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        ABSTRACT 

              GRAPHENE FOR MULTI-PURPOSE APPLICATIONS  

In the recent past, graphene has been discovered and studied as one of the most 

promising materials after silicon and carbon nanotube. Its atomically thin structure, 

pristine dangling bonds free surface and interface, ultra-fast charge transport capability, 

semi-metallic behavior, ultra-strong mechanical ruggedness, promising photonic 

properties and bio-compatibility makes it a material to explore from all different 

perspectives to identify potential application areas which can augment the quality of our 

life. Therefore, in this doctoral work the following critical studies have been carried out 

meticulously with key findings are listed below: 

  

(1)    A simplistic and sustainable growth process of double or multi-layer 

graphene (up to 4” substrate coverage with uniformity) using low-cost atmospheric 

chemical vapor deposition (APCVD) technique. [presented in MRS Fall Meeting 2012 

and in IEEE SIECPC 2012) 

(2)    A buried metallic layer based contact engineering process to overcome the 

sustained challenge of contact engineering associated with low-dimensional atomically 

thin material. (presented in IEEE Nano 2013 and archieved in conference proceedings) 

(3)    Demonstration of a fin type graphene transistor (inspired by multi-gate 

architecture) with a mobility of 11,000 cm2/V.s at room temperature with an applied 

drive-in voltage of ±1 volt to demonstrate for the first time a pragmatic approach for 
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graphene transistor for mobile applications which can maintain its ultra-fast charge 

transport behavior with ultra-low power consumption. [Published in ACS Nano 2013] 

(4)    Further a meticulous study has been done to understand the harsh 

environment compatibility of graphene for its potential use in underwater and space 

applications. [Published as Cover Article in physica solidi status – Rapid Research 

Letters, 2014] 

(5)    Due to its highly conductive nature and low surface-to-volume ratio it has 

been used to replace conventional gold based anodic material in microbial fuel cells (used 

for water purification in self-sustained mode) to demonstrate its effectiveness as a 

sustainable low-cost mechanically robust transparent material. [Published in ACS Nano 

2013, in Energy Technology 2014 as a Cover Article and in Nature Publishing Group 

Asia Materials 2014] 

(6)    Extensive study to stabilize graphene surface and to use the phenomena for 

development of a sensor which can monitor the quality of water. [presented in MRS Fall 

Meeting 2013 and in MRS Fall Meeting 2014] 

(7)    By using graphene as an expose transistor architecture with ultra-scale high-

k dielectric, to develop a series of sensor for glucose monitoring. Sensitivity, selectivity, 

response rate and refresh time has been studied and optimized. [pending review in Nature 

Scientific Reports 2015] 

(8)    From the lessons learnt during the development of glucose monitoring 

sensor cell, a sophisticated low-cost ultra-low power mobile graphene based non-invasive 
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sensor has been assembled and clinically trialed in collaboration with King Faisal 

Hospitals in Jeddah and in Makkah. [pending review in Science 2015] 

  

As a future direction, this thesis also discusses potential of graphene growth on 

electrochemically deposited metallic seed layers and consequential usage in stretchable 

and transparent graphene antenna development for fully flexible only graphene based 

integrated electronic system integration.  
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CHAPTER 1. INTRODUCTION 

1.1. Motivation and Dissertation Overview 

Graphene – the two dimensional carbon material has received enormous interests 

from all around the world after its discovery in 2004. The ultra-high mobility up to 

200,000 cm2 V−1s−1 has been reported for graphene 1-3, micro-meter scale mean free 

path 4,6, Ballistic transport distances of up to a micron at room temperature 7,8 and is a 

truly 2-dimensional semi-metallic material composed of only one atomic layer of carbon 

atoms making it an attractive material for nanoelectronics, microelectromechanical 

systems, bio sensing, transparent electrodes and many other applications.  

Ever since its existence in the laboratory via simple easy scotch tape method, the 

pioneers in the field are in full swing to make graphene synthesis and growth more 

reliable on a larger scale. The feasibility of realizing graphene devices for low power 

applications depends heavily on controlling growth parameters which eventually effect 

the quality of the grown film. Thus controlling the growth environment would allow 

researchers to adjust graphene intrinsic properties to be modified as per the needs of the 

application 9. For example graphene exhibited a pronounced degradation in its carrier 

mobility due to chemical treatment and fabrication procedures which involves exposure 

to different chemical processes eventually rendering the device p-doped under ambient 

conditions. 
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The conducted research on graphene would eventually change many aspects in 

the field of solid state physics 10. Among the exciting graphene properties, two are extra 

ordinary phenomenon. It’s true two dimensionality and dirac particles. Dirac equation are 

used to describe electron movement in the honeycombed lattice 11,12.  

Unconventional half integer quantum Hall Effect of graphene has been verified 

experimentally at room temperature 13,14. As a result of its two dimensionality, 

perpendicular electric field would not disturb the electron movement in lateral direction 

15. In addition, the electrons in two dimensional electron gas 2DEG system are quantized 

in equidistant landau levels  which can be used to describe dirac electrons as well when 

subjected to perpendicular magnetic field 16.  However Landau levels are following the 

square room of the magnetic field at not equally spaced .Also, electrons tunneling 

through high barrier potential ( known as Klein tunneling) at 100% probability has been 

confirmed experimentally using p-n junction 17,18. Interestingly electrons in graphene are 

behaving as two dimensional at low temperature, room temperature and high temperate 

19. Thus, two dimensionality of graphene is appealing to researchers because it is 

allowing for building new architectures which would eventually may change the face of 

computations .   

Another resulted fact in graphene is the conical shape of electronic dispersion 

near the vertices of the hexagonal Brillouin zone (k point). In mono layer graphene, direct 

implication of electronic dispersion is that fermions behave as massless particles 20. 

While the fermions in bilayer graphene can be described as massive Chiral fermions with 

a symmetrical band structure near neutrality point 21. In addition, its natural two 

dimension system along with the atomic thickness making graphene more sensitive to 
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ambient changes 22. Utilization of graphene as channel material in field effect transistors 

FET has enabled high performance transistors. Due its zero bandgap mono layer 

graphene suffer low Ion/Ioff ratio 23. Different attempts to address this issue has been 

reported under the category of bandgap engineering 24=26. For instance, using Bi-layer 

graphene transistors inherently has better Ion/Ioff ratio due to its natural atomic structure 27. 

Another approach is by confining the carries into quasi one dimensional 1D through 

growing graphene nano ribbons GNR 28.  

The fabricated CVD graphene transistors has low mobility compared to the 

projected high mobility mentioned earlier. It is been reported that the mobility in grFET 

is affected by the interaction between graphene films and the underlying substrate 29, 

surface charge traps 30,31, interfacial phonons 32 and contamination during fabrication 

process 33. Researches has demonstrated different explanation to that issue. For instance, 

suspended graphene transistors has very high mobility as a proven intrinsic transport 

properties in graphene 34. In the latter, graphene is mechanically exfoliated which limits 

the use of this technique to research laboratory as discussed later in this chapter. Another 

demonstration was elaborated by integrating high k dielectrics to achieve higher 

motilities by reducing surface roughness at graphene / dielectric interface 35-37. Still 

graphene devices needs more research work to fabricate graphene devices to meet 

projected characteristics.  

No matter how exciting graphene properties are, graphene must be produced first. 

There are many methods to synthesize graphene. Graphene synthesis can be categorized 

into two main parts. The top down approach and the bottom up approach. The top down 

approach relies on having graphene compounds or bulk graphite. Reduction of bulk 
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graphite yields graphene via direct simple scotch tape process also known as mechanical 

exfoliation while graphene compounds like graphene oxide and liquid phase exfoliation 

can be reduced to graphene via chemical routes 38-40. On the other hand, the bottom up 

approach is divided into two main methods; (i) chemical vapor deposition CVD 41,42 

technique and (ii) epitaxial growth 43,44. The work on graphene devices based on 

mechanical exfoliation production resulted in noble prize 2010 and the foundation of new 

physical phenomena. However, top down methods in general are limited to scientific 

research and laboratory purposes due to its misalignment with current CMOS technology 

45,46. Lack of reproducibility and scalability are the main obstacles that must be addressed 

towards making graphene technology adopted by industry. The answer to that quest lies 

in the bottom up approach. Graphene films synthesized via CVD and epitaxial techniques 

can grow graphene on wafer scale with CVD advantage of having graphene film size 

limited to that of metal catalysis size 47,48. Different metals has been reported as catalysis 

for CVD graphene growth like nickel, platinum, iridium, ruthenium , palladium and 

copper 49,50. Nickel and copper have showed better results compared to other metals. For 

nickel, carbon atoms decomposed at activating temperature then diffuses into bulk Ni. 

Then carbon atoms precipitated on metal surface forming graphene layers []. For copper, 

carbon atoms are directly deposited on top of cu surface []. In the latter case, carbon 

atoms start nucleating at cracked surface edges then those nuclei merging together 

forming the seeding graphene layer. Comparing those two mechanisms, suggested that 

growth on Ni is based on cooling rate of the process while Cu based growth is depending 

strongly on the surface of the metal. Enhancement of CVD graphene is reported via 

introducing low vacuum pressure and new furnace designs. Low pressure growth 
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LPCVD, allow atoms to have less mean free path hence more atoms reached metal 

surface eventually controlling the growth rate. The use of copper foil as catalysis metal 

has shown superior properties to deposited Cu with size being to the size of the Cu foil 

used. It is of worth to mention that epitaxial method does not suffer the latter case 

because the film is grown directly on deposited copper instead of copper foil. However, 

the high cost of SiC wafers is a major challenge to eliminate other methods. Thus, 

developing CVD graphene film is a crucial step in order to have graphene technology in 

industrial scope. To summarize, graphene synthesis is the main entry toward building 

new device structures such as sensors, transistors and energy harvesting.  

Thanks to the intensive graphene research community which help covering wide 

range of graphene properties and application in short time periods. There is still a huge 

window open for investigating graphene potential as a replacement of current silicon 

technology.  

Therefore, developing a simple low cost graphene synthesis process is an 

important objective in this dissertation. The main characteristics of high quality CVD 

graphene films are reproducibility, scalability, uniformity, low defectivity and transfer 

method. It is worth mentioning that keeping graphene properties intact is important to 

have high quality devices. 

Graphene is transferred to arbitrary pre patterned substrates via aqueous media 

resulting in compromised graphene device properties. Thus, further enhancements is 

needed to obtain high device properties. The grown film properties must be tailored 

according to the application and function of the fabricated devices. Dielectric engineering 
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and contact engineering are aimed to level up the performance of graphene based devices. 

The integration of high-k dielectric into graphene devices has enabled high mobility 

values with severe voltage reduction. While, contact engineering by having very low 

contact resistivity is resulted in higher device sensitivity and better carrier transportation 

through metal contacts/graphene interface. Hence, the quest of having high quality 

graphene device properties which can be tailored as per functionality of the device is still 

open.     

Therefore the objective of this dissertation research is to develop a controlled 

graphene synthesis process, integrating the grown films into pre patterned substrates and 

build up devices such as sensors and energy harvesters with performance improvements 

being kept as vital criterion through every phase of graphene device fabrication process. 

For example, building simple cost, sensitive and low power graphene device that can 

detect molecular charges on top of high quality graphene based transistors is depending 

on the intrinsic properties of the grown film after being transferred to the substrate.  

Discovery of new sensing platforms based on graphene seems feasible more than 

any time because the fast progress in the field of graphene. By making use of pristine 

graphene films, one would realize extreme device performance metrics such as tiny 

particle that can be rendered as change in electronic properties of the device.  

 

1.2. Dissertation Overview and Chapter Organization 

In order to realize graphene based devices, many challenges are ascending in 

every phase of the fabrication process which must be addressed. These challenges 
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including graphene synthesis, graphene film transfer, integration of graphene with the 

fabricated structures.  

This research work starts with developing graphene synthesis process based on 

chemical vapor deposition CVD method in chapter 2. Also, discussion of CVD approach 

advantages over mechanically exfoliated graphene is included. Although CVD graphene 

is a promising synthesis technique to fabricate graphene devices, still grown graphene 

films failed to meet mechanically exfoliated graphene device characteristics values and 

theoretically estimated values as well. Therefore, we aimed at studying graphene device 

performance enhancements through engineered dielectric and contacts. Chapter 3, 

consisting of integrating ultra-scaled high-k Al2O3 dielectric (10 nm) into fin graphene 

back gated transistors FinFET to allow for substantial supply voltage reduction and 

achieving high mobility as a result of better electrostatic potential control. Moreover, 

contact engineering study is   conducted by developing novel buried contact transistor 

without the need for further metal deposition/lithography steps. This would allow for full 

channel exposure to surrounding ambient. 

The next to be discussed in chapter 4, is developing graphene devices for sensing 

application, investigation of graphene behavior at elevated temperature and energy 

harvesting. Graphene films is utilized as a sensing material to monitor water quality is 

included then stability of graphene back gate transistors at harsh environment as step to 

consider graphene devices as alternative to current SiC based devices. Developing CVD 

graphene on nickel as a cathode material in micro bio fuel cell MFC is then discussed 

briefly followed by implementing MFC design using growing graphene films using 

copper foil as catalysis metal to promote the performance. 
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Finally, graphene devices for medical application is discussed in chapter. We 

presented a new sensing method based on molecular charge transfer in which the grown 

graphene films can detect the concentration of glucose in solution without the need for 

functionalization step. This method is then extended to be used with real diabetes samples 

collected clinically from well observed patients. Then, comparing clinical measurements 

with our experimental measurements.  
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Chapter 2. Graphene Synthesis 

 

In this chapter, I will describe the sustained growth of bilayer graphene synthesis 

based on chemical methods (chemical vapor deposition) and it is advantages against 

mechanically exfoliated process. Also, I will highlight the type of growth that we 

achieved in our lab. 

2.1 Stable growth of bi-layer and multi-layer graphene at atmospheric pressure  

 

2.1.1. Introduction  

Graphene can be prepared by various methods, including exfoliation of graphene 

from bulk highly ordered pyrolytic graphite (HOPG), chemical reduction of graphene 

oxide 51, epitaxial growth on SiC substrate 52 and chemical vapor deposition CVD on 

metal catalysts including Ni, Pt, Iron , Ru, Pd and Cu 53 . Among these methods 

exfoliated graphene has shown superior carrier transport properties (mobility) however it 

is not practical for mass production due to the limited produced size and unreliable layer 

This work has been presented in SIECPC 2013 conference held in Riyadh by 

KACST, published accordingly in IEEE 2013.  

Ramy Qaisi, Casey Smith, and Muhammad M. Hussain. "Time variant layer 

control in atmospheric pressure chemical vapor deposition based growth of graphene." 

