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Abstract 

 

Fabrication techniques and applications of Graphene-based 

electronic devices: Flexible and Transparent electrode, Sensor 

 

Byunghyun Kang 

Supervised by Professor Byeong-Kwon Ju 

Department of Electrical Engineering 

Graduate School, Korea University 

 

 
Graphene, a single layer of sp2 hybridized carbon atoms, was first isolated 

from graphite in 2004. It is the thinnest material known, but it is exceedingly 

strong, light and flexible. It conducts heat better than diamond, and may 

conduct electricity better than silver. This unique combination of properties 

makes graphene an ideal platform for flexible electronics. In the last decade, 

much effort has been devoted to synthesize graphene and then place (also 

known as “transfer”) it onto a flexible substrate for device applications. 

However, a large-scale and cost-effective method to accomplish this is missing, 

which limits the use of graphene in high-performance electronics. This 

dissertation reports an improved graphene synthesis. Oxygen on the catalytic 
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copper surface was found to play an important role in graphene nucleation and 

growth during the chemical vapor deposition (CVD). Control of the surface 

oxygen enables repeatable growth of single-crystal graphene. The 

electrochemical reduction of graphene oxide was also explored as an 

alternative graphene synthesis. Graphene has been considered as a viable 

substitute for indium tin oxide (ITO) due to its optical transparency, excellent 

electrical conductivity, and chemical stability. The outstanding mechanical 

strength of graphene also provides an opportunity to apply it as a flexible 

electrode in wearable electronic devices. In this dissertation reports of the 

fabrication technology and the performance of various TCE films prepared 

with graphene-related materials. including graphene that is grown by chemical 

vapor deposition (CVD) and reduced GO (rGO) dispersed solution. Synthesis 

graphene has many excellent properties including large specific surface area, 

high conductivity, and high Young’s modulus. These features make it ideally 

suitable for application for gas sensors. In this dissertation reports on the 

synthesis of graphene materials for this purpose and the techniques applied for 

fabricating gas sensors. 
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Chapter 1: Introduction to Graphene 

 
Graphene is a single layer of sp2 hybridized carbon atoms arranged in a 

honeycomb structure. It can be considered as a basic building block for  

graphitic materials of all other dimensionalities; for example, graphene can 

be wrapped up into zero-dimensional (0D) fullerenes, rolled into one-

dimensional (1D) nanotubes or stacked into three-dimensional (3D) 

graphite.[1] The unique structure of graphene has been studied in theory for 

more than half a century, but very recently, it was isolated for the first time 

and characterized in a laboratory.[2] Thereafter, research surged in fields 

related to graphene and many intriguing properties of this fascinating two 

dimensional (2D) material have been demonstrated. Graphene with an 

exceptional combination of electronic, optical and outstanding mechanical 

features has been proved to lead a completely different kind of 2-D 

electronics. The most exciting feature of graphene is its ultra-thin thickness, 

that can be conformally contacted to any kind of rough surface without losing 

much of its transparency and conductivity. Graphene has been explored 

demonstrating various prototype flexible electronic applications. 
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Figure 1.1: (a) Carbon atom in graphene is sp2 honeycomb structure. (b) 0D 

material of carbon is fullerene, 1D material of carbon is carbon nanotube  

2D material of carbon atom is graphene, 3D material of carbon atom is 

graphite 
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1.1 Band structure and electrical properties 

  

Because of the aforementioned sp2 hybridization, each carbon atom has a p 

orbital oriented perpendicular to the graphene plane; these orbitals bind 

covalently with each other (Figure 1.1a), leading to the formation of the π 

(bonding) and π* (anti-bonding) band. Each p orbital has one electron, so the 

π band is filled while the π* band is empty.[3] These two bands touch at the 

Dirac point, making graphene a semimetal. Fundamentally, the electronic 

properties of graphene are dictated by this unique band structure. For example, 

graphene exhibits a linear energy dispersion relation near the Dirac point. This 

makes charge carriers behave like relativistic particles with zero rest mass and 

have an effective ‘speed of light’ ~106m/s.[4] For device application, this is 

translated into extremely high carrier mobility (μ) of graphene, ~200,000 

cm2V-1s-1, compared to silicon, which is merely one thousand.[5] Mobility is 

also related to conductivity (σ) by equation 1.1, where n is the carrier density 

and e represents the carrier charge. 

 

σ = 𝑛𝑒μ                                               Eq. 1.1 

 



4 

 

Due to the zero carrier density at the Dirac points, electronic conductivity is 

actually quite low in neutral graphene. However, the Fermi level can be 

changed by doping (with electrons or holes) to create a material that is 

potentially better at conducting electricity than, for example, copper at room 

temperature.[6] 

 

 

 

Figure 1.2: (a) Electronic dispersion in the honeycomb lattice of graphene. 

