response increases with an oxidation time of 30 

and 60 minutes and then degrades as the oxidation time increases to 90 and 120 minutes. In 

addition, the recovery of the devices was very slow at a flow of N2 at room temperature and 

did not improve after oxidation; however, full recovery was achieved after leaving sensors 

under a high vacuum overnight. 
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6.2.3 NO2 Cycles Measurement  

Within this section, gas sensors' sensitivity response for short-time events, recovery, and 

LOD for NO2 are explored. The response time for the sensors should be as short as possible, 

as some gases cause an impact on health or the environment in short exposure times. Many 

researchers have reported GO, rGO, and CVD GO sensor values for the fast response, 

sensitivity cycles, and LOD for the oxidise graphene devices upon exposure to NO2. In 2015, 

Y. R. Choi et al. fabricated a sensors using rGO sensors for detecting NO2 gas molecules at 

1000 ppb with respons time of 15 minutes [64]. M. G. Chung et al. successfully detected NO2 

 
Figure 6.11: a and b) Show the repeatability of the devices for 1000 ppb of NO2 gas exposure on three cycles before and after oxidation steps at 
room temperature. During recovery, N2 was purged into the system. The black, red, blue, green, and grey curve represent the response optioned 
from devices after 0, 30, 60, 90, and 120 minutes of oxidation, respectively. c and d) demonstrate the change in resistance response for devices D1 
and D2 as a function of the sequence obtained from Figures a and b.  

 

 

 

 



113 
 

at 200 ppb with a response time of 15 minutes at room temperature [69]. However, an 

improvement is needed for the graphene oxide sensors by controlling the oxidation level in 

order to achieve a faster response in a shorter time with a LOD. In this work, the sensitivity 

of an oxidised CVD graphene-based gas sensors device for fast response and LOD has been 

enhanced by controlling the concentration of introduced oxygen groups on CVD graphene. 

To study the behaviour of the devices under changing the gas concentrations for sensing in 

short time cycles without reaching saturation. The devices were exposed to 5 different 

concentrations of 200, 400, 600, 800, and 1000 ppb of NO2. The measurements were 

performed in the gas chamber on 5 cycles, and for each cycle, N2 was introduced for 10 

minutes before and after the NO2 exposure. During the measurements, the sensing chamber 

pressure is kept at 799.9 mbar by the pressure modulator. The potential Vds were maintained 

at 10 mV across the graphene channel, while the change in resistance by using a four-
terminal configuration method was measured. 

The device was left under a high vacuum overnight before the test was performed to remove 

molecules adsorbed on the graphene surface from the ambient [25]. The vacuum was kept at 

below 1 × 10−6 mbar overnight. Figures 6.12: a) and b) show the resistance response and 

recovery for each oxidation time of the graphene devices with NO2 concentration. The black, 

red, blue, green, and grey curves represent the response obtained from devices after 0, 30, 60, 

90, and 120 minutes of oxidation, respectively. All the sensors' responses increased with an 

increasing concentration of NO2 from 200 to 1000 ppb. In addition, the change in response to 

NO2 exposure was enhanced after device oxidation. The biggest change in response was 

observed for both devices at 60 minutes of oxidation, as presented in Figures 6.12: a) and b). 

The increase in the response is attributed to the increased bonding strength for oxygen 

groups, which causes larger electron transfers from adsorbates [69]. However, the device's 

response decreased as the oxidation time increased to 90 and 120 minutes, respectively, as 

indicated by green and grey curves in Figures 6.12; a) and b). This is a result of introducing a 

high amount of oxygen functional groups on GO, reducing the conductivity, which reduces 

the response [65, 67, 81]. 

The recovery for the devices was very low and did not exceed 1% of their baseline before and 

after oxidation steps, which is an issue for these devices. Nevertheless, even though the 

recovery was not achievable during the measurement, all sensors' resistance was able to 

change with NO2 concentrations in a short time of exposure (3 min). Also, devices show full 
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recovery after NO2 exposure under vacuum conditioning overnight at room temperature, 

suggesting that NO2 is physisorbed rather chemisorbed. 