Electronics, Communications and Photonics Conference (SIECPC), 2013 Saudi 

International. IEEE, 2013. 
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thickness. Chemical exfoliation gained enormous interest for its mass production 

capability though the carrier transport properties of the produced films are deteriorated 

due to the chemical treatments 54. Recently, CVD graphene synthesis has received 

significant attention as it yields films whose size is limited only by the dimensions of the 

metal substrate 55 and its flexibility to modify synthesis conditions to manipulate the 

electronic properties such as doping, bandgap, resistivity of the resulting film. Among the 

different metals that have been used as a catalyst for graphene synthesis, copper 

substrates are preferred because of the metal’s extremely low solid solubility of carbon 

atoms 56. Graphene has been successfully synthesized using low pressure chemical vapor 

deposition (LPCVD) by several groups 57. The impact of different growth parameters has 

been studied carefully for LPCVD and APCVD 53,58.  It has been suggested that 

hydrocarbon dissociation on copper surfaces at low pressure results in graphene film 

growth kinetics that are self-limiting to 1 or 2 layers 59. On the other hand, APCVD 

growth does not appear to adhere to this same trend and film thickness is essentially 

controlled by time of exposure to the carbon source.  While this growth dynamic 

represents an additional challenge to achieve highly uniform graphene coverage over 

large areas, the cost effective nature of atmospheric pressure furnace processing can 

enable significantly higher throughput for mass production of graphene used for 

transparent electrodes and analogue components.  In this work, we present time 

controlled synthesis and characterization of uniform and continuous bilayer graphene 

(BLG) and multi-layer graphene (MLG) films synthesized at atmospheric pressure. Very 

low concentration of methane precursor helps maintain uniformity by suppressing 

homogeneous nucleation site density resulting in graphene sheets with large domain size. 
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2.1.2 Growth and Transfer Method  

Graphene films were synthesized by atmospheric pressure chemical vapor 

deposition on commercially available copper foils (25 µm, 99.8%, Alfa Aesar) in a 

custom tube furnace (figure 2.1.a). The copper foils were cleaned with Acetone, 

isopropyl alcohol, deionized water and dried with nitrogen before placing into a 4 inch 

quartz boat and loaded into the horizontal tube furnace.  The system is then ramped to 

800˚C at rate of 80˚C/min in while flowing Argon and Hydrogen at 300 sccm and 10 

sccm respectively for initial Cu cleaning.  Then, the temperature is raised to 1050˚C at 

5˚C/min and under constant Argon and Hydrogen flow for 30 minutes in order to fully 

reduce the copper surface. Methane gas diluted in argon (500ppm) is introduced in place 

of pure argon for a duration from 20-60minutes to grow graphene.  Immediately after the 

growth duration, the sample is quenched by physically moving the sample out the hot 

zone and is cooled under the flow of Argon and Hydrogen.  The growth profile is shown 

in Figure 2.1.b. 

 

Figure 2.1. Schematics and growth profile.   

a) schematic of CVD system and b) growth profile along with process Cu grain boundary 

formation  and graphene nucleation. 

 



                                                            32 

 

Transfer of the synthesized graphene to glass slides begins with removal of the 

graphene from one side of the copper foil using a 3 minutes etch in nitric acid diluted 1:3 

in deinionized water.   

 

Figure 2.2.  CVD graphene transfer scheme without using PMMA.  

First, back side etching is performed using nitric acid then iron nitrate etching is 

performed to etch Cu and finally transfer of the released film is done using vacuum 

holder to glass substrate. 

 

After rinsing in deionized water the copper foil is then transferred into a solution 

of 33% weight iron nitrate dissolved in deionized water that completely etches the copper 

foil in approximately 1 hour. It should be noted that this transfer technique does not make 

use of any handling layer for transfer such as Polymethyl methacrylate (PMMA) and is 

not recommended for graphene films as they will simply break apart in solution with 

minimal agitation. Additionally, since there is essentially no optical signature for the 

graphene sheet transferred without a handling layer we found it useful to shine very 

bright light at oblique angles on the surface of the iron nitrate solution to identify the 

exact location of the floating graphene prior to final transfer. Finally, a vacuum wand was 

used to pick up a glass slide cleaned in iso-propyl alcohol (IPA) and then translated 
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downward parallel to the floating graphene sheet until contact. The graphene on the glass 

slide was gently washed in DI water and IPA to remove iron nitrate residuals. It should 

be noted that the hydrophobicity of graphene aids the eye in determining its exact 

location on the glass slide during this final rinse. A diagram of this transfer process is 

shown in figure 2.2. 

2.1.3 Results and discussion 

 

Figure 2.3. Optical images of grown CVD graphene on Cu foil at atmospheric 

pressure for different growth times and constant flow rate of CH4 and H2.  

a) 50 minutes growth time; b) 40 minutes growth time; c) 30 minutes growth time; And 

d) 25 minutes growth time. The scale bar is 10 mm. 

 

Figure 2.3, shows different samples grown with changing time only. It is clearly 

observed that time plays important role in graphene growth process and thickness.  The 

darkest pattern (a) corresponds to a multi-layer graphene (3-10 layers), and the lighter 

patterns seen in (b) are thinner graphene regions of one to three layers. These thin 

graphene regions are distributed homogeneously over the surface of the Cu foil, with the 

size strongly depending on the dimensions of the under lying domains. Multi-layer 

 

a b 

c d 
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graphene is obtained at 50 minutes growth time (figure 2.3.a).  As the time is decreased, 

further reduction in the number of grown layers is observed (figure 3 b–d).  Further 

evaluations of the grown films were performed using Raman spectroscopy technique as 

shown in figure 2.4.  

 

Figure 2.4. Raman spectrum of the grown graphene at different times and locations 

to verify the obtained number of graphene layers and elucidate the different 

graphene thicknesses 

 a) The graphene grown in 40 minutes, the red spectral shows multi-layer grown film 

while the green spectral is indicating bilayer graphene film with 2D/G ratios of 0.5 and 

0.9 respectively; And b) The graphene grown in 25 minutes, the red spectral acquired 

from dark region contrast showing bilayer film with 2D/G  ratio of >1 compared to 2D/G 

ratio of >2 for green spectral acquired in the areas that show brighter contrast. 

 

The Raman spectra in Figure 2.4.a, for the sample with 40 minutes growth time 

reveals two different 2D/G Intensity ratios taken from the different contrast regions 

evident in the optical microscope image and confirms the presence of two different 

graphene thicknesses. The absence of D peaks indicate that the films have long range sp2 

bond order and the 2D/G ratios of 1 and 0.6  indicate BL and ML graphene respectively. 
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To evaluate graphene films uniformity, we performed Raman mapping techniques 

of the samples that shows high homogenous under optical microscopy (30 minutes and 

50 minutes). Raman mapping acquired for these two specimens shown in Figure 2.5 

confirms a high degree of uniformity in the 2D/G ratio. The Raman maps cover areas 

>150 µm2 and indicate that these films are predominantly of one uniform graphene 

thickness. Figure 2.5.a, has a 2D/G ratio in the range of 0.2 characteristic of multilayer 

(4L-5L) graphene film whereas the film mapped in Figure 2.5b reveals a 2D/G ratio 

between 1 and 2 indicating the presence of uniform bilayer graphene. Figure 2.6.a, 

summarizes the growth trends as a function of time of our method compared with best 

results at low pressure. It is to be noted that graphene number of layers is a function of 

I2D/IG ratio, 2D peak position and FWHM. It is illustrated in Figure 2.6.b, that the peak 

position is down shifted as number of layers increases while it is upshifted for decreased 

layer number.  

 

Figure 2.5. Raman mapping for the samples grown in 50 minutes and 30 minutes 

respectively  

a) The sample grown in 50 minutes, the majority of the map reveal 2D/G ratio in the 

range of 0.2-0.7 which representing multi-layer graphene of 4-5 layers; and  b) the 

sample grown in 30 minutes, the map indicating that the predominant area of the grown 

film is a bilayer graphene with 2D/G ratio in the range of 0.8 -1.5 which are a 

characteristic of bi-layer graphene. 
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The two optically homogenous samples are transferred to glass samples for 

transmittance and sheet resistance measurements. Figure 2.7 shows the optical 

transmission spectral of the uniform ML and BL graphene respectively. The 

transmittance of both graphene specimens is superior to the most widely used transparent 

conductor indium tin oxide (ITO). The measured quantities are summarized in table 2.1.   

 

Figure 2.6. The trend of 2D/G ratio with time and acquired Raman signals at 

various growth times. 

 a) the 2D/G ratio and number(s) of grown CVD grapene layers with time; and  b) the 

acquired Raman spectrum for 50, 40, 30 and 25 minutes respectively with a clear shift in 

the position of 2D peak in the 50 minutes growth time spectral as a result of the 

movement from thinner to thicker graphene film.   
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Figure 2.7. Transferred graphene transmittance measurement for bilayer graphene 

(BLG blue) and multi-layer graphene (MLG red) compared with different materials 

at a wavelength of 550 nm.  

The different spectrum are Single layer graphene (SLG) exhibits 97.1% transperancy, 

BLG with 92.8%, MLG with 89.1 %, ZnO with 93.8%, ITO with 87% and Ag nanowires 

with 84.5%. 

 

Table 2.1. The properties of the grown graphene films at 30 and 50 growth times. 

Sample 

Growth 

time 

2

D/G 

Layer

s 

Optical 

transmittance (%) 

Sheet 

resistance(Ω/□) 

BLG 30 0.9 2 92.8 818.9 

MLG 50 0.4 4-5 89.1 733.8 

2.1.4 Conclusion 

We report time controlled uniform growth of transparent and continuous bi to 

multi-layer graphene in atmospheric chemical vapor deposition system. We examine the 

quality of graphene using Raman spectroscopy and support the observation with 

electrical characterization. The obtained high uniformity provides a cost effective and 

reliable solution for developing wafer scale graphene coverage.   

2.2 Related Achievements 

Based on the developed methods of graphene synthesis, we have successfully 

obtained graphene directly on deposited nickel (Ni) on SiO2 substrates. Also, graphene 
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oxide is obtained for both Cu foils and deposited Ni. Table 2.2, summarizes the obtained 

graphene films categories. 

 

Table 2.2. Summary of the obtained films. 

Substrate 

Type of 

Graphene 

film 

size Pressure Comments 

Deposited Ni 

Multi-layer 

Half of 4-

inch wafer 

Atmosph

eric 

Variant growth profile is 

found where graphene grew 

on half of the wafer in a 

profile distributed from 3 

layers to less than 10 layers. 

Multi-layer 

1cm X 1.5 

cm 

Low 

pressure 

Poor uniformity with 

excellent coverage. 

Graphene 

oxide 

1cm X1.5 

cm 

Atmosph

eric 

Excellent coverage and 

high degree of uniformity, 

Ni thickness in the range 

from 500 to 1000 nm. 

Cu foils Bi-layer 6 cm X 6 cm 

Atmosph

eric 

Homogenous and uniform. 
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Multi-layer 6 cm X 6 cm 

Atmosph

eric 

Homogenous and uniform, 

number of layers is 

controlled by time. 

Deposited Cu 

Graphene 

oxide 

1 cm X 1.5 

cm 

Atmosph

eric 

The film is not continuous. 
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Chapter 3. Performance Enhancements of Graphene Back Gated Transistors  

 

In this chapter, I will describe my efforts toward realizing high performance 

graphene devices. First, describe the effect of high-k dielectric on carrier mobility. Then, 

I will demonstrate buried contact graphene device and how it improved contact 

resistance. Finally, future challenges to improve graphene back gated devices are briefly 

discussed.   

3.1 Dielectric engineering  

 

 

 

 

3.1.1 Introduction  

Utilization of graphene may help realize innovative low power replacements for 

III-V materials based high electron mobility transistors (HEMT) while extending 

operational frequencies into the THz regime for superior wireless communications, 

imaging, and other novel applications. Device architectures explored to date suffer a 

fundamental performance roadblock due to lack of compatible deposition techniques for 

nanometer scale dielectrics required to efficiently modulate graphene transconductance 

(gm). Room temperature carrier mobility of >100,000 cm2/V-s, small but controllable 

band gap, and very high cut-off frequency – are some of the electronic properties of 

This work has been published as “Smith, C., Qaisi, R., Liu, Z., Yu, Q., & Hussain, 

M. M. (2013). Low-Voltage Back-Gated Atmospheric Pressure Chemical Vapor Deposition 

Based Graphene-Striped Channel Transistor with High-κ Dielectric Showing Room-

Temperature Mobility> 11 000 cm2/V· s. ACS nano, 7(7), 5818-5823.”  
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graphene that makes it one of the key enabling materials for realizing low power RF 

devices spanning the THz regime 60-62. Many groups have previously reported on the 

performance of back-gated field effect transistors utilizing graphene synthesized by 

various techniques including exfoliation of HOPG, chemical vapor deposition, epitaxial 

growth on SiC, and reduction of graphitic oxide 63,64.  The vast majority of these devices 

utilize thick silicon dioxide (SiO2) as the gate dielectric to facilitate optical detection 

albeit at the expense of very high switching voltage.  Attempts have been made to tailor 

the thickness of higher dielectric constant materials such as silicon nitride (Si3N4) or 

aluminum oxide (Al2O3) that still preserve the optical signature of graphene resulting in 

improved electrostatic coupling 65. Unfortunately, even the reduced thickness of these 

materials compared to SiO2 still require high switching voltage because the dielectric 

thickness is an order of magnitude too large for high speed/low power devices. In this 

work, we overcome two important barriers to study graphene interaction with scaled 

high-k dielectrics: (i) the difficulty of dielectric deposition on hydrophobic 

(untreated/pristine) graphene and (ii) lack of optical signature for graphene transferred to 

scaled high-k dielectrics. The key to achieving this study is fabrication of back-gated 

devices on heavily doped silicon wafers capped with scaled ALD gate dielectric and 

circumventing the need for graphene optical detection by utilizing continuous, uniform, 

and wafer sized high quality graphene synthesized by chemical vapor deposition such 

that the need for precise alignment of discrete source/drain contacts is eliminated. Hence, 

the dielectric needs no seed layer because it is grown directly on a silicon wafer using 

industry standard ALD processes and the complete lack of optical contrast is not a 
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hindrance since we transfer large (~6 cm x 6 cm) highly uniform graphene sheets that 

cover the majority of the wafer surface. 

3.1.2 Fabrication  

First, graphene film was synthesized using the same method described in chapter 

2, section 2.2. After growth was completed, the film is then transferred based on poly 

methyl methacrylate (PMMA) to heavily doped Si wafers coated with either 27.5 nm 

silicon dioxide (SiO2) or <10 nm aluminum oxide (Al2O3). The SiO2 was grown by 

dry/wet/dry oxidation sequence in a tube furnace whilst Al2O3 was grown via atomic 

layer deposition (ALD) using tri-methyl aluminum precursor and H2O reactant at 200-

250˚C with deposition rate of ~1Å/cycle.  After solvent removal of PMMA, the wafers 

were exposed to a nitrogen/hydrogen gas mixture at 450oC for 10 minutes to remove any 

additional PMMA residue and promote photoresist adhesion. Contact mask based liftoff 

lithography was utilized to pattern 50/200 nm Ti/Au source/drain contacts deposited via 

e-beam evaporation. Finally, a second mask was used to preserve graphene in the channel 

regions upon exposure to a short duration O2/Ar reactive ion etch (Figure 3.1). 

 

Figure 3.1. Schematics of the fabricated FinFET and SEM image of the fins. a) 

Schematic of device after PMMA transfer of large 60 cm x 60 cm sheets of CVD 

graphene to the Al2O3 dielectric surface, liftoff processing of the Ti/Au contact metal, 
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and finally patterning of the graphene fins in the channel region.  It is important to note 

that there is almost no contrast following PMMA removal, hence the need for large area 

graphene over the 100mm wafer to ensure a statistically sound data set.  b) Scanning 

electron micrograph (SEM) of a representative device. The inset shows sub micrometer 

fin structures of graphene coated with photoresist for clarity.  