The conduction band and valence band touch at the Dirac point, forming a 

linear energy dispersion relation. (b) The Fermi level is at the Dirac point for 

neutral graphene film, but it can be changed by doping to increase the carrier 

density therefore electrical conductivity. 
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1.2 Mechanical strength 

Along with the remarkable electrical properties of graphene, its mechanical 

properties are also superior compared to many other materials. Its ultimate 

tensile strength reaches ~130 GPa, about 100 times larger than typical steels. 

This is attributed to the strength of the 1.42 Å -long carbon-carbon σ bond, and 

it also makes graphene the strongest material ever measured.[7] What makes 

this particularly special is that graphene also has elastic properties, being able 

to recover to its initial size after strain. Its Young’s modulus was measured in 

an atomic force microscope to be 1.0 TPa by nano indentation.[7] Combining 

these properties with its high flexibility, graphene become an ideal material for 

use in flexible electronics.[8] For example, high-frequency graphene transistors 

can stand tensile strains up to 8%, which is substantially larger than what has 

been achieved with thin-film Si and III–V flexible transistors.[9-10]  
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1.3 Optical properties 

The optical absorption of graphene is defined solely by the fine structure 

constant, the parameter that describes coupling between light and 

aforementioned relativistic electron.[11] Each graphene layer absorbs ~2.3% of 

the incident white light. Although this is a relatively large value for atom-thick 

graphene, it is still more transparent than indium tin oxide (ITO) and fluorine 

tin oxide (FTO), which are currently used for transparent conducting film (TCF) 

applications.[12] More importantly, graphene exhibits good transparency in the 

region of near-(0.75-1.4 μm) and short-wavelength infrared (1.4-3 µm).[13] 

This unique optical property makes graphene films outstanding as window 

electrodes for optoelectronics applicable to a wide range of wavelengths. 
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Figure 1.3: (a) Optic image of monolayer and few layer graphene (b) 

Transmittance of graphene films and other transparent electrode materials 
[12] 
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1.4 Challenges of graphene 

Because of its intriguing features, graphene has drawn much attention in the 

last ten years in academia. The number of research papers published in related 

fields increased exponentially after its first isolation in 2004. However, 

transformation of this wonder material from laboratory to market still remains 

a challenge. A large-scale, low-cost method is required for high-quality 

graphene production. We have divided this target into three parts and discussed 

them separately. In the early-stage research, graphene was mainly produced by 

mechanical exfoliation of graphite. A piece of tape was used to peel graphene 

flakes off of a chunk of graphite (that is essentially a stack of graphene sheets) 

and then place them onto a dielectric substrate for device applications. This 

method yields mostly defect-free graphene fragments but their size is limited 

to micrometer-scale. To overcome this limitation, Li and his colleagues 

developed a chemical vapor deposition (CVD) method to directly grow 

graphene films on copper substrate. In a typical CVD experiment, a copper foil 

is loaded into a low-pressure system. The system is heated up to 1000˚C, close 

to the melting temperature of copper under a flow of hydrogen. High-

temperature hydrogen annealing helps clean the copper surface and prepare it 

for the following graphene growth. Methane is subsequently introduced as the 

carbon source; the gas molecules decompose and diffuse on copper surface, 



9 

 

which contributes to the nucleation and growth of graphene domains. A longer 

growth time will stitch these isolated domains together, forming a 

polycrystalline but continuous graphene film on copper substrate. In the last 

few years, researchers systematically studied the growth parameters and 

attempted to control the size and shape of graphene domains. Although the best 

CVD-sample to date is comparable with the pristine graphene prepared by 

mechanical exfoliation, a wide variation of film quality still remains from lab 

to lab and this is not desirable especially for large-scale device applications. 

After CVD growth, a second step is needed to transfer graphene from copper 

surface onto an arbitrary substrate for device applications. This is usually 

completed by an etch-based transfer method. PMMA is coated to protect the 

graphene from tearing or cracking. The copper substrate is then etched away, 

usually by ammonia persulfate solution, to isolate the graphene/PMMA film 

which is then transferred onto a target substrate. The resulting sample is heated 

to make graphene adhere to the substrate and finally the PMMA support layer 

is removed by a thermal or chemical treatment. This etch-based method is 

simple and straight forward, thus it is widely used in graphene or other 2D 

material research. However, for large-scale device applications, it appears to 

be increasingly problematic due to (1) the costly copper etching, (2) hours-long 

processing and (3) PMMA residues left on graphene surface. 
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Chapter 2: Synthesis of Graphene 

After discovery of graphene acquisition method in 2004 by A. Geim group, 

a lot of method were studied to obtain graphene film which have a impressive 

property.[15-19] In the initial research, graphene was obtained by of mechanical 

exfoliation using adhesive type. Even if this method give a high quality pristine 

graphene but very small size of graphene. Therefore, need to fabrication 

method for large scale graphene. CVD (chemical vapor deposition) method for 

large scale graphene is can be synthesize single to few layer graphene. But 

have not reliable uniformity than mechanical exfoliated graphene. Chemically 

synthesis of graphene was relatively low temperature method. especially, 

chemically synthesis graphene easy transfer to target substrate such as flexible 

substrate. reduced graphene oxide from graphite have not fantastical 

characteristic of mechanical exfoliated graphene layer. however, reduced 

graphene oxide have impressive potential for future flexible and stretchable 

electronic materials 

 