 

Figures 6.13: a) and b) represents the response percentage obtained from device D1 and D2, 

respectively, after each oxidation step. The black, red, blue, green, and grey lines are related 

to the response percentage obtained from the sensor after each oxidation step of 0, 30, 60, 90, 

and 120 minutes, respectively. The response to NO2 is increased with increased oxidation by 

H2SO4. Both devices show the highest sensitivity to NO2 after oxidation for 60 minutes, while 

as the oxidation time rises above 60 minutes, the sensitivity decreases. The increase in 

response for 30 and 60 minutes of oxidise devices was 12x and 25x, respectively, compared 

to pristine devices. However, for highly oxidised devices with oxidation time of 90 and 120 

minutes, the sensitivity was 6x and 5x, respectively, compared to pristine devices. Table 6.3 

presents the response percentage per ppb for all devices tested in this work. The response 

percentage per ppb was found to be 0.0022%, 0.0015%, 0.0051%, 0.0018%, and 0.0036% for 

the pristine device, 30 min oxide device, 60 min oxide device, 90 min oxide device, and 120 

min oxide device, respectively. Also, the LOD was calculated for all the devices before and 

after oxygen groups were introduced to the graphene, and the results are presented in Table 

6.4.  

 
Figure 6.12: a and b) Show the sensor's response for five steps measurements under 200, 400, 600, 800, and 1000 ppb of NO2 at room 
temperature. All the measurements were taken for each step of 0, 30, 60, 90, and 120 minutes of oxidation. The black, red, blue, green, and 
grey curves represent the response optioned from device D1 and D2 after 0, 30, 60, 90, and 120 minutes of oxidation, respectively.   
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The good sensitivity and LOD were achieved for device D1 and D2 after 60 minutes of 

oxidation. As the devices did not reach saturation, the LOD was estimated using the sensing 

cycles. Overall, devices show a LOD with the highest response in ppb after 60 minutes of 

oxidation compared to pristine devices. This can be compared to the literature, as the devices 

can operate in short-sensing events many times before saturation is reached. Compared to the 

LOD range between 100 to 1000 ppb presented in Table 2.1, our devices show detection 

limits to NO2, close to the most sensitive published LOD results.   

 

Figure 6.14. demonstrates the response of the oxidised graphene devices presented within this 

work (0.0048 – 0.0102%), compared to the response obtained from the literature (0.00009- 

0.078%) [64, 65, 69, 70, 81, 82, 84-86, 89]; our devices show a higher response percentage 

per ppb for 1 minutes of NO2 exposure compared to all the reported values. However, the 

recovery was about 1% for the devices at room temperature, whilst the published recovery 

was between 20 and 85% for NO2 [69, 82, 84, 85]. Nevertheless, oxide devices for 60 

minutes with introducing a low concentration of oxygen groups (2.52 × 1010𝑐𝑐𝑐𝑐−2) 

presented within this work have the ability to show responses in short sensing events (3 min) 

for up to 25 cycles before the response is degraded as the sensors approach saturation. The 

estimation of the sensing ability was based on the change in response resistance from the 

saturation sensing compared to the change in response resistance upon 400 ppb exposure for 

 
Figure 6.13: Shows the response percentage for four device measurements taken after each oxidation step to the devices during exposure 
to different NO2 concentrations. The black, red, blue, green, and grey lines are related to the data obtained from device after oxidation of 
0, 30, 60, 90, and 120 minutes, respectively. 

 

 



116 
 

3 minutes. This leads to the importance of controlling the concentration of oxygen groups on 

the graphene to achieve highest sensitivity.  