 

3.1.3 Results and Discussion  

Raman spectral were taken before and after the PMMA transfer to both substrates 

to demonstrate the successful transfer process as shown in Figure 3.2.a. The Raman 

spectra shown possess an I2D/IG ratio of 2-3 depending upon the substrate with little or no 

evidence of peaks signature of defects thereby confirming the high quality of the 

graphene used in this study. Raman mapping is utilized to ensure larege area graphene 

film were transferred to the grown high-k dielectric as shown in Figure 3.2.b. the Raman 

map indicates a fairly uniform normalized I2D/IG peak intensity ratio over a large 40 µm 

X 40 µm area whilst the accompanying optical image (of graphene on SiO2) shows 

isolated higher contrast spots where the graphene sheet has wrinkled or folded during 

PMMA transfer from the Cu foil substrate. It is also noticed that the full width at half 

maximum (FWHM) of G band peak increased after transferred to oxide substrates. Also, 

another peaks seemed to rise after transferred to Al2O3 substrate. On the other hand, the 

2D band is downshifted on both substrates. These observations are attributed to uniaxial 

strain that is produced by the Al2O3 dielectric 66.  
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Figure 3.2. Raman Analysis of the grown film along with large area raman map 

with optical image of the transferred film. a) Raman signatures of graphene films on 

copper foil and after transfer to the dielectric coated substrate. It is to be noted that a 

much higher attractive force existed between graphene and the Al2O3 substrate compared 

to SiO2 during transfer from the final DI water rinse to the host substrate. Specifically, 

the graphene sheet could be “repositioned” on the SiO2 substrate as it glided over the 

interfacial water layer whereas the graphene irrevocably “stuck” to the Al2O3 surface 

upon contact. This increased attractive force may have contributed to the residual strain 

in the graphene on Al2O3 as seen in the inset of the G peak. b) Large area Raman 

mapping of the I2D/IG intensity ratio indicates continuous and relatively uniform graphene 

over very large areas. This criterion was especially important for this study due to the 

lack of optical contrast between graphene and the thin Al2O3 dielectric. c) optical image 

of graphene after transfer to SiO2 substrate showing wrinkled and folded regions that give 

rise to anomalies in the raman map. 

 

Gate overdrive normalized transfer characteristics of representative devices with 

gate length, Lg = 2.4 µm on SiO2 and Al2O3 substrates are shown in figure 3.3.  Both 

devices exhibit p-type conduction typically seen in CVD derived graphene films 

transferred from the growth substrate to the insulating substrate in aqueous solution 

media. The device with scaled high-k Al2O3 dielectric and FinFET type graphene channel 
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has an ION/IOFF ratio of 3.75, and almost 3000x higher normalized peak linear 

transconductance (gm) than the SiO2 specimen. These characteristics are rarely seen in 

back gated devices and are attributed to the high quality of the graphene channel material 

and the enhanced electrostatic coupling through the thin high-k dielectric into the 

graphene fins. The deposited ultra-scaled high-k dielectric offered a very low voltage 

(from -1V to 1V) and better electrostatic control over graphene channel compared to SiO2 

substrate. Moreover, we note that our device escapes many of the parasitic fringing field 

issues present in ultra-thin body silicon MOSFETs due to the lower Vds required for 

efficient graphene transistor operation and the nanometer scale thickness of the buried 

Al2O3 
67.  

      

Figure 3.3.  Width normalized Id-Vg plot for the back gated device on thin Al2O3 

dielectric. Despite having only the back gate and graphene fins on the order of 250 nm 

the device still exhibits excellent ION/IOFF of 3.75. Electron conduction is severely 

inhibited in these devices due to heavy p-type doping.  Typical gate leakage current was 

< 10nA over the range of Vgs shown with breakdown occurring between 2.5-3V Vgs. The 

inset shows the dramatic improvement in gate control from adopting the scaled gate 

dielectric.   

 



                                                            46 

 

 

Figure 3.4. transconductance of FinFET compared to graphene on SiO2 substrate 

and Id-Vd curves.  a) Comparison of width normalized transconductance for linear and 

saturation Vds conditions highlighting the ease of switching the device state at a fraction 

of gate voltage typically required for back gated FETs.  b) IdVd curves indicate the device 

retains appreciable ION/IOFF ratio in saturation It is important to note that the combined 

saturation gm of ~140 µS/µm, Id
sat >250µA/µm, and ION/IOFF ratio >2.5 outstrip any of 

the seeded ALD dielectric growth techniques presented in 18.   

 

Saturation transfer characteristics shown in Figure 3.4 using a -1V to 1V supply 

indicate a peak gmSAT/Idrive ratio that surpasses even the best top gated devices with 

seeded deposition ALD films while still maintaining an ION/IOFF ratio > 3 68. A model was 

used to extract effective mobility yielding an intrinsic (sheet) carrier concentration of 

~1.42 x 1012 cm-2 and contact resistance that varies between 70-80% of the total device 

resistance depending upon the back gate voltage value in good agreement with other 

work 69,70. The extracted mobility is found to be > 11,000 cm2 V−1s−1 

3.1.4 Conclusion  

Here we presented the integration of a scaled (<10 nm) high-k gate dielectric 

aluminum oxide (Al2O3) with chemical vapor deposition (CVD) derived graphene 
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channel using FinFET architecture to realize mobility > 11,000  cm2 V−1s−1. The high 

mobility is a by-product of the graphene growth quality, enhanced electric field offered 

by pristine scaled gate dielectric, and superior electrostatic control of the graphene fins. 

The record saturation drive current and conductance compared to other top-gated devices 

requiring undesirable seed assisted dielectric deposition suggests that this facile transistor 

structure provides critical insight toward future device design to maximize CVD based 

graphene transistor performance. It is to be noted that recently semiconductor industry 

has adopted a non-planar architecture tri-gate or FinFET for better electrostatic control 

and enhanced performance. Up to the best of our knowledge, our demonstration is the 

first ever FinFET device using graphene as channel material. 

3.2 Contact Engineering  

 

 

 

 

 

3.2.1 Introduction  

The extremely high intrinsic carrier mobility coupled with very small 

(engineered) bandgap makes graphene a promising candidate for future low power radio 

frequency (RF) analog devices where speed rather than high Ion/Ioff ratio is most critical 

71.  Achieving high performance low power graphene devices and circuits mandates 

This work has been presented in IEEE Nano 2013 conference held in China. And 

published accordingly in Qaisi, R. M., Smith, C. E., Ghoneim, M. T., Yu, Q., & Hussain, 

M. M. (2013, August) In Nanotechnology (IEEE-NANO), 2013 13th IEEE Conference on 

(pp. 890-893). IEEE. 
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intelligent choice of materials and fabrication techniques for contacts used to inject 

carriers and the gate dielectric for electrostatic actuation of drive current 72,73. For current-

generation silicon metal-oxide-semiconductor transistors (MOSFETs), the International 

Technology Roadmap for Semiconductors calls for a contact resistance of 80 µΩ-m per 

contact, which is about 10% of the transistor's on-resistance VDD=ION 24.  Not Optimized 

contacts between graphene and metal electrodes can significantly increase device 

resistance and severely limit performance. Engineering low device contact resistance is 

aimed at increasing Id 
25,26 compared to band gap engineering for decreasing Ioff 

27. In 

theory, the absence of a band gap in graphene should make ohmic metal contacts quite 

easy to obtain low resistance. However, small density of states in graphene suppresses 

current injection from the contacts resulting in non-negligible contact resistance (RC) 28. 

It is suggested that contact resistivity (ρcontact) should be less than ~10-9 Ω-cm2 for 

miniaturized graphene transistors 29. Different contact resistivity values have been 

reported for various graphene growth methods with the lowest value obtained using 

epitaxially grown graphene on SiC substrate is less than 10 µΩ-cm2 compared to ρcontact 

in the range from 2 µΩ-cm2 to 5 µΩ-cm2 for CVD grown graphene and mechanically 

exfoliated graphene 21,30. Clearly, additional research is required to identify appropriate 

materials and processes to achieve the target contact resistivity on the order of nΩ-cm2.  

Here, we demonstrate a novel structure for direct measurement of contact resistivity that 

eliminates the need for metal deposition directly on graphene, permits direct access to the 

graphene-metal interface enabling further chemical  treatments/characterization, 

facilitates wrinkle free transfer of graphene to a planar surface generated without the use 

of complex chemical mechanical planarization (CMP) processing, and broadens the 
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variety of available metals used to research graphene contact resistivity. We feel that this 

methodology is ideally suited for systematic engineering of materials and processes 

needed to realize high performance low power RF carbon based electronics. 

3.2.2 Fabrication  

First, graphene film was synthesized using the same method described in chapter 

2. After growth was completed, the film is then transferred based on poly methyl 

methacrylate (PMMA) to a test wafer.  Preparation of the test wafer started with 3000 Å 

thermal oxidation of a heavily doped Si wafer followed by metal lithography.  Buffered 

oxide etchant (BOE-7:1 Transene) was used to recess the SiO2 by approximately 1500Å. 

Deposition of 20 nm titanium adhesion layer and 120 nm gold via physical vapor 

deposition (PVD) was followed by gentle sonication in acetone for the lift-off process 

and O2 ashing to remove any additional photoresist residue. Graphene was then 

transferred from aqueous media onto the planar test wafer surface and dried in N2 after 

which PMMA was removed by hot N-Methyl-2-pyrrolidone (NMP), acetone and 

isopropyl alcohol (IPA). Finally, photo-resist (PR) patterning of graphene in an 

oxygen/argon reactive ion etch (RIE) and subsequent PR removal in acetone completed 

the fabrication sequence as shown in Figure 3.5.b. 
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Figure 3.5. Shows the schematic of the buried gate structure and a cross section 

SEM image. a) the schematic of the proposed novel buried contact structure; and b) the 

cross section of the buried contact metal structure that shows that Au /Ti gold is 

deposited on the recessed SiO2 while the surface is planar (blue dashed line) after 

graphene transfer. 

 

3.2.3 Results and Discussion  

Transfer of the graphene to the buried contact structure helps avoid film 

wrinkling, breakage and delamination due to the coplanar metal/SiO2 surface shown in 

Figure 3.5.a. It is important to note that the recessed oxide region near the edge of the 

metal pad is a byproduct of the graphene RIE and hence only appeared after transfer.  

Raman spectroscopy and mapping of the as grown graphene on Cu foil indicate an I2D/IG 

ratio of ~2 with no defectivity peak ID indicating that our bilayer graphene is of high 

quality and uniformity (Figure 3.6).   

 

a 

b 



                                                            51 

 

 

 

Figure 3.6. The acquired Raman spectrum of graphene and Raman mapping of the 

grown graphene film: a) Raman signatures of graphene films on copper foil (black), 

after transfe to SiO2 (red), after transfer to buried contact metal surface (yellow), after 

NH3 annealing(blue) and after H2-Ar annealing(green). It is found that the PR is not 

thoroughly removed as indicated in the spectrum of Gr/Au and after Nh3 annealing. The 

rise in D band after NH3 annealing is showing that the graphene is doped with NH3. The 

PR is removed after H2-Ar gas mixture annealing; b) Large area Raman mapping of the 

I2D/IG intensity ratio indicates continuous and relatively uniform good quality graphene 

over very large areas. The raised peaks from 200 cm-1 to 2500 cm-1 for the shown spectra 

is indicating that PR residual is not thoroughly resolved. 

 

Linear fitting of resistance versus channel length data yields transfer length (LT) 

and contact resistance (Rcon) as a function of back gate voltage (Vbg) and ultimately 

allows for extraction of contact resistivity based on the transfer length method (TLM) 31. 

Despite statistical variation in the example graphene devices tested shown in Figure 3.7, 

we still see the expected trend of decreasing channel resistance (slope) with more 

negative Vbg indicating p-type graphene.  Moreover, we note a slight change in the 

contact resistance as a function of Vbg as observed by other groups that could be more 

pronounced due to the buried contact structure we have employed. The low contact 

a b 
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resistivity in the range of 1 µΩ-cm2 suggests that the as transferred Au-graphene contact 

resistivity is inherently favorable as suggested by 32.   

 

Figure 3.7. R–Vg plot for Au contacts on graphene showing the resistance as a 

function of distance and Vg. The plot of TLM method is showing that the sheet 

resistance ρsheet (slope) decreased as the Vg decreased indicating that the Au/graphene contact 

is less sensitive to holes than that for electrons. 

 

The effect of NH3 annealing on device contact resistivity shows a much stronger 

effect with higher temperature (Figure 3.8).  We attribute the increased contact resistivity 

post NH3 anneal to a less favorable injection of electrons to/from graphene-Au due to the 

metal’s high work function. Although contact resistivity increased after NH3 annealing, 

we note a much stronger inversion response for the same Vbg range as seen in the 

obtained Id -Vg  curves in Figure 3.9.  The clear shift in Vdirac towards zero corroborates 

the observed increased channel resistance because the device is no longer experiencing 

the same gate overdrive (Vbg-Vdirac).  A similar observation for FGA of the graphene 

FETs seen in Figure 3.9.b, can be explained by the removal of organic residue altering 

the Dirac point. 



                                                            53 

 

  

Figure 3.8. The contact resistivity as a function of Vbg. It is observed that the contact 

resistivity is increasing with NH3 annealing. The back gate bias is causing a slight change 

in the contact resistivity due to the injection of carriers from graphene into gold and from 

gold to graphene.   

    

Figure 3.9. Id -Vg plot for the buried contact metal device before and after 

NH3 and H2-Ar gas mixture annealing. It is noted that the contact resistivity 

decreasing as the device is exposed to NH3 and H2-Ar gas mixture while the graphene 

channel resistivity is decreased in both cases: a) the Id-Vbg before and after the exposure 

to NH3. The observed shift in dirac point (blue) is attributed the compensation of carriers 

population (electron) occurred after doping the graphene with NH3; b) the Id-Vbg before 

and after annealing in H2-Ar gas mixture under vacuum. The pronounced shift dirac point 

(red) is caused by the removal of PR and PMMA residual after annealing in vacuum.  
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3.2.4 Conclusion 

We report on the fabrication of a buried metal contact structure for facile study of 

metal/graphene contact resistivity. The low extracted contact resistivity for Au/graphene 

(~1 µΩ-cm2) implies that processing issues alone may account for the high contact 

resistance reported in much of the graphene device literature. Annealing in NH3 and H2-

Ar mixture indicates that metal work function selection may be a critical component of 

lowering contact resistivity to graphene based on its predominant carrier type (doping). 

This novel test vehicle can be utilized to test a wide variety of material and processing 

options for realizing low contact resistance in graphene transistors for low power RF 

applications. 
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Chapter 4. Graphene Applications 

 

In this chapter, development of graphene sensor based on back gate transistor 

structure is illustrated. First, water quality sensor based on graphene channel ion 

sensitivity is shown. Then, I will talk about graphene behavior at high temperature as a 

step toward realizing graphene sensors for high temperature application. Finally, I will 

talk briefly on my contribution in building graphene micro biofuel cells. 

4.1 Water Quality Sensor Based on Graphene Ion Sensitivity  

  

4.1.1 Introduction  

Graphene is a unique platform for sensing application since it is simple, less 

expensive and requires less energy due to its extraordinary properties 33. Comprised of a 

single layer of carbon with every atom on its surface, graphene is a full two dimensional 

material where the whole volume is exposed to surface absorbs that results in a change of 

graphene conductivity. The high sensitivity of graphene to tiny local environmental 

changes in its conductivity gives rise to interesting sensing application. In practical, 

graphene has been used to detect changes in aqueous media level. A graphene field effect 

transistor response is achieved through direct exposure to aqueous media or by top gating 

This work has been presented in MRS 2013 fall meeting held in USA. “Ramy Qaisi, 

Casey Smith and Muhammed Hussain, “Ion Sensitivity from Back Gated Graphene Field 

Effect Transistor”” 

https://mrsfall13.zerista.com/event/member/99497
https://mrsfall13.zerista.com/event/member/99497
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through electrolyte solution. Here, we report on the electrical behavior of the as 

transferred graphene to SiO2 substrate in deionized water (DI) and NaCl. The 

measurements were taken after dipping the sample in DI water and NaCl/DI water 

respectively. In this work we show that graphene can be used as ion sensitive graphene 

field effect transistor without using top gating via “solution gating” solution-gate field 

effect transistor (SGFET). Instead, back gated graphene field effect transistor is adopted 

in this study which require no further treatment or fabrication processes.  