 

 

 



11 

 

 

 

 

 

 

 

Figure 2.1: A process flow chart of Graphene synthesis [22] 
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2.1 Mechanical exfoliation 

2.1.1 Micromechanical cleavage  

Graphene was formed by stacked mono layer graphene by van der Waals 

forces. Interlayer distance of graphene is 3.34 Å  and bond energy is 2 eV/nm2. 

Therefore, 300 nN/μm2 Power required to mechanical exfoliation of single 

layer graphene. Generally exfoliation of graphene was peel off graphene layers 

from graphite by external force.[23] Peeling of graphene layer by adhesive type 

(like 3M tape, scotch tape) is very easy and cheepest method to obtain less 

defected graphene layer.[24-27] A.Geim and K.Novoselov, first people separated 

Individual graphene layer by Mechanical exfoliation in 2004. Mechanical 

exfoliated graphene was less defected graphene materials used to research for 

fundamental physics and chemical. but mechanical exfoliated graphene has a 

limitation for scale (less than 10um) Raman spectroscopy was very useful 

method of mechanical exfoliated graphene because of Raman spectrum 

provide information about number of graphene layer.[28-30] 
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Figure 2.2: A. Geim, K. Novoselov, first people separated Individual graphene 

layer by Mechanical exfoliation 
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Figure 2.3 (a) Natural graphite (b) Mechanical exfoliated graphene from 

graphite by adhesive type method 
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To acquire graphene layer from graphite (HOPG, highly ordered 

pyrolyticgraphite), we used SiO2/Si substrate (5 x 5 mm2, SiO2 thickness = 300 

nm). 300nm thickness of SiO2 was ideal substrate since SiO2 (with 300nm 

thickness) allow to visible to single layer graphene. (silicon substrate was not 

allow) [31-32] This action was repeated infinitely with the original area removed 

from the HOPG (highly ordered pyrolyticgraphite) to acquire few graphene 

layer.[33] Despite the tape dregs does not influenced the quality of exfoliated 

graphene layer, residue make difficult to find graphene on SiO2 substrate.[34] 
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Figure 2.4: (a) Mechanical of exfoliation of graphene from graphite (b) Scotch-

tape and HOPG for micromechanical cleavage (c) graphene layers remaining 

on the wafer 
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Figure 2.5: Graphene layers under color microscope and Raman Spectroscopy 
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2.1.2 Raman spectra and graphene 

Graphene, a two dimension thick layer of carbon atoms arranged in 

honeycomb structure is a fantastical materials that have impressive properties 

like high electrical conductivity and excellent mobility (200,000cm2V−1s−1), 

high transmittance (more than 85% at 550nm wavelength) and mechanical 

stability (tensile strength of 130 GPa). A lot of graphene research has 

accomplished. However, in order to research graphene materials, should be 

distinguish the number of acquired graphene layer. because of graphene 

characteristic was dependent by layer numbers. Raman spectroscopy (based on 

light scattering) provides a reliable analysis of number of graphene layer. The 

D peak of graphene show disorder in the graphene layer. Therefore, large 

intensity of D peak inform that graphene layer has a many structural defect of 

graphene edge. 2D peak is the most clear classification between graphite, few 

layer graphene and single layer graphene. Intensity of 2D peak of graphite was 

lower than intensity of G peak (intensity ratio = 1/4 to 1/2). On the other hand, 

Intensity of 2D peak of graphene was higher than intensity of G peak. Figure 

2.5 shows exfoliated few layer graphene on SiO2/Si substrate. Multilayer 

graphene look like gray color, and single layer graphene was less visible by 

CCD camera.[39] The Raman spectrum of exfoliated graphene at G peak 

(1583cm-1) and 2D peak (2700cm-1), and ratio of intensity was around 0.25 
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(intensity ratio of IG/I2D=0.25) mean to exfoliated graphene is single layer 

graphene. 
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Figure 2.6: Changes in conductivity of graphene with varying gate voltage, 

Inset: optical microscope of experimental devices 
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2.1.3 Electrical properties of graphene 