In conclusion, the measurements shows that the introduction of the relatively low oxygen-

group concentration of 2.52 × 1010𝑐𝑐𝑐𝑐−2  results in a charge carrier of 5.5 × 1012𝑐𝑐𝑐𝑐−2 after 

60 minutes of oxidation, which enhanced the sensitivity of the GFET gas sensors by 25x. The 

XPS result confirms that hydroxyl and epoxy groups (C-OH and C-O-C) increased after 30 

min of oxidation from 17.53% to 26.36% and for C=O from 12.43% to 13.17%, which is 

consistent with increased defect after oxidation detected by Raman. The increase in 

sensitivity could be related to the increase of the C-OH group as it provides active sites for 

NO2 adsorption. Similar behaviour of increased sensitivity of oxide graphene toward NO2 

was attributed to C-OH groups [64, 70, 277, 278]. However, the Raman defect measurement 

of increased oxygen concentration was significantly increased after 120 minutes of oxidation. 

The oxygen concentration was found to be 6.07 × 1010𝑐𝑐𝑐𝑐−2 with induced charge carriers 

of 7.7 × 1012𝑐𝑐𝑐𝑐−2, reducing the sensitivity of the devices. At the same time, the XPS result 

shows that the increase in oxygen groups with oxidation time is nonlinear and, after 120 

minutes of oxidation, found to be 43.26% of C-OH and 7.11% of C=O. It shows that the 

concentration of the carbonyl group decreases at higher oxidation time, and the C-OH and C-

O-C concentration increases. Compared with Raman defect results, which show a high 

increase, Raman measurement underestimates the oxygen introduced at this oxidation level. 

However, according to the literature, as the oxygen groups of C-O-C increase, the sensitivity 

to NO2 decrease due to the epoxy groups not being energetically favourable for NO2 

adsorption [64, 70, 277]. The epoxy groups have negative binding energy, repulsing the NO2 

from the graphene oxide surface and reducing the sensitivity [277]. From the XPS result, it is 

hard to distinguish between C-OH and C-O-C, as they both exist at the same binding energy 

peak. But from the device's response behaviour, we can speculate that epoxy groups increase 

rather than hydroxyl groups compared to the reported device's behaviour [64, 70, 277].The 

reduction in sensitivity could be attributed to the increases in the epoxy groups at higher 

oxidation times while the hydroxyl groups decrease or stay unchanged. Overall, the oxidised 

CVD graphene presented within this project demonstrated similar behaviour of reduced 
graphene oxide type [67, 81-86].  
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Table 6.4: Summary of the detection limit for the devices with different oxidation times for NO2. 

Device LOD (ppb) 
(0 min 

oxidation) 

LOD (ppb) 
(30 min 

oxidation) 

LOD (ppb) 
(60 min 

oxidation) 

LOD (ppb) 
(90 min 

oxidation) 

LOD (ppb) 
(120 min 
oxidation) 

D1 192 41 160 206 174 
D2 88 300 156 212 212 
D3 330 217 178 204 196 
D4 310 150 120 178 189 

 

 
Figure 6.14: Shows the response percentage per ppb for the oxidise devices for 60 minutes presented in this work, which is presented by the 
blue cross, and the response percentage data from the published oxidise devices data presented by the red cross. 

 

Table 6.3: Summary of pristine and oxidised graphene gas sensors response percentage for NO2. 

Device Response to 
NO2 (%) 
Oxidation 
(0 min) 

Response to 
NO2 (%) 
Oxidation 
(30 min) 

Response to 
NO2 (%)  
Oxidation 
(60 min) 

Response to 
NO2 (%) 
Oxidation 
(90 min) 

Response to 
NO2 (%) 
Oxidation 
(120 min) 

D1 0.0022 0.0015 0.0051 0.0018 0.0036 
D2 0.0024 0.0019 0.0090 0.0037 0.0056 
D3 0.0030 0.0019 0.0102 0.0032 0.0070 
D4 0.0024 0.008 0.0048 0.0026 0.00002 
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6.2.4 Repeated Device Test without Vacuum Condition 

Having successfully demonstrated that pristine graphene device recovery improved after 

performing sensitivity test without vacuum conditioning as discussed in Chapter 5. In this 

section, a highly-oxidised graphene device (120 minutes of oxidation) was tested using 

vacuum conditions overnight before the sensing test was performed, and then the test was 

repeated without using vacuum conditions before the test to investigate the recovery 

behaviour of the device. The measurements were performed similarly, as discussed in section 