4.1.2 Results and Discussion  

It is observed that the neutrality point is shifted negatively. Dirac voltage 

increased from 15 V to 23 V after dipping the sample for one second. Then followed by a 

continued decrease with time until it reached 22 V after 15 seconds as shown in Figure 

4.1. This shift is due to electrostatic fields induced by the H2O dipole moments and 

resulted in hole (increase of hole carriers) doping of the graphene after one seconds 

however the doping profile after one seconds demonstrating that electron concentration is 

increasing after one seconds. This can be seen from the upshift of dirac voltage. The 

change of dirac voltage is indicating that graphene surface adsorbed more H2O molecules 

leads to a change in graphene carrier concentration near Fermi energy level. We observed 

that the value of the current tends to saturate as time increased. This phenomenon comes 

in agreement with what has been observed in 34. However, the time response could be 

attributed to substrate/ graphene interface property. The effect of H2O adsorbents on 

graphene surface is investigated for different gate lengths. It is observed that dipping the 

sample in DI water would affect graphene channel instead of graphene edges as the 

percentage change of 10V gate over drive resistance is increasing with time as shown in 
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Figure 4.2. After that, we prepared NaCl solution with varying concentration of NaCl 

ranging from 0.03 g to 0.5 g diluted in 200 mL of DI water. Transfer characteristics as a 

function of NaCl concentration is shown in Figure 4.3. The obtained Id-Vg curves 

showing an Ion/Ioff ratio of ~ 2.5 before dipping the sample in NaCl solution. The ratio 

decreased with increasing the concentration of NaCl as we introduce more ions that affect 

the conductivity of graphene channel eventually leading to a change in carrier 

concentration. Figure 4.4, demonstrates the dirac voltage as a function of NaCl 

concentration. Dirac voltage decreased from 32 V to 10V. Dirac voltage decreased 

monotonically from 32V to 10V. Since there is only a negative shift in Vdirac, graphene 

surface is more sensitive to Na+ ions rather than H+ ions as can be evidenced from the 

down shift of dirac voltage that exceeded the original state of carrier concentration.  In 

addition, the pragmatic change in in the overdrive gate resistance suggests that the effect 

occur in graphene channel and graphene edges simultaneously as illustrated in Figure 4.5. 

 

Figure 4.1. Voltage at minimum conductivity (dirac voltage) as a function of time in 

DI water. it is shown that graphene dirac voltage increased after one seconds from ~15 V 

to ~23 V then decreased steadily until it reached 22 V. 
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Figure 4.2. The percentage change in resistance as a function of time for DI water. 

Two lines are plotted representing the resistance of -10 V gate over drive voltage (blue) 

and 20 V gate over drive voltage taken from -10 V to 10 V (red). The blue line is 

showing the change in resistance at contacts interface while the red line indicates channel 

resistance. Contacts/graphene interface found to be more sensitive to the perturbation 

caused by H2O molecules rather than graphene channel as can be seen.    

 

Figure 4.3. Id-Vg curves as function of NaCl concentration measured at 5 seconds, 

100 mV drain to source voltage and -40 V to 40 V back gate voltage. The downshift 

of dirac voltage (to left direction) showing that graphene is exhibiting n-doping as more 

positive ions (Na+) are introduced in the solution eventually affecting carrier 

concentration near neutrality point. Other trend can be seen in the minimum conduction 

(vertical shift), decreased conduction (increase in neutrality resistance) is observed as 

NaCl concentration increased  
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Figure 4.4. Minimum conduction current and dirac voltage as a function of NaCl 

concentration. Blue line is representing the change in minimum drain current whereas 

red line is showing the change in dirac voltage. Minimum current decreased at a 

concentration higher than 0.03 g then increased after introducing 0.3 g of NaCl. dirac 

voltage is decreasing linearly with NaCl concentration. The two dash lines representing 

the original state of minimum condauctivity and dirac voltage respectively. Increasing 

NaCl concentration leads to a change that surpassed the original state indicating stronger 

n-doping profile compared to dionized water.  

 

Figure 4.5. The percentage change in resistance as a function of time for NaCl 

concentration. Two lines are plotted representing the resistance of -10 V gate over drive 

voltage (blue) and 20V gate over drive voltage taken from -10 V to 10 V (green). The 

blue line is showing the change in resistance at contacts interface while the green line 

indicates channel resistance. It is observed that NaCl attacking graphene at both 
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contact/graphene interface and channel simultaneously as can be evidenced from the two 

lines that following the same trend.   

 

4.1.3 Conclusion

We demonstrated graphene back gate transistor response as a new method that 

can be used as an indicator of water quality. We found that dipping graphene in deionized 

water would render the graphene doping profile as n-doping after time increased. 

Although the dirac voltage is been reduced, the electrostatic potential induced by water 

molecules is exceeding the original state of carrier concentration. On the other hand, 

graphene back gate Response exhibited strong n-doping characteristics after introducing 

variant NaCl concentration in deionized water for 5 seconds as can be seen from the 

down shift of dirac voltage. Interestingly, water molecular found to be occurring at 

graphene channel whereas it is affecting both graphene channel and graphene contacts. It 

is to be noted that the presented study is conducted for SiO2 dielectric and it is anticipated 

that changing the substrate will significantly change situation as adsorbed molecules 

positioned in defects and create additional electrostatic potential leading to a change in 

the coupling between dielectric and graphene channel.        
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4.2 Graphene Behavior at High Temperature  

 

4.2.1 Introduction   

Wide band gap semiconductors like gallium nitride (GaN) and silicon carbide 

(SiC) are currently employed in high temperature power transistor applications owing to 

their superior combination of characteristics including mobility, breakdown voltage, 

cutoff frequency, and operating temperature 35. However, fabricating these devices using 

high vacuum epitaxial growth techniques (i.e. molecular beam epitaxy, MBE or metal 

organic chemical vapor deposition, MOCVD) is often cost prohibitive. Recently, high 

mobility graphene transistors have exhibited cut-off frequencies in the GHz regime 

suggesting that they are promising candidate for future low cost RF electronic 

applications 36. At the same time, graphene’s superior thermal conductivity and thermal 

stability has also been established. The high sensitivity of graphene surface to minor 

changes has opened the door for novel graphene sensor devices to be used in harsh 

environments such as ultra-clean energy storage plant, advanced combustion fuel cells, 

gasification, chemical looping and other applications 37. These applications require 

This work has been submitted as Qaisi, R. M., Smith, C. E., & Hussain, M. M. 

(2014). Atmospheric pressure chemical vapor deposition (APCVD) grown bi‐layer 

graphene transistor characteristics at high temperature. physica status solidi (RRL)-

Rapid Research Letters. 

Also, the choice is made for this paper to be a cover page. 
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monitoring different gaseous species such as carbon dioxide (CO2), ammonia (NH3), 

nitrous oxide (NOx) and sulfur dioxide (SO2) in high temperature environments. 

Graphene field effect transistors (GFET) have shown promising results for detecting the 

absorbance of CO2, NO2, NH3, SO2 and O2 gas molecules 38,39. In a typical graphene FET 

sensor, graphene is used as a conducting channel between drain and source electrodes 

with the gate potential being applied through back-gate. Changes in the local electric field 

near the exposed graphene channel due to physisorbtion of molecules from the 

environment which alters conductance in the graphene channel. However, the behavior of 

graphene devices needs to be evaluated at elevated temperatures in order to understand 

the full impact and potential of low cost gas sensors for harsh environment applications. 

Therefore, graphene FET functionality at high temperatures is worth investigation to 

better conceive novel implementation of this new generation advanced material in harsh 

environment applications. Recently, graphene functionality at higher temperatures has 

been reported for mechanically exfoliated 40,41, epitaxial graphene growth 42 and 

suspended graphene 43. Interestingly, most of these studies focus on the metal-graphene 

interface. It is widely observed that the metal contact interface would degrade the 

performance of the graphene due to the diffusion of metal grain boundary at high 

temperature. However, the studies on mechanically exfoliated graphene and epitaxially 

grown graphene were challenging. Mechanically exfoliated graphene does not offer an 

industry friendly path to scalable deposition whereas epitaxial graphene is expensive as a 

direct synthesis approach.  Hence, it is of great importance to study the reliability, 

robustness, and device failure parameters in order to realize graphene device potential as 

a sensor in sensitive harsh environments. Therefore, we investigate the characteristics of 
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atmospheric chemical vapor deposition (APCVD) grown bilayer graphene transistors 

fabricated on ultra-scaled (10 nm) high-k dielectric aluminum oxide (Al2O3) at elevated 

temperatures. We observed that the drive current increased by >400% as temperature 

increased from room temperature to 250 °C. Low gate leakage was maintained for 

prolonged exposure at 100oC but increased significantly at temperatures >200 °C. These 

results pro-vide important insights for considering chemical vapor deposition (CVD) 

graphene on Al2O3 for high temperature applications where low power and high 

frequency operation are required.  

4.2.2 Fabrication 

Graphene was grown by previously mentioned process in chapter 2. Then, Poly 

methyl methacrylate (PMMA) based transfer of the graphene to heavily doped Si wafers 

coated with 10 nm atomic layer deposited (ALD) Al2O3 high-k dielectric was followed by 

deposition and patterning of 50/200 nm Ti/Au source/drain contacts deposited via e-beam 

evaporation. 

4.2.3 Results and Discussion  

Raman spectroscopy (532 nm laser wavelength) was used to evaluate the 

synthesized multi-layer graphene by the aforementioned process. Figure 4.6.a, Raman 

spectra acquired before and after transfer indicate no damage to the bilayer graphene due 

to mechanical handling. Also, large area Raman mapping of the I2D/IG peak ratio was 

acquired to validate the reliability of the graphene transfer process. The D band is 

centered around 1355 cm-1 indicating low disorder induced-defect. The G and 2D bands 

are positioned at ∼1389 cm-1 and 2704 cm-1, respectively. The Raman spectrum revealed 

an intensity ratio of ∼2.5 and asymmetric 2D peak with full width at half maximum 
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(FWHM) of ∼70 cm-1. The observed characteristics of Raman spectra features is in 

agreement with Bilayer graphene characteristics in 44-47. Moreover, the absence of D band 

peak is illustrating low deficiency nature of the grown bilayer graphene. In addition, 

raman spectra taken randomly from different spots to confirm similar characteristics are 

obtained (Figure 4.6.b). Different spectra shown in Figure 4.6.b, the revealed raman 

characteristics  is comparable to the aforementioned features, with I2D/IG intensity ratio 

ranges from 1.4 to 4.1, G band and 2D band positioned in the range 1583.2 cm-1 and 1588.9 

cm-1 respectively, FWHM of 2D band lies in the range 38 cm-1 to 55 cm-1.  

 

Figure 4.6. Raman spectra for as grown graphene film and after transfer. (a) Raman 

signatures of graphene film on Cu foil and after transfer to Al2O3 dielectric. I2D/IG is 

~2.5 indicative of large area BLG. The inset shows an optical image of the transferred 

graphene with arrow indicating wrinkles which occurred during the transfer process. (b) 

Raman spectra taken randomly from different spots. The figure reveals I2D/IG ratio ranges 

from 1.4 to 4.1, G band and 2D band cantered between 1583.2 cm-1 and 1588.9 cm-1 

respectively  and FWHM of 2D band widths between  38 cm-1 to 55 cm-1. 

 

Raman spectroscopy (532 nm laser wavelength and 1 µm spot size) mapping 

technique of I2D/IG intensity ratio accompanied with FWHM mapping of 2D mapping is 

utilized to validate the reliability of graphene transfer process and evaluate the uniformity 

of the grown graphene film. Figure 4.7, represents the result of the performed Raman 

mapping. Figure 4.7.a, shows mapping of I2D/IG intensity ratio, graphene transfer process 
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yielded good graphene coverage on Al2O3 as elucidated from I2D/IG map with ratio varies 

from 0.5 to 3.5. Although the map shows that the majority of the transferred graphene 

film retains intensity ratio I2D/IG comply with graphene film with less than three layers 

48,49, FWHM map of 2D band must be correlated with I2D/IG intensity map to quantify 

graphene layer numbers distribution across the film 50. Figure 4.7.b, demonstrates FWHM 

of 2D band for the same map area shown in Figure 4.7.a. FWHM of 2D band range 

started from 35 cm-1 to 70 cm-1 with the majority band lies between ~40 cm-1 (blue) and 

~45 cm-1 (green). Comparing I2D/IG intensity ratio map to 2D band FWHM map, unveil 

excellent agreement between   I2D/IG ratio and FWHM widths that larger peak widths are 

associated with smaller intensity ratios. Also, from Figure 4.7.a and Figure 4.7.b, taking 

I2D/IG above 1 along with FWHM of greater than 30 cm-1, we concluded that the grown 

graphene film is bi-layer graphene with high uniformity. Although the film signature is 

predominantly bi-layer graphene, areas that resemble multilayer graphene were present 

and found to be caused by large but isolated wrinkles in the graphene – a byproduct of a 

much stronger surface adhesion between the graphene and Al2O3 than we typically 

observe for SiO2 dielectric based back-gated substrates 48-05.  

Transfer characteristics of the graphene devices at elevated temperature are shown 

in Figure 4.8.a. A pronounced increase in the drive current alongside a reduced ION/IOFF 

ratio as a function of temperature is attributed to thermal excitation of carriers leading to 

higher occupation of the available density of states. Since Raman spectra indicate that the 

synthesized grahpene is bi-layer, it is safe to believe in alignment with previous reports 

on bi-layer graphene exhibiting an increased carrier density with temperature rise leading 

to higher occupation of the available density of states in graphene 51.  
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Figure 4.7. Raman mapping for large area (40 µm2) graphene on SiO2 to validate 

graphene transfer process and evaluate the uniformity of the grown films. (a) I2D/IG  

intensity ratio map with large graphene coverage possessing ratio of greater than 1 

predominantly. (b) FWHM of 2D band map revealing the majority of 2D peak widths lies 

in the range from 40 (blue) cm-1 to 45 cm-1 (green). 

 

 

Figure 4.8.a, the observed change in carrier density is ~ 60 % increase from room 

temperature to 76 °C according to previous works 52-54. In our work, intrinsic carriers are 

estimated to increase by 80% compared to that of room temperature as the temperature 

reaches 250 °C. The stepwise increments are as follows: 60% additional carriers are 

excited as the temperature reached 50 °C followed by 15%, 4%, 1% and 1%   for the next 

steps of 100 °C, 150 °C, 200 °C and 250 °C respectively. This increase in the carrier 
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density manifests itself as an observed increase in the drive current (Ids). Therefore, the 

drive current increment by ~75% at 250 °C compared to that of the room temperature is 

in good agreement with the expected carrier density increase. It is also observed that the 

minimum conductance (conductivity at Vg=Vdirac) is increasing with temperature which 

explain the reduction in ION /IOFF ratio. Eventually this trend defines the upper limit at 

which the device still can be switched between on and off states. Figure 4.8.b, shows the 

corresponding Id-Vg curves of a back gated graphene transistor measured at room 

temperature before and after being exposed to a 250 °C environment. It is found that the 

device has ~10 % increased drive current post high temperature exposure. We attribute 

this increased performance to thermal annealing which removed impurities at the S/D 

contacts thus enhancing the drive current by reducing contact resistance (a known issue 

for graphene devices in general). It is important to note that the increasing conductance 

behavior with temperature that we observed is markedly differs from monolayer 

graphene where mobility is known to degrade with temperature due to dominance of 

surface/interface phonon rather than coulomb scattering 55,56. A verified model is used 

19,20 to extract the effective mobility based on total device resistance with fitting 

parameters of contact resistance (60–75% of the total device resistance), intrinsic carrier 

concentration (1012 cm-2), and mobility (9000 cm2/V-s).  It is found that the carrier 

concentration increased from 1.42 x 1012 cm-2  at room temperature to 8.4 x 1012 cm-2  at 

250 °C with corresponding mobility of  ~9000 cm-2/V-s and ~12,500 cm-2/V-s, 

respectively. Figure 4.8.c, shows the extracted values of mobility and carrier 

concentration as a function of temperature. The pronounced increase in both mobility and 

carrier concentration with temperature agrees with observations by other groups. 
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Enhanced screening by the thin Al2O3 dielectric is primarily responsible for mitigating 

mobility degradation in these devices. The temperature effect is promising for this 

particular device embodiment since mobility in bi-layer is dominated by coulomb 

scattering rather than different scattering mechanisms (i.e. phonon scattering) 57. 