Few layer graphene on SiO2/Si (SiO2 thickness=300nm, p-type heavily 

doping) was prepared by adhesive type method from graphite (HOPG, kish, 

and natural graphite). Adhesive type method was lowering probability of 

defect creation in exfoliation process and easy method for single layer 

graphene acquisition. Optic microscope was used select appropriate few layer 

graphene (figure 2.5). Electrode of graphene device was designed by electron 

beam lithography on few layer graphene. and metal electrode of graphene 

device were fabricated by electron beam evaporation (Pd/Au thickness = 

10nm/20nm). The current-voltage characteristics of graphene are shown in 

figure 2.6 (a) and the resistances are 6.3 kΩ, respectively. In general, the 

graphene device shows the resistance ranging about from 1 to 5 kΩ, whose 

current-voltage is linear and non- hysteresis. 2.6 (b) shows gate modulation of 

graphene device. Two devices showed the natural (Dirac) point at near zero 

gate voltage, the ambipolar property but slightly different gate modulation. 
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2.2 Chemical vapor deposition (CVD) 

2.2.1 CVD Synthesis of Graphene on Ni 

Graphene, a two dimension thick layer of carbon atoms arranged in 

honeycomb structure is a fantastical materials that have impressive properties 

like high electrical conductivity and excellent mobility (200,000cm2V−1s−1), 

high transmittance (more than 85% at 550nm wavelength) and mechanical 

stability (tensile strength of 130 GPa). A lot of graphene research has 

accomplished. but adhesive tape or mechanical cleavage methods were not 

provided large scale graphene for electronic device research. Fortunately, 

chemical vapor deposition (CVD) growth method give a chance to obtain large 

scale graphene for academic research and industrial field. CVD synthesis 

methods of graphene have been performed on copper and nickel substrate[40~46] 

and hydrocarbons materials were acetylene (C2H2) and CH4 (methane).[47] 

Nickel was first attempted materials for large scale CVD graphene growth 

which are first annealed in H2 gas atmosphere at 900~950 °C to increase grain 

size of thin nickel surface. next step was exposed to CH4 (methane) gas with 

H2 to dissolve carbon atoms into thin nickel film. lastly, annealed nickel films 

are cooling down to room temperature. (see Figure 2.7, fast cooling was very 

important process) In this experiment, few layer graphene film was grown by 

CVD (chemical vapor deposition) method on thin nickel films (99.99%, 
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purchased Alfa Aesar, 25um thickness). before synthesis of graphene, nickel 

films were accomplished by reaction ion etching (Ar plasma treatment for 20 

min) to remove of impurity of nickel surface. thin nickel films were annealed 

at 900-950 °C in H2 (hydrogen gas) atmosphere for 20-30 min in a quartz tube 

furnace to activate of nickel surface. And then CH4 (methane) gas/H2 mixture 

gas was inserted in quartz tube for 30 second to 60 second (flow rate=1sccm) 

for graphene growth. finally, annealed copper film was quickly cooling down 

to 20 °C for 3min (this is very important process).  
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Figure 2.7: Schematic diagram of few layer CVD graphene growth on thin 

nickel film 
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Figure 2.8: (a) Low pressure chemical vapor deposition and (b) few layer 

CVD graphene growth process on nickel thin films (thickness = 25 µm) 
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Figure 2.9: Optic image (a), SEM image (b) ~ (d) of few layer CVD graphene 

films grown on thin nickel film (thickness = 25 µm) 
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Figure 2.9 (a) and (b) displays optical and SEM (scanning electron microscope) 

image of few layer graphene film on nickel substrate after graphene growth. 

even if few layer graphene films have a wrinkle, Figure 2.9 (c) and (d) show 

few layer graphene films synthesized on large scale thin nickel film with 

smooth roughness. The Wrinkles of graphene films on thin nickel film was 

derived from gap thermal expansion coefficient of graphene and thin nickel 

film which result from thermal stress. Raman spectrum was analysis on 

graphene on SiO2/Si substrates after transfer. Figure 2.10 showing three main 

peak of Raman spectrum (laser wave length = 514nm) of graphene film on 

SiO2, D peak at around 1325 cm-1, G peak at around 1588cm-1, and 2D peak at 

around 2710-2720 cm-1. With decreasing growth time of graphene to 30 second, 

2D peak shift from 2467 cm-1 to 2633 cm-1. On the other hand, intensity ration 

of 2D peak and G peak was increase. The intensity of D peak decrease, mean 

to a high quality graphene growth on thin nickel film. Moreover, full width at 

half the maximum (FWHM) of 2D peak was decrease, mean to high quality 

graphene growth on thin nickel film. On the other hand, with increasing growth 
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time of graphene to 60 second, intensity ration of 2D peak and G peak was 

decreased to around 1.2 and full width at half the maximum (FWHM) of 2D 

peak was increase to around 57cm-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

 

 

 

 

 

 

 

Figure 2.10: Raman spectrum of few layer CVD graphene films on nickel 

substrate 

 

 

 

 

 

 



30 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: (a) Optic image of few layer CVD graphene films grown on thin 

nickel film (b) I2D/IG intensity ratio of Raman spectrum of few layer graphene 
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2.2.2 CVD Synthesis of Graphene on Cu 