5.2.4. Figure 5.15 represents the resistance change for the device after preparation using 

vacuum conditioning before the test and without vacuum conditioning upon exposure to 

different NO2 concentrations. The device shows similar behaviour for both tests. However, 

the sensitivity degraded for the device tested without using a vacuum condition. In addition, 

the recovery was improved compared to the measurement using vacuum conditions. The 

device showed a recovery of about 100 % after tests without using the vacuum condition, 

while the recovery of the device tested after the vacuum condition was only 1%. The 

enhancement in recovery could be attributed to the hydrocarbon add layer contamination 

from the ambient, which has been reported recently [259, 260]. This may lead to strongly 

influencing the desorption of the adsorbed gas. In contrast, vacuum conditioning the device 

removes all the contamination on the graphene surface from the ambient air, which reduces 

the recovery behaviour. Figure 5.16 demonstrates the response of the sensors upon exposure 

to different NO2 concentrations. The response for the device after testing without vacuum 

condition decreased by 80% compared to the response after vacuum condition. The reduction 

in sensitivity for the device test without vacuum condition could be attributed to the 
adsorbent species from the surrounding environment [64].   

The vacuum condition of the device before the sensing test dramatically increases the 

sensitivity as the vacuum condition removes all the adsorbent from the ambient but results in 

low recovery. While devices tested without using vacuum conditioning shows reduced 

sensitivity with complete recovery. However, even though the vacuum-conditioned device 

shows low recovery, it can sense up to 25 cycles in short events of 3 minutes before the 

sensitivity degrades with a low detection limit of 156 ppb. This is important for gas detection 

as some gas causes severe harm in low exposure time. 
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Figure 6.16: Shows the response percentage for the device with the vacuumed condition and without vacuumed condition upon 
exposure to different NO2 concentrations. The black and red lines are related to measurements for the device with vacuum 
conditions and without vacuum conditions, respectively. 

 

 

 

 
Figure 6.15: Shows both resistance responses for the device with the vacuumed condition and without vacuumed condition, 
which are presented by black and red curves, respectively. The change in resistance increase with NO2 concentration, and 
the columns represent the time of exposure to NO2. 
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6.2.5 Specificity Measurement 

Detailed spectroscopy from section 5.3.2 has shown that the specialist gas obtained for 

ammonia testing did not contain ammonia. Instead, significant quantities of methanol (CH3OH) 

were detected along with the nitrogen carrier gas. While it was not possible to obtain an 

accurate concentration for methanol we are at least able to present results for methanol sensing 

in the following section. Many studies have been done on reduced graphene oxide and graphene 

oxide composite with polymer to detect CH3OH gas [279-281]. CH3OH acts as an electron-

withdrawing species, which should cause the resistance for the p-type graphene sensors to 

decrease during exposure [279]. 

One example of oxygen functionalisation of graphene sensors used a sensors based on reduced 

graphene oxide/conjugated polymer composite for detecting CH3OH [279]. The sensors show 

high sensitivity to 1000 ppb of CH3OH with a response of 1%. Another publication reported 

graphene-oxide-coated graphene-foam sensors with sensitivity to CH3OH with a response of 

8% [280]. The enhancement in sensitivity for both devices is attributed to the increase of active 

sites via the addition of oxygen groups and the composite material, which causes larger charge 

transfer from adsorbates. 

Figures 6.17: a) and b) shows the sensing response for devices D1 and D2 during and after a 

60 minutes exposure to the methanol nitrogen mixture. The black, red, blue, green, and grey 

curves represent the response for devices after 0, 30, 60, 90, and 120 minutes of oxidation, 

respectively. The response for the pristine sensors shows a small sensing signal, approximate ly 

reaching saturation after the 60 minutes dose duration. Following the methanol/nitrogen 

exposure the device recovers. When the same devices have been oxidised the response to the 

methanol mixture is suppressed for increasing oxidation up to an oxidation level of 60- or 90-

minutes oxidation. Beyond this the sensitivity increases. 