 

 

 

Figure 4.8. The transfer characteristics plot (Id-Vg) as a function of temperature. (a) 

Gate overdrive (Vg-Vdirac) normalized Id-Vg plot showing increasing drive current with 

rising temperature along with increasing of the minimum conductance (Id at dirac voltage); 

(b) The corresponding Id-Vg curves of a back gated graphene transistor measured at room 

temperature before and after being exposed to a 250 °C environment. It is observed that 

the drive current is enhanced by ~10%; (c) The extracted values of mobility and carrier 

concentration as a function of temperature. It is illustrated that mobility is increased with 

temperature with increasing carrier density

The linear increase in Ids shown in Figure 4.9 persists to 250 °C but is not solely 

due to increased gate overdrive (Vg-Vdirac) from the positive shift in Vdirac since the curves 

clearly show saturation behavior. We attribute this trend to temperature induced 
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elimination of negatively charges defects (i.e. VO oxygen vacancies) at the BLG/Al2O3 

interface whose elimination renders Vdirac more positive and at the same time reduces 

coulomb scattering. Moreover, the interface between gold (Au) and graphene leads to 

difference in work function between them, where the higher work function combined 

with the non-reactive nature of Au leads to higher probability of carrier transmission 

through the interface.  Dirac voltage shift and Ion/Ioff ratio as a function of temperature is 

shown in figure 4.10, implies that the device operation stabilizes after a relatively mild 

vacuum treatment at 50oC. We do not expect any effect from physiosorbed water since 

the Vdirac shift is moving in the wrong direction. 

 

Figure 4.9. Drain current as a function of temperature. The monotonically increasing 

current with temperature is due to the increased density of carriers by thermal excitation. 
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Figure 4.10. Dirac voltage and Ion/Ioff ratio as function of temperature.  Stabilization 

of these device metrics occurred after a modest anneal at 50 °C. [Vds = 0.1V, Vgs = -2 to 

4.5V] 

 

 

Exposure to elevated temperature showed a detrimental effect on the gate current 

density seen in Figures 4.11.a-c, a condition that could cause significant joule heating 

further affecting the changes we propose at the BLG/Al2O3 interface. Figure 4.11.a, 

shows the Id-Vd plot of the device at different temperature as a function of time. The 

drain current increased as temperature increases compared to room temperature current. 

The measured drain current has increased ~ 51% from room temperature to 100 

°C after 40 minutes compared to ~68% increase in the current from room temperature to 

200 °C after 15 minutes. However, this trend tends to affect the gate leakage current as 

shown in Figure 4.11.b. To investigate the gate leakage trend, a thermal budget 

measurement is acquired for the device at 100 °C and 200 °C respectively for 40 minutes. 

For both temperatures, the devices showed a pronounced increase in the leakage current 

after 30 minutes. Further measurement on gate current leakage was carried out at elevated 

temperature as shown in Figure 4.11.c. Here, the devices preserved low and steady gate 

leakage current up to 200 °C. This can be interpreted as an introduced vacancy to the 
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high-k dielectric due to the increased temperature. In addition, Al2O3 dielectrics exhibit 

Frenkel–Poole emission 58 where the dielectric gradually becomes a conductive as the 

temperature increases. The increased temperature gives rise to additional thermal energy 

that aids carriers in transitioning from localized states to the conduction band. The 

trapped carriers with sufficient energy to overcome the barrier offset or tunnel through 

the barrier manifest themselves as exponentially increasing leakage current.  

 

Figure 4.11. Leakage current analysis and failure data.  (a) Width normalized Id-Vds 

plot for 100 °C and 200 °C respectively compared with room temperature. The gate 

modulation is much less effective at higher temperatures where the applied field cannot 

reduce the number of thermally excited carriers owing to graphene’s small band gap. (b) 
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Area normalized gate leakage after extended time at 100 °C and 200 °C. The device at 

100 °C generally suffered no degradation with time but leakage increased dramatically at 

200 °C until the device suffered breakdown. (c) Width normalized gate leakage as a 

function of temperature. The gate leakage increase observed here implies that graphene 

transistors operating above 200 °C would need thicker (>10 nm) dielectrics to reduce gate 

leakage. 

 

4.2.4 Conclusion  

We have reported on APCVD grown graphene behavior at elevated temperature 

up to 300 °C. Gate leakage current was found to be the principal cause of device failure at 

high temperature above 250 °C suggesting that dielectric engineering and device isolation 

would improve functionality at higher temperatures above 300 °C. It is remarkable to 

note that these low band gap devices survived gate current densities as high as 1 A/cm2 

and channel current densities as high as 1 MA/cm2 at 250 °C while still maintaining 

transistor functionality. Additional efforts aimed at measuring GFET response to 

different gases such as NO2, CO2, etc. at elevated temperature are needed to further 

define the application space based on sensitivity.  The presented data demonstrating the 

robustness of low voltage APCVD GFETs utilizing ultra-high- scaled dielectric at 

elevated temperature highlight their potential as low cost alternatives to current GaN and 

SiC power transistors for use in harsh environments.  



                                                            73 

 

4.3 Micro Bio Fuel Cells.  

4.3.1 Graphene Based Electrodes  

 

4.3.1.1 Abstract 

Microbial fuel cells harvest electrical energy produced by bacteria during the 

natural decomposition of organic matter. We report a micro-sized microbial fuel cell able 

to generate nanowatt scale power from microliters of liquids using a sustainable design 

comprised of atmospheric pressure chemical vapor deposition grown graphene on nickel 

thin film as anode, air cathode and a polymer based substrate platform for flexibility. Our 

demonstration provides a low-cost option to generate useful power for lab-on-chip 

applications as well as rapid screening for scaling up large-scale microbial fuel cells for 

water purification without consuming excessive power (unlike other water treating 

technologies). 

This work has been submitted as Mink, J. E., Qaisi, R. M., & Hussain, M. M. 

(2013). Graphene‐Based Flexible Micrometer‐Sized Microbial Fuel Cell. Energy 

Technology, 1(11), 648-652. 

 

This work has been submitted as Mink, J. E., Qaisi, R. M., & Hussain, M. M. 

(2013). Graphene‐Based Flexible Micrometer‐Sized Microbial Fuel Cell. Energy 

Technology, 1(11), 648-652. 
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4.3.2 Energy Harvesting  

 

 

4.3.2.1 Abstract 

Micro-sized microbial fuel cells (MFCs) are miniature energy harvesters that use 

bacteria to convert biomass in liquids into usable power. The key challenge is 

transitioning laboratory test beds into devices capable of high power with readily 

available fuel sources. Here, we show a pragmatic step in advancing MFC applications 

through the fabrication of a uniquely mobile and low cost micro-sized device that can 

even be fueled with human saliva. The 25 L MFC was made with two-dimensional 

atomic crystal structured anode material, graphene, for efficient current generation and an 

air cathode to enable the use of oxygen in air, making its operation completely mobile 

and free of the need for laboratory chemicals. With saliva as a fuel, the device produced 

higher current densities (1190 A/m3) than any previous air-cathode micro-sized MFCs. 

The use of the graphene anode generated 40 times more power than that possible with a 

carbon cloth anode. Additional tests using acetate, a conventional organic material, at 

high organic loadings comparable to those in saliva demonstrated a linear relationship 

between organic loading and current. These findings open the door to saliva-powered 

applications of this fuel cell technology for Lab-on-a-Chip devices or portable point-of-

care diagnostic devices.  

This work has been submitted as Mink, J. E., Qaisi, R. M., Logan, B. E., & 

Hussain, M. M. (2014). Energy harvesting from organic liquids in micro-sized 

microbial fuel cells. NPG Asia Materials, 6(3), e89. 

 

This work has been submitted as Mink, J. E., Qaisi, R. M., Logan, B. E., & 

Hussain, M. M. (2014). Energy harvesting from organic liquids in micro-sized 

microbial fuel cells. NPG Asia Materials, 6(3), e89. 
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Chapter 5. Graphene For Medical Purposes 

 

With over 5% world population suffering from diabetes, invasive processes to 

analyze blood are used for daily monitoring of diabetes. Although reliable and 

comparatively economical, development of a more pragmatic and low-cost technology 

for non-invasive monitoring of diabetes is critical. In that regard, graphene for non-

invasive glucose monitoring is demonstrated using non-functionalized graphene in the 

first section. Then, we show with clinical data from real diabetes patients that graphene 

based sensor can use saliva or sweat as specimen to analyze and fairly accurately predict 

the diabetes level on a daily basis with high sensitivity, selectivity, response time and 

refresh rate. 

5.1. Non-Functionalized Graphene Based Bio-Electronic Sensor 

 

5.1.1. Introduction  

Graphene and other two dimensional (2D) atomic crystal materials have emerged 

with unique properties such as high speed charge transport, mechanical strength, thermal 

conductivity, etc. Graphene is of particular interest as the first 2D material with a single 

layer of carbon atoms packed in 2D honeycomb lattice. The 2D carbon material possesses 

low energy dynamics of electrons with low thickness ~2Å offering fast heterogeneous 

electron transfer.60 Graphene is semi-metallic with zero band gap exhibiting high 
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transport rates and micrometer scale mean free path. The 2D atomic crystal structure of 

graphene makes it favorable for sensing application because it provides high surface area 

combined with its ability to adsorb different molecules eventually impacting the channel 

conductance.61In that regard, graphene and graphene oxide (GO) have received a great 

attention in developing biosensors owing to its biocompatibility,63high surface area,64 

excellent conductivity, ease of functionalization and production.65Several groups have 

investigated GO electrodes and graphene composites for glucose detection.66-68Glucose 

sensors based on graphene materials are developed using two approaches: (i) graphene 

and graphene modified films utilized as a channel material to be activated through top 

gate;69,70 (ii) employing graphene or graphene oxide composites as electrodes.70-73 

Nonetheless, functionalization of graphene surface is required for efficient glucose 

detection. This is done by introducing different molecules to graphene film that leads to 

catalyzing glucose oxidation process eventually changing graphene conductance. On the 

other hand, developing graphene composites as electrode material is dependent on redox 

solution ability to oxidize glucose thus releasing more electrons in the solution to be 

collected in that electrode. The recent development in glucose enzymatic and non-

enzymatic types of sensors shows that defects present in synthesized graphene plays an 

important role in the process of modifying graphene surface.74However, common and 

serious problems about the glucose oxides are the price and insufficient long-term 

stability. Also, it can be easily affected by temperature, pH value, humidity and toxic 

chemicals, due to the nature of enzymes.75 In addition, enzyme activity is affected by 

process complexity of adsorption, cross-linking, entrapment and electro polymerization 

to immobilize enzymes on solid electrodes.76 
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Here we show glucose detection based on double layer graphene grown via 

atmospheric pressure chemical vapor deposition (APCVD) through modulating channel 

conductance by water and glucose molecules with respect to their adsorption behavior to 

change the electronic structure of graphene film. Manipulation of graphene conductance 

by physisorption of molecules on top of graphene channel and semiconductor materials is 

simple and well-studied approach.77-90 Our results indicate that graphene channel 

conductance is significantly changed after introducing water (H2O) molecules and 

glucose molecules into graphene channel. In the case of graphene field effect transistor 

(figure 5.1.a), H2O and glucose molecules are adsorbed on top of graphene channel. The 

positively charged physisorped molecules produce gating electrostatic potential effect 

that transduced into a readable signal in the form of a noticeable change in the electrical 

characteristics through the ultra-scaled dielectric and the 2D grown graphene. 

Furthermore, those molecules changes doping profile of the graphene by adding 

additional positive net charge. The mechanism of graphene electrical doping is well 

studied.91-93Electrical doping is achieved through changing gate potential which in our 

case is represented by electron transfer between graphene and the adsorbed molecules on 

graphene surface illustrated as a change in the Fermi level energy of the graphene. 

(Figure 5.1.b), shows the change of graphene Fermi level energy as a function of 

adsorbed molecules related to graphene Dirac point. 
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Figure 5.1. Device schematic and fermi level manipulation by charge molecular 

transfer . a, general device schematics showing the device under water/glucose treatment 

with the arrow indicating a sample of water/glucose molecules possessing positive total 

net charges. b, energy fermi level representation of the graphene under the influence of 

water/glucose molecules. 

 

5.1.2. Experiment  

For experiment of sensing functionality, first we analyzed performance 

characteristics of as fabricated graphene devices in DI water with time for different gate 

length values. It is observed that the Dirac voltage point is down shifted over time for the 

a 

b 
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measured devices. Also, performance parameters such as (channel resistance and 

ION/IOFF) were extracted from Id-Vg plot. Upon analyzing performance parameters over 

rinse time step ranging from 1 second to 30 minutes, we concluded that observed changes 

are stable with time as it can be seen from the three gate lengths measured devices 

namely 12 µm, 14 µm and 20 µm. After that, glucose was diluted in DI water for 

different concentration (5 mM, 10 mM, 15 mM and 20 mM) followed by measuring the 

Id-Vg plots of the 20 µm gate length device as it shows the highest sensitivity to DI water 

due to the larger area offered along graphene channel device. The same analysis was 

repeated to investigate the sensing properties of the device after introducing DI water. 

Water was obtained using Milli Q water purified system provided by Milipore 

with resistivity of 18.2 MΩ.cm at 25 oC. The pH value delivered by the tool is around 6.4 

and remained the same through the experiment. The experiment was conducted by first 

pouring the water from Mili-Q machine then rinsing the device for the allotted time step. 

For time step that is larger than 5 seconds the bottle that is containing the DI 

water/glucose was covered with glass until it is rinsed for the specified time step. Also, 

the water was only used once. 