In addition to nickel, researchers try a lot of thin metal film to synsthsis of 

graphene such as copper, palladium, platinum, ruthenium, cobalt. these 

materials have a different carbon solubility. In particular, thin copper films 

have a good control of synthesized graphene layer numbers and low 

manufacture cost and easy transfer process to target substrate. Few layer 

graphene film was grown by CVD (chemical vapor deposition) method on Cu 

(copper) films (99.99%, purchased Sigma Aldrich, 25um thickness). Cu films 

was annealed at 850-950 °C in H2 (hydrogen gas) atmosphere for 20-30 min in 

a quartz tube furnace. And then CH4 (methane) gas/H2 mixture gas was 

inserted in quartz tube for 1min (flow rate=1sccm) for graphene growth. finally, 

annealed copper film was quickly cooling down to 20 °C for 5min (this is very 

important process). Wrinkles of one to two layer graphene films was derived 

from gap thermal expansion coefficient of graphene and thin copper film and 

variation of graphene layer number was derived from surface roughness of thin 

copper film. Therefore, to obtain large size of mono-layer graphene used to 

thin copper film with very low surface roughness. 
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2.2.3 CVD Synthesis of Graphene on Cu includes O2 exposure 

CVD Synthesis of few layer graphene on copper film (thin film=300nm) has 

attracted a lot of attention since its discovery in 2009. This method is able to 

produce monolayer graphene films on a large scale with a relatively low 

density of structural defects. Despite several years of development, control 

through the domain size and roughness of the graphene crystals remains a 

challenge. The material quality varies from laboratory to laboratory under alike 

CVD synthesis conditions. We known that oxygen on the Cu surface plays a 

key role in the nucleation and growth of CVD graphene. The typical graphene 

growth procedure is schematically shown in Figure 2.12. 
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Figure 2.12: Flow chart of few layer graphene growth with O2 exposure 
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We synthesized few layer graphene on Copper film (thin film=300nm) by 

the LPCVD (low pressure chemical vapor deposition) method at the operating 

temperature of 800-900 ℃, and its results are shown in Figure 2.13. The optical 

images in (a) show the surface of copper foil after CVD process. After the 

CVD process, the surface of Copper film is smoothed, and the sharpness of 

those lines is reduced. However, the grain boundary on the Cu foil is produced 

and increased with size over 50μm due to the thermal annealing effect. As a 

result of the Raman spectrum to analyze this residue, we known that the 

LPCVD-grown few layer graphene on copper thin films is few-layer graphene 

via the analysis of the Raman parameter. Figure 2.14 shows this with the 

intensity ratio of the G peak for the 2D peak is about 1.08 and the FWHM (full 

width at half maximum) of the G peak is about 38cm-1 and that of the 2D peak 

is about 59cm-1. The HR-TEM (high-resolution transmission electron 

microscopy) images of observing the edge of the Cu-LPCVD graphene 

samples are shown in Figure 2.15. It corresponds to the 4~9 layers of graphene 

in figure 2.14 (a) and (b). 

 



35 

 

 

 

Figure 2.13 Synthesis of the few layer graphene by LPCVD using Cu foil, (a) 

Optic image, (b) SEM (scanning electron microscope) image of few layer 

graphene by LPCVD with O2 exposure 
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Figure 2.14 Raman spectrum of the graphene by LPCVD at random point 
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Figure 2.15 The HR-TEM images of graphene. 3~8 layer of graphene stacked 
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Figure 2.16: (a) Optic image of few layer graphene films grown on Cu foil (b) 

I2D/IG intensity ratio of Raman spectra few layer graphene films grown by 

LPCVD with O2 exposure 
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2.3. Chemical exfoliation 

2.3.1 Reduced graphene oxide 

Graphene, a two dimension thick layer of carbon atoms arranged in 

honeycomb structure is a fantastical  materials that have impressive 

properties like high electrical conductivity and excellent mobility 

(200,000cm2V−1s−1), high transmittance (more than 85% at 550nm wavelength) 

and mechanical stability (tensile strength of 130 GPa). A lot of graphene 

research has accomplished, however relatively high price of graphene material 

is barrier to popularization. One of the most cost effective method to obtain 

graphene is reduction of graphite oxide processed reduced graphene oxide. Of 

course, reduced graphene oxide show below average characteristic of graphene 

compare to other acquisition method such as CVD synthesis and mechanical 

exfoliation. Graphene oxide is a form of graphene that includes oxygen 

functional groups, hydrogen, carbon atoms. It was synthesized by chemical 

treatment using oxidant such as phosphorus pentoxide (P2O5), potassium 

peroxodisulfate (K2S2O8), hydrochloric acid (HCl), sulfuric acid (H2SO4), 

hydrogen peroxide (H2O2) and potassium permanganate (KMnO4). 
[58] 