A further feature of the sensitivity for oxidised graphene samples to the methanol mixture is a 

continuous increasing tendency in the resistivity of the devices. Interestingly, this increase 

continues even after the end of the dosing of the analyte mixture. 

Despite the unknown actual composition of the analyte mixture, we may make a few 
meaningful comments about the sensitivity of the oxidised sensors to a methanol analyte:  

The first point is that the sensitivity towards methanol is decreased after oxidation with respect 

to sensitivity to NO2. This is interesting as both of the analytes from this thesis NO2 and 

methanol are electron withdrawing, but we have introduced a symmetric response indicat io n 
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that the specific chemistry of the analyte with the substrate is important for the introduction of 

sensor specificity.  

The second point of interest is, that when observing the sensitivity of oxygen functionalised 

sensor at this low level of response, we have been able to identify a trend for continuous change 

in signal level during and after the methanol dose. Give that both the analyte and recovery 

mixture both contain nitrogen it would seem obvious that the oxidised graphene sensors are 

responding to nitrogen. However, the lack of this behaviour for the other testing carried out in 

this chapter suggest that there is maybe more at play, and possibly some other unknown 

component of the methanol/nitrogen mixture. While tantalizing this observation must 

ultimately be relegated to future work.  

Recovery behaviour of the devices, post-oxidation, was difficult to estimate, as the resistance 

kept increasing under the N2 flow. However, all the devices recovered to 95% of the original 

resistance after high vacuum conditions overnight.  

 

 

This test concludes that the oxidised graphene device sensitivity increased to the maximum 

toward NO2 after 60 minutes, as discussed earlier, while it decreased towered CH3OH. This 

shows that the selectivity for the sensors is improved after oxidation. In addition, the 

enhanced selectivity could be attributed to the increase of the hydroxyl groups (-OH) present 

 

Figure 6.17: a and b) Response of graphene device D1 and  D2 for CH3OH gas before and after each oxidation step, respectively. The black, red, 
blue, green, and grey curves represent the response result optioned from device after 0, 30, 60, 90, and 120 minutes of oxidation, respectively. 
The measurement is done at room temperature with a flow of N2 during the recovery process. 
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on the graphene sheet, which is favoured for the NO2 adsorption, while the -OH is not 

favoured energetically for the CH3OH adsorption [282, 283]. Furthermore, at a higher 

oxidation time of 120 minutes, the sensitivity to CH3OH increased, which could be attributed 

to the increase of epoxy group (C-O) and carbonyl group (C=O) on the graphene sheet, which 

is favoured for CH3OH adsorption [282]. The take-home point of this study is that the sweet 

spot of oxidation to achieve high sensitivity and improve selectivity toward NO2 is 60 

minutes of oxidation. Whilst it seems that selectivity can be tuned towards methanol through 
more intensive oxidisation of the graphene sheet.   



123 
 

Chapter 7 

7 Conclusion and Future Work 

This work was intended to improve CVD graphene-based sensors technology. 

The absence of active sites on pristine graphene sensors limits their uses as gas sensors, as 

they have low sensitivity and selectivity. In addition, improving the graphene sensors by 

functionalising with nanoparticles is not applicable without breaking its planar sp2-

hybridization. Therefore, functionalising graphene by covalently adding functional oxygen 

groups is important as it disrupts its sp2 and provides active sites for gas adsorption. 

However, controlling the percentage of oxygen groups is important for retaining the high 

performance of graphene whilst providing simple chemical functional groups, and if it is 

useful, we might put other simple chemical functional groups rather than resorting to more 
complex functional groups or non-covalent functionalisation. 

The research presented within this work addresses four areas which we believe are important 

for those interested in moving CVD graphene sensors to an industrial operation. Firstly, we 

have used the linear factor method for gas selectivity. As each gas molecule adsorbed on 

GFET donates a unique amount of charge, which will result in increasing the charge density 

of h/e and therefore changing the mobility of the GFET and shifting the Dirac point. We have 

demonstrated that linear factor from the inverse of mobility versus gate voltage ratio to 

differentiate between gases as introduced in Chapter 5. 