5.1.3. Results and Discussion  

We start with analyzing the nature of graphene film. Raman spectroscopy (532 

nm laser wavelength and 1 µm spot size) mapping technique of I2D/IG intensity ratio 

complemented with FWHM mapping of 2-D band was utilized to validate the reliability 

of graphene transfer process and was also used to evaluate the uniformity of the grown 

graphene film (Figure 5.2.a). Graphene transfer process yielded good graphene coverage 

on Al2O3 as elucidated from I2D/IG map with ratio varies from 0.5 to 3.5 with majority of 
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the I2D/IG lies in the range from 1 to 2 indicating that the number of graphene layer(s) are 

consistent to the characteristics of less than three layers of graphene films previously 

reported 93-95.  Figure 5.2.b, demonstrates FWHM of 2D band for the same map area 

shown in Figure 5.2.a, FWHM of 2D band ranges start  from 35 cm-1 to  60 cm-1 with the 

majority band  lies between ~40 cm-1 (green), ~45 cm-1 (cyan) and ~50 cm-1 (red). In 

order to quantify graphene number of layers distribution across the film, correlation 

between I2D/IG intensity ratio and FWHM map was evaluated. Comparing I2D/IG intensity 

ratio map to 2D band FWHM map, unveils excellent agreement between I2D/IG
 ratio and 

FWHM widths that larger peak widths are associated with smaller intensity ratios. Also, 

from Figure 5.2 (a and b), taking I2D/IG above 1 along with FWHM of greater than 30cm-

1, we conclude that the grown graphene film is double layer graphene with high 

uniformity. Although the film signature is predominantly double layer graphene, areas 

that resemble multilayer graphene were present and found to be caused by large but 

isolated wrinkles in the graphene – a byproduct of a much stronger surface adhesion 

between the graphene and Al2O3.
96 In addition, Raman spectra taken randomly from 

different spots to confirm similar characteristics are obtained (Figure 5.2.c). Different 

spectra shown yields Raman characteristics comparable to the aforementioned features, 

with I2D/IG intensity ratio ranges from ~ 0.5 to ~ 4.4, G band and 2D band positioned in 

the range 1582.2 ±5 cm-1 and 2686.9 ±5 cm-1 respectively, FWHM of 2D band lies in the 

range 40 cm-1 to 60 cm-1. The acquired Raman spectra illustrating different graphene 

layers number ranging from multi-layer graphene (gray), double layer graphene (red, 

green and light cyan) and single layer graphene (yellow). The observed characteristics of 
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Raman spectra features are in agreement with double layer graphene characteristics as a 

majority of the film.97-101 

 

Figure 5.2. Raman spectroscopy mapping of I2D/IG with Raman spectra 

acquired from the same area. a) I2D/IG ration map shows that the majority of the film 

has intensity ratio from ~1 to ~2.5. b) FWHM mapping of the same area comparing I2D/IG 

1200 1650 2100 2550 3000

0.0

0.2

0.4

0.6

0.8

1.0

 

 

2D

DIn
te

n
s

it
y

 a
.u

Wavelength (cm-1
)

 ML Graphene

 BL  Graphene

 BL  Graphene

 BL  Graphene

 SL  Graphene

G

I2D shift as thickness increased

FWHM ranges from 30 to 70 cm
-1

 

 

(a)

(b)

(c)



                                                            82 

 

and FWHM maps indicate that for intensity ratio larger than 1 preserve FWHM larger 

than ~40 cm-1 which is a feature of double layer graphene. c) Raman spectra obtained 

randomly from the same mapping area to demonstrate the different Raman signatures 

variation among different combinations of intensity ratio and FWHM. The colored circles 

on the maps show the positions at which Raman spectra were taken. 

 

Electrical measurements of the same devices before and after different time periods of 

rinsing in deionized (DI) water were carried out at room temperature (Figure 5.3). It is 

important to understand how the experimental sensor response to DI water only. The 

substrate is used as global back gate biased between ±1 V, while the Ti/Au contacts are 

biased at 0.1 V representing the source-drain voltage. The Dirac voltage at which the 

device delivered minimum conduction for the as-fabricated back gated double layer 

graphene transistor was found to be ~ 0.8 V for different gate lengths showing p-doping 

behavior under ambient conditions. This p-doping characteristic is attributed to the 

introduction of impurities such as oxygen, moisture or defects in the fabrication process.  

To examine the doping effect of H2O molecules on graphene channel, the devices are 

rinsed in water then dried using nitrogen (N2) followed by measurements after each 

rinsing step. The observed shift in the Dirac voltage is indicating a change in graphene 

electronic properties due to physisorption of H2O molecules on graphene channel which 

is directly related to graphene Fermi level energy. When impurities through fabrication 

process are present in graphene channel active area, the resulted device is p-doped when 

back gate electrode was biased. Hence, opposite potential (positive) is required to restore 

the Dirac point back to zero state. This reflects the positive charge nature of H2O 

molecules to drive the device neutrality toward less voltage. As a result of water 

molecules treatment, the devices exhibited n-doping effect (increase in electrons carrier 
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concentration) as noted from the down shift of minimum conduction voltage. Since 

source/drain contacts were not covered, the charge impurities introduced in both channel 

active area and contacts led to a change in both energy levels. This plays an important 

role because the modification of contact Fermi level will extend to graphene’s energy 

level as well. The accumulation of H2O molecules on graphene channel builds up more 

positive charge eventually producing a capacitance between graphene and top molecular 

charges. Figure 5.3,a, shows transfer characteristics of 12 µm gate length. It is found that 

the Dirac voltage is reduced by ~55% after rinsed in water for 30 minutes with channel 

conduction remains insensitive to increasing rinse time period. Also, the device with 14 

µm gate length preserves a reduction of ~43% in Dirac voltage with channel resistance 

increased from 864 to 920 Ω after 1 minute then saturated at that value (Figure 29(b)). 

On the other hand, for 20 µm gate length device, Dirac voltage is upshifted by ~53% 

while channel resistance being increased with time (Figure 29(c)). It is to be noted, the 

devices show less vertical shift in the minimum conduction current. To conclude, we find 

that H2O molecules adsorbents on graphene lead to n-doping effect. Gate length has low 

impact on doping behavior whereas channel sensitivity is affected. Larger gate lengths 

found to be more sensitive due to larger exposure area.  
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Figure 5.3. Transfer characteristics curves (Id-Vg) as a function of time in DI water 

for different gate lengths. a)  Id-Vg curves of 12 m gate length indicate that the device 

neutrality point is shifting towards less voltage values (to the left). b) 14 m gate length 

curves exhibit the same neutrality point shift toward less voltage. Both devices (12 and 

14 m gate lengths) are showing the same trend from the perspective of neutrality point 

where the minimum voltage increased slightly after 5 seconds then decreased steadily 
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afterward. c) Id-Vg curves of the 20 m gate length device show continuous decrease of 

minimum voltage point. 

 

In order to understand the effect of H2O molecules on graphene channel 

conductance, further evaluation of extracted parameter from transfer (Id–Vg) 

characteristics is plotted in Figure 5.4. As a result of the higher sensitivity of the 20 m 

gate length toward H2O molecules, from now until the end of the paper we will focus on 

the 20 µm gate length device. Dirac voltage is found to decrease steeply after 5 seconds 

(Figure 30(a)). This reduction is caused by the induced electrostatic potential from 

physisorption of H2O molecules on top of graphene channel leading to a change in 

electrostatic coupling between charges on top of graphene surface and graphene/dielectric 

interface occurs. The coupling phenomenon is much stronger for thinner dielectrics as 

reported in the past.102, 103 The shift of neutrality voltage toward less voltage is reflecting 

the nature of the positive H2O charges as mentioned earlier. To evaluate the increased 

electron carriers produced after deionized water, channel resistivity versus time is plotted 

(Figure 5.4.b). The observed increase in channel resistance is attributed to the induced 

charge impurities after rinsing in deionized water combined with coupling between 

graphene surface charges and back gate external applied electrostatic potential. We found 

that channel resistance increased linearly after 30 seconds by 0.045 Ω/second. Although 

the channel resistance decreased after 5 seconds then increased again, could be due to the 

stability of charge generation process at small time periods. While increment is estimated 

to be from increased carrier concentration in graphene channel which directly impact 

channel resistance rather than contact resistance. It is to be noted that the channel 

resistance is extracted from the Id-Vg plots by taking the resistance difference of highest 
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contact value and lowest resistance value in which the device functioning properly (i.e. 

between Dirac point and voltages less than +1 V). It is also possible that contact 

resistance might be affected due to exposure of stimuli like DI water or glucose. 

Nonetheless we focused on the overall impact in the channel which can be read for 

sensing a change in the device functionality. To ensure high precision of our device, 

Ion/Ioff ratio as a function of time period is plotted (Figure 5.4.c). The measured device 

maintained Ion/Ioff ratio between 3.7 and 4 through different time rinsing demonstrating 

high quality back gate graphene transistor comparable to top gated or electrochemically 

gated bio sensors.70 The device is then kept for three hours inside a vacuum furnace for 

resetting and removal of the adsorbed molecules (data not shown). 
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Figure 5.

transistor. a) Dirac voltage as function of time illustrating that Dirac voltage is 

decreasing sharply until 1 minute while decreased slowly after that. b) Channel resistivity 
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as a function with time shows a linear growth after 5 seconds. c)  Ion/Ioff ratio as a 

function with time shows that the device maintained ratio in the range of ~3.7 to  ~4 

indicating high performance of the device and distinguishable on and off states. 

 

Next glucose is diluted in DI water at different concentrations namely 5 mM, 10 

mM, 15 mM and 20 mM. It is to be noted, that this molar ranges cover most of the 

diabetes detection references. Electrical measurements are performed on the 20 m gate 

length transistor in two time steps rinse (5 seconds and 5 minutes) at room temperature to 

evaluate the effect of adding glucose molecules on graphene channel (Figure 5.5). After 5 

seconds (Figure 5.5.a), increasing glucose molecules started to induce more charges 

leading to more n-doping effect as can be noted from the upshifting of Dirac voltage by ~ 

65%. The minimum conduction voltage reached a value of ~0.26 V indicating higher 

carrier concentrations than observed under DI water. The minimum conduction current is 

changed vertically imposing prominent change in graphene active area resistance where 

current decreased from ~28 µA to ~10 µA at a rate of 1 µA/glucose mM. This change is 

more pronounced at higher glucose concentration as a result of the incorporation of 

higher charge transfer that is affecting the electro-coupling state between 

graphene/dielectric and graphene/top molecules. After 5 minutes (Figure 5.5.b), Dirac 

voltage is following the same observed trend after 5 seconds, however the reduction in 

Dirac voltage found to be ~60%  at a value of ~0.2 V at higher rate which can be ascribed 

by the intensification of glucose carriers. Also, the minimum conduction value is 

decreased with higher glucose concentrations at approximately the same rate. To 

conclude, the higher glucose concentration leads to more n-doped behavior and 
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substantial decrease of channel resistivity.  Interestingly, at higher glucose concentration 

the device starts to display more hole conduction than those observed under deionized 

water demonstrated from the upshifting of Dirac voltage after 5 seconds and 5 minutes at 

20 mM and 15 mM of glucose respectively. 

 

Figure 5.5. Transfer curves (Id-

of glucose concentration taken at 5 seconds and 5 minutes respectively. a) Transfer 

curves after 5 seconds reveal two obvious trends. First, the Dirac voltage is decreasing as 

glucose concentration increased. Second is vertical downshift of the minimum 

conduction current. b) The transfer curves after 5 minutes of the same device show the 

same observed trends at 5 seconds. The observed downshift of Dirac voltage for both 

measurements (5 seconds and 5 minutes) indicates the n-doping effect after glucose was 

introduced while the vertical downshift of minimum conduction current is directly related 

to minimum carrier concentration at Dirac point. 
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To study the effect of glucose concentration on electronic properties of the grown 

double layer graphene channel, extracted parameters from transfer curves are plotted in 

Figure 5.6. The change in Dirac voltage is plotted against glucose concentration in Figure 

5.6.a. The adsorption of glucose molecules on graphene can be evidenced from the 

decreased Dirac voltage after rising glucose concentration as indicated by red lines. This 

observation shows that strong local electrostatic potential is created from water and 

glucose molecules. We noticed that the Dirac voltage increased unexpectedly after 

introduction of 15 mM of glucose for 5 seconds (Figure 5.6.a), red lines with blue half-

filled squares) while increased after introduction of 10 mM of glucose for 5 minutes 

(Figure 5.6.a), red lines with green half-filled circles). This observation shows that 

intensified glucose concentration is altering graphene doping profile from n-doped to p-

doped as explained by the upshift of the Dirac voltage after adding 10 mM of glucose 

whereas after 5 seconds it occurs after adding 15 mM of glucose (i.e. longer exposure 

time leading to increased glucose molecules on graphene surface eventually changing the 

doping profile from n-doped to p-doped). The alteration in graphene doping is not 

attributed to glucose molecules accumulation only. Instead, doping profile due to water 

adsorbents is heavily relies on water molecule orientation, dipole momentum and 

substrate quality. In our case, we can attribute the alteration in doping profile to the fact 

that additional glucose concentration leading to a change in dipole momentum created by 

H2O – glucose molecules impacting locally induced electrostatic potential. Likewise 

deionized water, glucose molecules induced positive charges that contributed toward 

reducing neutrality voltage. Channel resistivity as a function of glucose concentration 

along with Ion/Ioff ratio is shown in Figure 5.6.b. We observe higher sensitivity of 
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graphene channel with respect to increased glucose concentration. For both 

measurements, channel resistivity is increased linearly with glucose concentration (Figure 

5.6.b, purple lines with orange half-filled hexagons for 5 seconds and half-filled green 

triangle for 5 minutes). The sensitivity of graphene channel to glucose molecules can be 

calculated from the slope of each line. The obtained sensitivities in terms of graphene 

channel change in resistivity are ~197 Ω/glucose mM and ~189 Ω/glucose mM for 5 

seconds and 5 minutes, respectively. The device preserved Ion/Ioff ratio in the range from 

3.2 to 4 is verifying high performance of back gate transistor compared to previously 

reported devices (Figure 5.6.b), red lines with blue half-filled squares for 5 seconds and 

black filled circles for 5 minutes). Table 5.1, shows a comparison of this devices with 

previously published devices. 

Table 5.1. Comparison of this work with previously published sensors. 

Ref. 

Detection 

range (mM) 

Selectivity Sensitivity 

Time 

response 

(sec) 

Ref 11 3.3-10.9 

H2O2 and 

glucose 

N/A 180 

Ref 15 2-10.1 

H2O2 and 

glucose 

30 µA/mM/cm2 @ 

50 mV cycling 

2 

Ref 13 0.1 - 10 N/A 

110 µA/mM/cm2 

@ 1 V cycling 

N/A 
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Ref 8 28 mM/mm2 N/A 2 600 

Ref 12 0-4 

glucose and 

glutamate 

0.5µA/µM 

40-

500 

Ref 16 0.2-2.5 

oxidization 

function group 

and glucose 

oxidation 

N/A 50 

Ref 17 50 µM -4.5 N/A 

1 A/0.025 mM @ 

20 sec interval 

2s - 

20 s 

This work 0-15 mM 

H2O and 

Glucose 

180 Ω/mM 5 and 300 
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Figure 5.6. Extracted parameters from the transfer curves of the 20 µm gate length 

device as a function of glucose concentration for 5 seconds and 5 minutes, 

respectively. a) Dirac voltage exhibiting a pronounced alteration of the reduction trend. 

The change of Dirac voltage is correlated with a change in the electronic structure of the 

graphene. The device is showing n- doping characteristics as can be noticed from the 

decrease in the Dirac voltage however for both devices Dirac voltage increased after 15 

mM of glucose was introduced for 5 seconds (blue squares) and after 10 mM of glucose 

was introduced for 5 minutes, respectively. The observed increase of the neutrality point 

is indicating that the device went through a change in doping profile from n-doped to p-

doped structure. b) Ion/Ioff ratio (red lines) and channel resistance (purple lines) as a 

function of glucose concentration. The device maintained a high performance as can be 

seen from the ratio that found to be between ~3.3 and ~3.9 for both measurements. On 

the other hand, channel resistance increased linearly at different rates for both 

measurements. 5 seconds data are represented by half-full triangles and 5 minutes data 
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are represented by half-filled hexagons, respectively. The sensitivity can be calculated 

from the slope of each lines and it is found to be ~197 Ω/glucose mM and ~189 

Ω/glucose mM for 5 seconds and 5 minutes, respectively. 

 

Although the adsorbent of H2O and glucose molecules on graphene surfaces is 

evidenced from the induced shift in Dirac voltage which is a result of change in carrier 

concentration, these imposed changes in graphene electronic structure inherently make 

changes in graphene Raman modes.104, 105 We employed Raman spectral analysis to 

verify the obtained doping profile from electrical measurement as shown in Figure 5.7. 