Graphite oxide and graphene oxide are chemically very similar materials, 

however molecule structure are quite different. Biggest different was inter-

planar spacing between each layer. graphene oxide have a much bigger inter-
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planar spacing because of water. In order to convert graphite oxide to graphene 

oxide act ultra-sonication or rapid heating process. 
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Figure 2.17: Chemical exfoliation of HOPG and natural graphite 
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2.3.2 Non-toxic method to reduce graphene oxide 

Graphite oxide (GO) was prepared from natural graphite powder (99.99%, 

−100mesh, purchase from Sigma–Aldrich), Potassium peroxodisulfate 

(K2S2O8), Phosphorus pentoxide (P2O5), Sulfuric acid (H2SO4), hydrochloric 

acid (HCl), hydrogen peroxide (H2O2, 30 wt% aqueous solution), vitamin C, 

and Potassium permanganate (KMnO4, purchase from Sigma–Aldrich) and 

was used an as an oxidizing agent. SDBS (alkylbenzene sulfonates) was 

purchased from TCI, Graphite powder was preferentially oxidized using the 

modified Hummer method to graphite oxide form. Graphite powder (2.0 g) 

was added to a prepared solution of concentrated H2SO4 (10 mL), K2S2O8 (2.0 

g), and P2O5 (2.0 g). The solution was kept at 75 ◦C for 5 hour, and was then 

diluted with deionized (DI) water (150 mL). The mixture was filtered, washed, 

and dried to remove any residual acid. The treated graphite powder (1.0 g) was 

dispersed in concentrated H2SO4 (50 mL) in an ice bath. The mixture was kept 

at 0 ◦C with the gradual addition of KMnO4 (6 g) during stirr. The mixture was 

reacted at 35 ◦C for 2 hour, and was then diluted with DI water (92 mL) and 

reacted at 35 ◦C for 2 hour. The mixture was diluted with DI water (280 mL), 

followed by the addition of H2O2 (25 wt%), and was left for several second by 

which the color changed to light yellow. The mixture was filtered and washed 

and rinsing with 1:10 HCl solution and DI (deionized) water and was dialyzed 
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for two week. The washing solution was dried on a Petri dish in a vacuum oven 

at 65 ◦C for 24 hour to obtain a powder form. The presence of surfactant SDBS 

(alkylbenzene sulfonates) facilitated the exfoliation of the graphite oxide to 

graphene oxide (GO) and a larger size of graphene oxide sheet can be obtained 

in the ultra sonication method. The graphene oxide was exfoliated by 

sonicating 2.0 mg mL−1 graphite oxide solution for 2 hour in the presence of 

SDBS (alkylbenzene sulfonates). The aqueous solution was reduced by 

vitamin C at 80 ◦C for 24 hour. 
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Figure 2.18: Schematic of synthesis of graphene oxide and reduced graphene 

oxide from graphite 
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Atomic force microscopy (AFM) images were taken using a XE-100 operated 

in tapping mode with a silicon cantilever on a silicon dioxide wafer. The UV–

vis spectrum obtained using a Carry 5000 in a quartz cell (Agilent). The Raman 

spectroscopy measurements conducted using a Raman system (HORIBA at 

514nm wavelength) with excitation energy of 2.41 eV (514nm). The aqueous 

dispersion of graphene oxide sheets was prepared using the modified 

Hummer's method. The graphite powders were oxidized to graphite oxide 

using KMnO4/H2SO4. The van der Waals forces were weak when generating 

graphene oxide sheets by sonication in the water because of the increased inter-

layer distance between the graphite oxide sheets since the graphite oxide sheets 

are strongly hydrophilic, such that inter-calation of water molecules between 

the layers readily occurs. To improve the electrical conductivity of graphene 

oxide, we conducted a reduction of sheets from graphene oxide to reduced 

graphene oxide solutions by adding SDBS (sodium dodecylbenzenesulfonate) 

as a surfactant in the water. The reduction of graphene oxide is carried out 

using hydrazine or sodium borohydride, each of which is highly poisonous and 

explosive. Thus, in this research, the reduction of graphene oxide was carried 

out using vitamin C in the water with SDBS (sodium 

dodecylbenzenesulfonate). The vitamin C has a mild reductive ability and 

nontoxic property. The results of reduction was monitored by measuring the 
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position of the UV–visible spectrum absorption peak of the reduced graphene 

oxide solution. As shown in Figure. 2. 19, the peak was located at 229 nm as 

previously reported for graphene oxide by π → π* transitions (conjugation), 

but gradually red-shifts from deoxygenating occurred so that the aromatic 

structure was restored. A shoulder peak located at around 300 nm can be 

attributed to the n → π* transitions of the carbonyl group Furthermore, the 

optical image of graphene oxide shows a transition of reduction that changed 

color from light yellow to dark black solution (Figure 2.19 inset). The AFM 

(atomic force microscopy) image shows the height profile and surface 

roughness (Rq) of the reduced graphene oxide sheets, which are about 

∼0.9nm and 0.76nm, indicating the two-three layer graphene (Figure 2.19). 