Secondly, a path for functionalising CVD graphene with oxygen groups using H2SO4 has 

been identified, which should be suitable for all the CVD graphene sensors. The recipes 

presented in this work are applicable for introducing low concentrations of oxygen groups on 

CVD graphene. In addition, the introduced oxygen percentage on CVD graphene is 

comparable to the lowest percentage achieved by highly reduced graphene oxide. The 
oxidation percentage could be controlled by controlling the exposure time to H2SO4. 

Thirdly, the improved sensitivity and selectivity of functionalised GFETs with oxygen groups 

toward NO2. The GFETs used in this work were initially doped by polymer residues that 

result from the polymer-assisted graphene-transfer process and show a limit of detection of 

192 ppb of NO2. The use of oxidation to GFETs was shown to increase the hydroxyl groups 

(-OH), which was believed to enhance the sensitivity to NO2 rather than NH3. The oxidised 

sensors were shown to have an improvement of approximately 20% in sensitivity of up to 
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156 ppb of NO2 after 60 minutes of oxidation. However, the NH3 sensitivity test is not 

available due to the tested gas being found to be CH3OH rather than NH3.  

As the test gas was CH3OH, the GFETs were tested for selectivity toward different oxidising 

agents and found to have high sensitivity toward NO2, while the sensitivity to CH3OH is 

reduced dramatically after 60 minutes of oxidation. However, the sensitivity to NO2 is 

reduced after 120 minutes of oxidation and is increased for CH3OH. This adds to the 

selectivity being improved after oxidation, which is very important as the gas sensors need to 

be able to detect a certain type of gas in the gas mixture. Furthermore, the oxidised GFETs 
presented in this work show a higher response per ppb compared to all the reported values.  

The forth was the investigation of the impact of the vacuum conditioning on the device 

sensitivity and recovery. It was found that vacuum conditioning improved the sensitivity of 

the GFETs by 80%, compared with devices that did not undergo vacuum pre-conditioning, 

whilst the absence of vacuum pre-conditioning improved the recovery behaviour of GFET 

devices, reducing recovery times from 8 h to 9 minutes. The enhanced recovery time was 

attributed to a thin self-assembled hydrocarbon layer on top of the GFET devices, which 
originated from the ambient atmosphere. 

 

7.1 Future Work 

Multiple functional groups are use sensors, as either electronic nose (e-nose) types arrays of 

sensors or by introducing multiple cross-sensitivities in a single sensor. The fingerprinting 

technique in Chapter 5 shows that there was scope for this. In-situ gating of samples is 

important for this, especially since that can be done in a very short time span. Therefore, the 

future work is to improve the sensing sensitivity for graphene FET sensors by using multiple 

devices in the same substrate and gate each device separately for a selective and fast sensor 

response by characterizing the data using Dirac point shifts and changes in mobility. 

Many researchers use oxygen functional groups on graphene as a baseline for adding other 

materials (nanoparticles) to enhance sensitivity and selectivity. The fingerprinting results in 

Chapter 6 show that there was a baseline for this as oxidation does not sacrifice the graphene 

sensors’ performance, as the amount of introduced oxygen is very low and comparable to the 

lowest amount of oxygen on reduced graphene oxide. Therefore, the future work of this 

research aims to enhance the sensitivity and selectivity by adding nanoparticles to the 

oxidised graphene. The growth and control of nanoparticles such as TiO2 and ZnO on 
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oxidised graphene could lead to the combination of the flavour of the oxygen groups and 

nanoparticle material sensitivities. Therefore, this may result in a considerable improvement 
in sensors' sensitivity toward-detected gas type.  

A further aim is to improve the sensitivity and selectivity by coating CVD graphene with 

graphene oxide to achieve high sensitivity. In addition, we aim to synthesise sulfur-doped 

oxidised graphene by evaporating sulfur powder on the oxidised graphene surface.  
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