Raman spectrum was taken after each time period step measurement. Figure 5.7.a, 

demonstrates the effect of rinsing the device in DI water for several time periods. The G-

band Raman frequency is downshifted as time decreased whereas 2D band frequency 

increased. The induced variations in our graphene devices are showing n-doping behavior 

as interpreted in previously published results.70, 106 Also, a prominent decrease in I2D/IG 

ratio occurs as a result of the stiffening of the full width at half maximum (FWHM) of G-

band. This can be attributed to the absence of external electrostatic potential which can 

have strong impact on 2D-band by inducing electrostatic coupling between graphene 

surface and the dielectric while G-band is more sensitive to additional change in electrons 

distribution on graphene surface.86,107 The rendered n-doping profile is resulting from the 

introduced positive charge from H2O molecules found to be affecting graphene electron 

structure electrostatically rather than dynamically by molecule charge transfer.82, 86 

Similarly, introducing glucose to the solution also resulted in increasing electron 

concentration (n-doping) in graphene as illustrated in Figure 5.7.b. However the trend is  

altered after 15 mM of glucose and 10 mM of glucose for 5 seconds and 5 minutes, 
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respectively where G-band start shifting downward while 2D band shifted in upward 

direction. The observed variation is designated a p-doping characteristics.87 This change 

in the doping profile (p-doping) is in line with what we observe in Dirac voltage where 

the neutrality point can be reached in positive voltages. Overall, the observed broadening 

of the G-band peak and transforming into asymmetric peak observed at higher frequency 

is expected when graphene is in direct contact with ultra-scaled Al2O3 dielectric and it is 

attributed to the uniaxial strain.108, 109 This high uniaxial strain is due to its larger 

coefficient of thermal expansion.110 This phenomenon is observed at larger time step 

rinse in DI water and at higher glucose concentration. Therefore, we conclude that these 

variations are in agreement with the obtained electrical measurements and lead to confirm 

the n-doping behavior which resulted from introducing H2O and glucose molecules into 

graphene surface.  
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Figure 5.7. Raman spectra as function of time for DI water and for glucose, 

respectively. a) The G band peak is downshifted as rinsing time increased while 2D band 

peak is broadening revealing a n-doping behavior. b) G-band peak is downshifting for 

both time measurements while it is upshifted after 15 mM of glucose concentration and 
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10 mM of glucose concentration for 5 seconds and 5 minutes, respectively. The observed 

changes in Raman spectra indicate the alteration of doping profiles. 

 

Further analysis of device selectivity was investigated by using the device in a 

strong ionic environment. Sodium chloride (NaCl) is used at different concentrations 

namely (0.06 g to 0.5 g) diluted in 100 mL DI water. Figure 5.8 shows the transfer (Id-Vg) 

curves of the graphene back gate transistor for monitoring NaCl concentration. It is 

obvious that the Dirac point behaves differently than the case of glucose molecules. It is 

observed that NacL causes slight down shifting of the Dirac voltage while it is affecting 

channel conductance. The decrease in Dirac voltage found to be not exceeding 25% of 

the original Dirac voltage. It is anticipated that ionic solution does not have strong doping 

effect on the fabricated devices. The monotonic decrease in channel resistance indicates 

that the device is responding to the incremental change of NaCl concentration. Compared 

to glucose sensing, ionic solutions have more pronounced effect on graphene channel 

electronic properties without doping the graphene channel. On the other hand, glucose 

caused n-doping profile along with change in graphene channel resistance. 
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Figure 5.8. Selectivity measurements using transfer (Id-Vg) curves of the same 

device with the introduction of NaCl molecules diluted in DI water for five seconds. 

Two observations are noted: (i) curve steepness is decreased as NaCl concentration 

increased; (ii) slight down shifting of Dirac voltage which is estimated to be 25 % overall 

reduction.  

 

5.1.4. Conclusion  

In conclusion we have shown a simple method to fabricate atmospheric pressure 
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transistor based bio-electronic sensor which for the first time does not need any 

functionalization of graphene. The demonstrated sensor is used to detect deionized water 

and glucose and it shows high sensitivity, fast response and ultra-low power operation. 

Compared to prior demonstrations, we show that glucose can be sensed via charge 
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exposure of polymer free transferred APCVD grown double layer graphene with ultra-

scaled high-k based global back gate biasing makes the fabricated sensor catalyzes such 

mechanism. Both water quality monitoring and glucose level detection for diabetic 

patients are directly needed to ensure a sustainable future. Access to a simple bio-

electronic device like ours is a leap forward for advanced healthcare.  

5.2. Clinically Trialed Graphene Based Sensor For Non-invasive Monitoring Of 

Diabetes 

 

5.2.1. Introduction 

Over 5% world population suffer from diabetes where due to absence or low level 

of insulin in the body, patients suffer from fatigue, exhaustion, frequent urination, severe 

craving for food and water, non-healed wound-bruise-tear, weight gain or loss, and many 

other health complications. Not only diabetes causes sufferings to patients, it poses 

financial burden on them and eventually raise the global healthcare cost. The most critical 

challenge diabetes patients face is it is a non-curable illness and the only way its 

consequences can be adverted is to monitor it on daily basis and then based on the insulin 

level in the body to manage that by physical exercise, diet, additional intake of insulin 

and such 111-113. Therefore, monitoring of insulin level is a critical factor in diabetes 

management. Most of the commercially available technologies are invasive 

measurements through collection of blood samples in milliliter scale and then to analyze 

it 114-119. Yet, researchers have continued their exploration for a non-invasive method 

based on near-infrared spectroscopy and transdermal measurement of glucose through 
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skin using the physics of light and photonics 120-122. Another non-invasive test approach is 

to analyze urine samples 123,124 which need significant improvement in accuracy as (i) 

blood sugar level needs to be larger in order to be correlated with urine glucose level and 

(ii) often for some patients fasting before the test causes lack of enough urination for 

sufficient amount of sample 125. 

Therefore, there is an open need for developing analysis techniques in which the 

patients remain in comfort while performing the test. As cited before, like urine there are 

various human extract live samples can be tested to find out a reasonable corroboration 

between insulin level extracted from such sample and the one measured by well-known 

traditional methods using blood samples. In this regard, saliva seems to offer interesting 

and unique results in conjunction with its easy availability in a non-invasive painless way 

126-134. Different materials and device configurations have been studied for such purpose 

based on glucose sensing which impacts body insulin level 135-137. Majority of these 

studies are dealing with enzymatic reaction between active materials with precisely 

developed electrodes which eventually lead to the immobilization of the material of 

interest to be detected 138,139. Nonetheless, this type of configuration depends heavily on 

the activity of the bio-reaction of those enzymes. Hence, the quest for developing non-

enzymatic configuration of glucose sensors arose. The latter case led to the developments 

of non-enzymatic sensors based on metal electrodes to enhance the electrochemical 

responses of glucose oxidation 140-142. These non-enzymatic sensors require catalysis and 

acceleration of oxidation reaction of glucose toward metal electrodes thus more electrons 

are released through the containing solution and sensed via the other electrode. Based on 

these early and some ongoing studies, recently, advanced techniques have been pursued 
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to produce gadgets which can detect glucose in human live samples such as tears, saliva, 

sweat, urine and blood serum 143-145.  Some of these developed gadgets are available 

commercially like the recently announced lenses for glucose detection 146. Though these 

advanced techniques are capable of giving reasonably accurate results, they are expensive 

due to their sophisticated designs and costly manufacturing process. And thus we have 

focused to develop a non-invasive, low-cost, easy-to-use, low-voltage (so it can consume 

less power and becomes a mobile device) and accurate monitoring device for diabetes.  

Graphene – the two dimensional atomic crystal structure material manifested 

itself as a promising candidate for biomedical sensors application owed to its 

extraordinary properties 147, high surface to volume ratio 148, excellent electrical 

conductivity and high electron mobility 149, small band gap potential 150, physical 

adsorption of different molecules 151,152. Therefore, we use an atmospheric pressure 

chemical vapor deposition growth bi-layer graphene based back gate transistor integrated 

with ultra-scaled high-k dielectric aluminum oxide (Al2O3) for glucose level screening in 

human live samples. We chose bi-layer graphene due to its excellent surface uniformity 

enabling quality interfacing with Al2O3 high-k dielectric without compromising its 

intrinsic properties. The ultra-scaled dielectric allows for low voltage operation of the 

device eventually that leads to low-power operation as well as higher sensitivity due to of 

change in graphene channel conductance even with minute amount of sample (resulting 

in higher sensitivity) when it is exposed to deferent environments with maintaining the 

excellent conduction properties intact. These characteristics are of major importance for 

realizing low cost, high performance and non-invasive device for glucose detection in 

human live saliva samples. 
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5.2.2. Sample Preparation & Experimental Methodology  

As part of sample preparation, we first deposited aluminum (Al) nucleation 

seeding layer using e-beam evaporation on heavily doped (n++, 0.005 Ω-cm ) 4” n-type 

silicon substrates. We grew 3-7 nm of Al. The seeding Al layer was completely oxidized 

in air during the vacuum break and transferring to atomic layer deposition (ALD) system. 

Yet, to complete the oxidation process, ALD process started with water (H2O) cycle at 

elevated temperature. Next we used tri-methyl aluminum precursor as source of 

aluminum (Al) in conjunction with H2O as oxidizer at 200–250 ˚C to deposit Al2O3 (~10 

nm) with a deposition rate of ~1Å/Cycle. We synthesized graphene films at atmospheric 

pressure using copper (Cu) foil (99.8%, Alfa Aesar) as transition metal for nucleation site 

for graphene growth. This technique allows large (moer than ~ 6 cm X 6 cm) area 

graphene synthesis with high uniformity and controlled thickness. We started the process 

with cleaning Cu foils using Acetone, Isopropyl Alcohol (IPA) and then deionized (DI) 

water. Then, we dried the foil with (99% pure nitrogen gun) inserted inside a horizontal 

APCVD furnace. Then we ramped up the temperature of the system to 800 ˚C at a rate of 

800˚C/min while flowing Argon (Ar) and Hydrogen (H2) at 300 sccm and 10 sccm, 

respectively for initial Cu surface cleaning. As the next step, we raised the temperature to 

1050˚C  at 5˚C/min. Then, we kept the sample in a mixture of Ar and H2 gases at the 

same flow rates for 30 min in order to remove oxygen and consequently stabilizing the 

surface of Cu foils. Next, we introduced Methane gas into the tube for 15 min at a flow 

rate of 300 sccm. Thereafter, we terminated the growth and the sample was quenched by 

moving the sample out the hot zone under the flow of Ar and H2. The sample was next 
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cooled while the flow of Ar and H2 continued. When the sample was completely cooled 

down to room temperature, using Poly methyl methacrylate (PMMA) we transferred the 

grown graphene to the previously prepared silicon substrate with already deposited Al2O3 

153. Finally, Contact mask based liftoff lithography was utilized to pattern 50/200 nm 

Ti/Au source/drain contacts deposited via e-beam evaporation. Finally, a second 

mask was used to preserve graphene in the channel regions upon exposure to a 

short duration O2/Ar reactive ion etch. We used Raman spectroscopy (532 nm laser 

wavelength) to evaluate the synthesized (bi)-layer graphene by the aforementioned 

process. Electrical characteristics of the fabricated back gated field effect transistor were 

studied using keithley 4-probe station at room temperature. (Figure 5.9.a) shows 

schematic of the fabricated device. The adsorption of water molecules and glucose 

molecules on graphene surface imply the transfer of charges into graphene channel which 

eventually affecting the electronic properties of graphene device (Figure 5.9.b). 

 

a 
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Figure 5.9. Schematics of the fabricated device after graphene transfer. a, shows the 

device in the presence of water droplet representing water (H2O) and glucose (C6H12O6) 

molecules charges (positive). b, water molecule charge effect on graphene sheet by 

allowing negative charge to transfer to graphene. c, glucose molecule effect on graphene 

sheet by allowing more negative charges to transfer into graphene channel.  

 

 

After disclosing the purpose and then securing consent from the type-2 diabetes 

patients of King Faisal Hospital, Makkah, Saudi Arabia, we collected human blood and 

salivary samples on the same day and at the same time in an environmentally safe way. 

Our clinical collaborators conducted the blood sample analysis using standard 

pathological lab techniques to classify the type of their diabetes level and amount of 

insulin level. Saliva was collected after detailed information regarding food and fluid 

consumption prior to data collection. After that, saliva were collected in sterilized 

container by spiting method. Glucose level processing of saliva samples were conducted 

by using coloration and intensity approach of quinoneimine complex upon introducing 

glucose oxidase (GOD). Yet, the released H2O2 complex is peroxidase to releases 

quinoneimine complex. We performed the testing of salivary samples at the same time 

without any prior special treatment of the samples after spiking the samples by direct 

b 
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injection with certain amount of glucose. The collected saliva samples were maintained at 

pH value of ~6. Table 5.2, summarizes the collected samples for this experiment. 

          Table 5.2. Clinically collected samples details 

Sample 

number 

diabite 

type 

post 

meal 
age ethnicity sex 

1 2 yes 40 Asian-Saudi male 

2 2 yes 30 Asian-Saudi male 

3 2 yes 33 Asian-Saudi female 

4 2 yes 55 
Asian-

Bahrini 
male 

5 2 yes 21 
African-

Egyptian 
female 

6 2 yes 36 Asian-Saudi male 

7 2 yes 29 Asian-Saudi male 

8 2 yes 50 Asian-Saudi female 

 

 

5.2.3. Results and Discussion  

For sensor characterization, we dropped 10 saliva samples on top of graphene 

devices. Next we left the devices inside the closed glass pockets for two different time 

slots: 5 seconds and 5 minutes, respectively. Figure 5.10, shows the experimental setup. 

Next we dried the devices in nitrogen environment before taking them Keithley probe 

stations for electrical measurements. 
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Figure 5.10 Experimental set up showing  saliva droplets and water rinsed devices 

along with water/saliva residuals cleaning  using nitrogen gun. 

 

Figure 5.11, shows the optical image of the fabricated device and the 

corresponding Raman spectrum. In the Raman spectrum Figure 5.11.b, the D band is not 

present, indicating non-defective graphene. The G and 2D bands are positioned at ∼1582 

cm-1 and 2676 cm-1, respectively. The Raman spectrum revealed an intensity ratio of 

I2D/IG >1 and asymmetric 2D peak with full width at half maximum (FWHM) of ∼37 cm-

1, confirming the presence of bi-layer graphene 154-156. Raman spectrum was also 

collected for entire graphene channel area to ensure that graphene film is uniform (Figure 

5.11.c). The map revealed an intensity ratio of I2D/IG in the range of 1-3 along with 

FWHM of 2D-band peak in the range of 30 – 40 cm-2. The acquired features of Raman 

map indicate that the graphene film is homogenously distributed across the device 157-160. 
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Figure 5.11.  Optical image of the fabricated device combined with Raman signature 

spectral analysis of the grown graphene and Raman mapping. a, optical image of the 

device.  b, Raman signature of  grown graphene and after transferring graphene to Al2O3 

substrate showing I2D/IG intensity ratio >1 with the absence of D-band peak indicating 

high quality graphene. c, large area Raman mapping with I2D/IG intensity ratio >1  along 

with FWHM lies in the range ~38 cm-1 to 50 cm-1 is demonstrating continuous large area 

bi layer graphene. 