This is greater than the height of pure graphene due to the remaining oxygen 

functional groups with the surface and edge of sheets of hydroxyl (- OH), 

carboxyl (-COOH), and carbonyl (C=O). 
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Figure 2.19: UV–visible spectrum of graphene oxide (red line) and UV–visible 

spectrum of reduced graphene oxide with non-toxic treatment 
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Figure 2.19: AFM (atomic force microscopy) image of reduced graphene oxide 

sheet with non-toxic treatment method 
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Figure 2.20: SEM (scanning electron microscope) image of reduced graphene 

oxide film 
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Chapter 3: Graphene transfer for flexible and 

transparent electrical devices 
 

3.1 Wet transfer method for Graphene 

Graphene synthesized by chemical vapor deposition on metal substrates such 

as copper and nickel has attracted attention due to probability of mass 

production and large scale growth. However CVD graphene have a limitation 

because graphene growth was on metal substrates. Therefore, CVD graphene 

on metal substrates must be transferred to dielectric material. (main challenge 

is large scale transfer and lowering outbreak defect of graphene structure) In 

this chapter we discuss effective method of CVD graphene transfer to non-

metal substrate. The wet transfer method of CVD graphene by the following 

process: Cu films (copper films) was annealed at 850-900 °C in H2 (hydrogen 

gas) atmosphere for 20-30 min in a quartz tube furnace. And then CH4 

(methane) gas was inserted in quartz tube for 1min (flow rate=1sccm). lastly, 

annealed copper film was quickly cooling down to 20 °C for 5min (this is very 

important process). The few layer CVD graphene film grown on the surface of 

copper films was transferred onto plastic film or silicon oxide by polymer 

(PMMA, EcoFlex, PDMS) assisted transfer method. Polymer (PMMA, 

EcoFlex, PDMS) was spin coated on few layer graphene/Cu film 
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(thickness=180~210nm). Polymer/CVD graphene/Cu film was immersed in 

liquid etchant such as FeCl3 solution (iron chloride) to separate Cu films and 

Polymer/CVD graphene layer. And then polymer/CVD graphene layer was 

washed (or rinsing) by DI (deionized) water for remove residue materials. And 

then drying for 300 second at 70-80 °C on furnace with N2 atmosphere. 

Polymer/CVD graphene layer transfer onto target substrate (non-metal 

substrate) with CVD graphene layer contact target substrate. Finally, remove 

the polymer layer using an organic solvent. 
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Figure 3.1: The schematic of the fabrication process to obtain graphene film 

onto non-metallic substrates 
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Figure 3.2: Schematic illustration transfer of CVD graphene onto non-metal 

substrate by polymer assisted method 
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Figure 3.3: Raman spectrum (a) before and (b) after transfer process of few 

layer CVD graphene. (c) photographs of the large-scaled graphene films on Cu 

substrate and transferred graphene on plastics substrate 
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3.2 Reduced graphene oxide films fabrication via spray-coating 

Spray coating was film fabrication (deposition) method for a lot of industry 

field such as thermal barrier coatings, fouling protection, microelectronics. 

Spray coating method could be the best and easy technology for deposition of 

thin films of nano-material.[69] reduced graphene oxide electrode by the 

following process:  

 

1. Reduced graphene oxide was synthesized using Hummers’ method with 

non-toxic reduction materials (vitamin C) 

2. The polyethylene naphthalate (PEN) film with a thickness of 125 μm 

(purchased from DuPont Teijin) was cleaned by sonication, and rinsing for 

30min in deionized water to remove Impurity of PEM substrate 

3. PEN film was dried by furnace for 30imn at 80°C 

4. For spray-coating reduced graphene oxide were dispersed in DI (deionized) 

water for 24 hour 

5. Reduced graphene oxide was spay-coated on PEN substrate (diameter of 

spray nozzle was 0.2mm), the reduced graphene film thickness was controlled 

by concentration of rGO solution and sprayed time and number of process 

times.   

6. Coated PEN substrate was located on a heat plate (75-80°C) 
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Figure 3.4: (a) AFM (atomic force microscopy) image of spray-coated reduced 

graphene oxide. (b) rGO electrode on glass, (c) rGO electrode on PEN 

substrate. 
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3.3 Mechanical transfer method for graphene based materials 

Polydimethylsiloxane (PDMS) was used as the flexible substrate instead of a 

conventional flexible substrate such as PI (polyimides), PMMA (poly methyl 

methacrylate) and PES (polyethersulfone). because of PDMS 

(polyethersulfone) was take advantage of easy fabrication, low cost, flexibility. 