 

The back gated graphene transistor was evaluated as diabetes monitoring device 

based on its (graphene’s) channel conductance variation upon the addition of pre-

determined glucose concentration in the saliva samples. The change in graphene 

a) 

b) 

c) 
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conductance due to physisorped atoms on its surface is manifested through a change in 

the Dirac voltage point (minimum conduction voltage) 160. The ID-VG characteristic 

curves are obtained for back gate graphene transistor with 20 µm gate length for 5 

seconds and 5 minutes, respectively as shown in figure 5.12. After 5 seconds, we found 

that Dirac voltage is downshifted from 1 volt to 0.3 volt as glucose concentration 

increased from 2.04 mM to 2.096 mM as shown in Figure 4a. On the other hand, figure 

5.12.b, shows transfer characteristic curves for the same device acquired after 5 minutes. 

In the latter case, the Dirac voltage is following the same trend noticed for 5 seconds 

however, the Dirac voltage was reduced from approximately 2 volts to 1 volt. The 

observed changes in Dirac voltage in both measurements are attributed to the induced 

electrostatic potential which is affecting the carrier concentration across graphene 

channel through the ultra-scaled Al2O3 dielectric resulting in additional positive charge 

coming from the adsorbed molecules glucose ultimately changing Dirac voltage 161,162. 

Also, the witnessed monotonic reduction in the minimum conduction current is an 

evidence of the adsorbed particles on graphene channel hence reducing the conduction 

through the channel 163-165. It is to be noted that for both cases, that addition of more 

glucose will lead to a small change in the minimum conduction current. This observed 

small change can be attributed to the saturation of graphene channel with more particles 

of glucose found in saliva. 
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Figure 5.12. IdVg transfer curves for the fabricated device in the presence of 

incremental glucose level in the saliva. a, IdVg curves after 5 seconds is showing that 

the device channel conductance is rigorously deteriorated as glucose concentration 

increases. b, IdVg curves after 5 minutes is showing the same trend as in 5 seconds 

however the deterioration is more pronounced due to the larger window time allow or 

more glucose molecules to be adsorbed on graphene.  

 

From the transfer characteristic curves for both cases, channel resistance is an 

extrapolated parameter representing the sensing variable in our study. The channel 

resistances were calculated as the change between maximum resistance and lowest 

resistance of graphene channel. Figure 5.13, shows the channel resistance as a function of 

glucose concentration in human saliva for both 5 seconds and 5 minutes. It is found that 

channel resistance change abruptly from ~260 Ω to ~ 600 Ω as glucose concentration 

increased for the measurement taken after 5 seconds while the change after 5 minutes was 

(a) 

( b) 
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modestly increased from ~ 220 Ω to ~ 250 Ω. The variation between both measurements 

can be explained as graphene channel reaching saturation to adsorb anymore molecules 

on its surface as concentration saturates. This can be seen from the extracted 5 seconds 

channel resistance abruptly changing compared to larger time window (5 minutes) which 

allows more molecules to be adsorbed on top of graphene channel leading to slow rate of 

channel resistance as a function of glucose concentration. From the channel resistance 

plot, sensitivity was calculated as the slope of each curve and it is found to be 54 Ω/mM 

and 13.5 Ω/mM for 5 seconds and 5 minutes, respectively. This portion of the study also 

infers that a responsivity of 5 seconds can be experienced in the demonstrated device 

which is completely competitive to any commercially available invasive methods. 

 

 

Figure 5.13. Extracted channel resistance from IdVg transfer curves for 5 seonds 

(blue squares) and 5 minutes (red squares) respectively as a function of saliva 

glucose concentration. The device response is steeper after 5 seconds as the channel is 

perturbed with glucose molecules while after 5 minutes the response is moderated.   
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We conducted density functional theory (DFT) calculation to understand the 

effect of water and glucose molecules relaxation on graphene surface. First, water 

adsorption on freestanding graphene with 4X4 supercell and 32 carbon atoms is 

simulated (Figure 5.14.a). The water molecules yielded a binding energy of ~30 meV 

indicating a physisorped H2O molecules on graphene without changing graphene fermi 

level band energy. This result is showing that water adsorption on graphene has no 

doping effect. This comes in agreement with previous results (156,166). Though the 

simulation showed no doping effect in the case of water molecules it is found through our 

experimental measurement of graphene device with water molecules only  that water can 

cause slight n doping effect as the rinsing time increased ( i.e. increasing time eventually 

leads to increasing number of water molecules on graphene surface ). Water molecules 

can cause a slight n-doping effect depends on water molecule orientation and clustering 

effect combined with the used substrate 167,168. Second, mono-layer graphene and bilayer 

graphene with 4X4 supercell is simulated for fully relaxed glucose molecule on graphene 

surface (Figure 5.14.b and Figure 5.14.c). It is found that single glucose molecule 

affected graphene electronic properties by inducing a clear n-doping effect. This 

attributed to the positive charge of glucose molecule to causing a charge transfer from 

glucose molecule to the free standing graphene. In this case, glucose acts as a donor 

where highest occupied molecular orbital (HOMO) is above the Fermi level of the 

graphene for both cases. As a conclusion of DFT calculation graphene has went through 

chemical n-doping process in the mean of charge transfer from adsorbed molecules into 

free standing graphene. 
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Figure 5.14. Band structure super cells  of fully relaxed single molecule on graphene. 

a, bilayer graphene with single water molecule  indicating that graphene has no doping 

effect. b, monolayer graphene with single glucose molecule. c, bilayer graphene with 

single glucose molecule. It is shown here that glucose have the same effect (n-doping) on 

band structures for both mono and bilayer layer graphene. 

 

To understand the reusability of the device, we tested the same device on 

randomly chosen saliva samples after annealing the device for three hours under vacuum 

for resetting and residue removal. Figure 5.15, shows the measured results for 5 seconds 

and 5 minutes compared with clinical laboratory measurements. The glucose 

concentration was again estimated by calculating the channel resistance for each reading 

of the transfer curves combined with device sensitivity. These results gave acceptable 

measurements of glucose concentration in human saliva as can be seen from the plot 

where the difference between clinical data and our measurement data remained in the 

range from 2 mM to 7 mM and from 10 mM to 16 mM for 5 seconds and 5 minutes, 

respectively. The observed trend from the measurements indicates that the device 

successfully predicted the extra glucose concentration. This variation can be used as a 

calibration factor in addition to the sensitivity of the device to achieve the desired results 

accurately after ensuring that the device gave incremental channel resistance variation. 



                                                            113 

 

Table 5.2, summarizes the performance of this device compared to previously published 

results. 

 

 

Figure 5.15. Data plot for clinically measured samples spiked with 2 mM and 

experimental measurements. The measured samples using graphene back gate transistor 

5 seconds and 5 minutes (green and blue) respectively against clinical measurements 

(red). Graphene devices predicted the incremental change after both 5 seconds and 5 

minutes. 

 

Examination of monitoring device’s selectivity for different parameters is very 

important since it can be affected by other constituent present human saliva. One of these 

important factors is pH value of the saliva which strongly depends on the nutrition system 

of the patient and when one takes the measurement 165. Therefore, we tracked the device 

response over the change of pH values by analyzing solutions with different pH values 

and then studied the transfer characteristic curves as before. Figure 5.16, shows the ID-VG 

curves for the graphene back gate transistor as a function of pH value. The device was 

measured for incremental step of 1 pH value as shown in Figure 5.16.a. We observed that 

graphene Dirac voltage is upshifting from ~ 0.3 volt to ~ 1.3 volts as pH value increasing 

from 5 to 9. This change is due to increased negativity of the solution which leads to 
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development of negative charge residues 163,164. Next we evaluated the response to 

different pH values by taking the measurements at various incremental steps namely 4, 7 

and 9 pH values as shown in Figure 5.16.b. We found the Dirac voltage follows the same 

trend when the incremental change was 1 indicating that the graphene channel properties 

is affected by the presence of negatively charged environment coming from the variation 

of pH values of the solution. Another observed change is the change in minimum current 

conduction and it can be attributed to resist residues during the fabrication process and 

other molecules existed in the solution. These observations come with agreements with 

previously reported graphene electrical measurements 166.  

 

  

Figure 5.16. Id-Vg transfer curves for graphene back gate transistor as a function 

pH ranging from 5 -9.  a, Id-Vg curves showing graphene is sensitive to pH value where 

dirac voltage point exhibited a upshift as pH value increases. b, IdVg   as a function of 

low, median and high pH values showing that the device is sensitive to pH value. Dirac 

voltage increased by ~0.2 V for every pH value. 

 

Further evaluation of the device selectivity was conducted by measuring the 

transfer characteristics of the monitoring device subjected to saliva samples with varied 

pH values followed by introducing of certain amount of glucose concentration into the 

solution then annealing the device under vacuum for three hours for resetting after 

a) b) 
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completing different measurement steps. Figure 5.17, shows the selectivity measurement 

of graphene back gated transistor. The device exhibited the same trend of upshifting 

Dirac voltage as pH value increased while the Dirac voltage downshifted after 

introducing 5 mM of glucose into the solution and the trend kept intact under the 

increased glucose concentration. This explains the presence of positively charged 

molecules on top of graphene leading to positively induced electrostatic potential through 

Al2O3 dielectric to overcome the negatively charge effect from the presence of increasing 

pH value. It can be seen that the device was reset after three hours vacuum annealing 

from the Dirac point reaching neutrality (i.e. removal of residues from graphene channel 

and contacts leading to less change in the minimum voltage). 

 

Figure 5.17. ID-Vg transfer curves for graphene back gate transistor as a function of 

pH and glucose concentration. The response is measured first for low and high pH 

values namely 4 (black) and 9 (red). After that, glucose was introduced at 10 mM (blue) 

and 15 mM (yellow). The change in dirac voltage upshifted as pH increased while it is 

down shifted with introduction of glucose. The device is then annealed under vacuum for 

three hours (dashed line) for resetting. 

 

Another device was fabricated by transferring graphene film through aqueous 

media 300 nm silicon dioxide (SiO2) dielectric to evaluate graphene device response 

under the presence of varying concentration of saline (sodium chloride – NaCl rich) DI 
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water following the same procedure. We achieved saline solution via diluting certain 

amount (0.03 g to 0.5 g ) of NaCl in 100 ml DI water followed by the acquisition of 

transfer curves as shown in figure 5.18. It is obvious that the Dirac voltage is down 

shifted due to positively added charges on top of graphene channel with strong 

dependency on NaCl concentration. This observation is attributed to severe ionic 

environment after adding larger amount of NaCl.  Also, this change in Dirac voltage led 

to a pronounced change in graphene channel conduction. Interestingly we noticed that at 

higher concentration of NaCl, the device starts to conduct both electron and hole carriers. 

The small modification in minimum conduction current is because of the low impact of 

NaCl molecules residues on minimum conduction as expected from increasing ionic 

strength of the solution 165. These observations come in agreement with what was 

observed under the presence of glucose molecules and validate the method of detecting 

adsorbed materials on top of graphene channel using the two dimensional nature of 

graphene films and the induced electrostatic potential of these molecules eventually 

leading to an observed sensible change in the electronic properties of the film. 

 

 

Figure 5.18. Transfer curves IdVg plot for the graphene back gate transistor using 

SiO2 dielectric as a function of NaCl concentration. The ionic concentration of the 

solution severely affected graphene channel conduction. It is shown that dirac voltage 
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down shifted as ionic concentration increased along with a notable decrease in channel 

conduction.  

 

To evaluate the influence of glucose measurement under the presence of alcoholic 

for 5 seconds, graphene device was rinsed in different alcoholic concentration with 

keeping glucose level constant at 10 mM. Acetone is representing alcholoic substance in 

this measurements. The graphene device response is shown in figure 5.19. It is noted that 

alcoholic has a pronounced effect on glucose measurement. The fabricated device dirac 

voltage exhibited down shift from 0.7 V to 0.4 V.  Carrier conduction at minimum 

voltage remained intact during the measurements while channel conduction and mobility 

decreased gently as it can be seen from the steep branch of the curves due to the presence 

of oxygen groups in acetone which affect the carrier population in graphene channel.   

 

 

Figure 5.19. Id-Vg transfer curves for graphene back gate devices as a function of 

alcoholic concentration. The dirac voltage decreased from 0.7 V to ~ 0.4 V as alcoholic 

concentration increased from 25 % to 75 %. Glucose measurement is influenced by the 

presence of alcoholic. The inset showing the extracted dirac voltage as a function of 

alcoholic concentration. 
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5.2.4. Conclusion  

We show a graphene based simple low-cost sensor for daily monitoring of 

diabetes non-invasively with high sensitivity, selectivity and response time. The 

presented device successfully detected the incremental change in glucose concentration.  
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Chapter 6. Summary and Future Directions 

6.1. Summary 

Graphene research is receiving great interest owed to its extraordinary properties 

that makes graphene a prominent candidate among other 2D materials to replace current 

silicon technology over the next decade. From synthesis standpoint, we developed a 

sustained CVD Bi-layer graphene film growth at atmospheric pressure. The rendered film 

features high uniformity, scale reliability, high quality, 93% optical transparency, 819 

Ω/□ and low defect. The grown film is then transferred through aqueous media. After that 

ultra-scaled Al2O3 dielectric is utilized in developing finFET architecture combined with 

graphene channel. The exhibited high mobility > 11,000 cm2 V-1 s-1 is attributed to the 

quality of the grown film, ultra-scaled high-k dielectric and the better electrostatic control 

offered by the fin structurer. Another novel structure was fabricated to facile the study of 

metal/graphene resistivity. The obtained low Au/graphene resistance (1µΩ-cm2) 

indicated that most of the reported contact resistance in literature is accounted for 

processing issues.  

We presented new sensing method for water quality monitoring based on ion 

sensitivity. The obtained Id-Vg characteristic curves showed a pronounced dirac voltage 

down shift as a function of NaCl concentration. Also, graphene back gated transistor 

behavior at elevated temperature is reported. It is found that the fabricated devices 

persevered transistor functionality for operational temperature up to 250 oC. The main 

reason for device failure above that temperature is attributed to gate leakage current 

through the 10 nm dielectric film. It is worth noting that the graphene FET survived 1 
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MA/cm2 before dielectric breakdown. The demonstrated high temperature revealed high 

potential for considering graphene devices as alternative to current GaN and SiC power 

transistors. 

A brief discussion of grown CVD graphene film on nickel as MFC cathode for 

simple water treatment technology. Another MFC was designed based on CVD graphene 

on cu foil. The grown film was used as cathode exposed to the air. It is found that 

graphene on cu foil exhibited better current generation because of the promoted adhesion 

interface eventually leading to better current generation that is able to withdraw current 

out of human saliva efficiently. 

For medical application, graphene and CNT is widely used due to their high bio 

compatibility, sensitivity to outer elements and the ability for functionalization. However, 

functionalization process requires sophisticated complex steps. From that prospective, we 

developed a systematic study for non-invasive new sensing approach based on molecular 

charge transfer. We showed that glucose concentration in artificially made solutions can 

be monitored using graphene back gate device with sensitivity estimation of 197 

Ω/glucose mM and 189Ω/glucose mM for 5 seconds and 5 minutes respectively. 

Continue in the glucose detection field, the same study is extended to real diabetes 

samples collected and measured clinically. It is found that glucose level is estimate 

correctly in lab measurements. The revealed study showing that graphene simple low cost 

sensor for daily diabetes monitoring. In addition, high sensitivity, selectivity and response 

time was attainable in the experiment.  
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6.2. Future Directions  

We have demonstrated exciting insights on the pursuit of realizing low power, 

simple and low cost graphene based devices. Continuing the current progress, the next 

step is centered on developing a direct CVD graphene synthesis method for pre patterned 

structures. Hence, making graphene device fabrication process more compatible with 

current CMOS technology.  

We also extending the research spot to cover other 2D materials like MoS2 and 

Ws2. Furthermore, currently we are trying to make flexible graphene devices by 

integrating the grown film with peeled silicon substrate. 
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