PDMS polydimethylsiloxane) is a Si-based organic polymer that has found 

wide applications in microelectromechanical system (MEMS) and 

microfluidic device fabrication (like microfluidics chips), soft lithography, 

contact lens manufacturing, and device encapsulation. PDMS 

(polydimethylsiloxane) is a highly viscous flowing liquid, but is still optically 

transparent (90% transparency at 550nm wavelength). Curing agents added to 

this PDMS (polydimethylsiloxane) to give it structural rigidity. During the 

curing process, we found a form of PDMS (polydimethylsiloxane) with an 

adhesive property that occurred just before complete hardening process; this 

form of PDMS (polydimethylsiloxane) looked like an adhesive polymer 

material. Therefore, graphene based material films on Si substrate (other 

substrate like glass) were transferred to the PDMS (polydimethylsiloxane) 

surface just before its complete hardening. In this state, the adhesive property 

of the PDMS (polydimethylsiloxane) caused the grapheme-based material to 

adhere to PDMS (polydimethylsiloxane). Then, the PDMS 
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(polydimethylsiloxane) with grapheme-based material was hardened 

completely to ensure strong adhesion between the graphene based material and 

the PDMS (polydimethylsiloxane) substrate. 

 

 

 

 

 

Figure 3.5: Schematic of Mechanical transfer method for graphene based 

electronic device 
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Figure 3.6: (a) Mechanical transfer of CVD graphene onto PDMS. (b) Reduced 

graphene oxide electrical device on PDMS by mechanical transfer method 
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Chapter 4: Chemical doping of graphene films for 

transparent electrode 

4.1 Doping of graphene by nitric acid (NH3) 

The rising demands of flexible/transparent devices (field effect transistors, 

organic light emitting diodes, smart windows, organic solar cells), such as 

stretchability (flexibility) and energy efficiency, require alternative materials 

for indium tin oxide (ITO), which was dominate materials of transparent 

electrode martket. [70-73] The indium tin oxide was low sheet resistance (~10 

Ω/□) materials and very transparent materials (transmittance at 550nm 

wavelength=93%). however, indium tin oxide has a poor chemical stability in 

acidic solution and low flexible characteristic. To this disadvantages of indium 

tin oxide lead to materials research for transparent and flexible electrode. 

Among all replacement candidates materials such as metal nanowire (typically 

Ag nanowire), conductive polymers (typically PEDOT:PSS), carbon 

nanomaterials (typically carbon nanotube, graphene, reduced graphene oxide), 

synthesized CVD (chemical vapor deposition) graphene is very promising 
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candidates because of outstanding conductivity (200,000cm2 V−1 s−1), high 

optical transparency (single‐layer graphene=97% transparency at 550 

wavelength), mechanical flexibility, chemical/thermal stability.[74-75] However, 

synthesized CVD graphene based transparent and flexible electrode has a 

barrier due to high sheet resistance. The high sheet resistance is still caused by 

wrinkles of synthesized CVD graphene and impurities occurrenced by growth 

of graphene/transfer process if graphene. Therefore, a lot of study for reducing 

the sheet resistance (RS) and increasing the electrical conductivity of graphene 

materials such as CVD graphene, reduced graphene oxide by control of work 

function of graphene materials. The sheet resistance (RS) of graphene materials 

can be control by chemical doping such as HCl (hydrogen chloride), HNO3 

(nitric acid), H2SO4 (sulfuric acid), AuCl3 (Gold chloride), CH3NO2 

(nitromethane). In this paper, we researched a method of producing few layer 

CVD graphene with the chemical treatment, which can improve sheet 

resistance (RS) of few layer CVD graphene to 401Ω/□ optic transmittance at 

550nm wavelength. Few layer graphene film was grown by CVD (chemical 
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vapor deposition) method on Cu (copper) films (99.99%, purchased Sigma 

Aldrich). Cu films was annealed at 850-900 °C in H2 (hydrogen gas) 

atmosphere for 20-30 min in a quartz tube furnace. And then CH4 (methane) 

gas was inserted in quartz tube for 1min (flow rate=1sccm). lastly, annealed 

copper film was quickly cooling down to 20 °C for 5min (this is very important 

process). The few layer CVD graphene film grown on the surface of copper 

films was transferred onto plastic film or silicon oxide by 

Polydimethylsiloxane (PDMS) assisted transfer method. 

Polydimethylsiloxane (PDMS) was spin coated on few layer graphene/Cu film 

(thickness=180~210nm). PDMS/graphene/Cu film was immersed in FeCl3 

solution (iron chloride) to separate Cu films and PDMS/graphene layer. And 

then PDMS/graphene layer was washed by DI water for remove residue 

materials. PDMS/graphene film was dip-coated 15-60% concentrations of 

HNO3 (nitric acid) solutions for 10-300 seconds. 
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Figure 4.1: Sheet resistance (RS) of few layer CVD graphene doped with 

different (a) HNO3 (nitric acid) concentrations, (b) exposure time 
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Figure 4.2: Transparent graphene film transferred on PET film 
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4.2 AuCl3 chemical doping on graphene film 

Graphene is a one-atom-thick layer of carbon atoms arranged in a two-

dimensional monolayer of sp2-bonded hexagonal lattice. It is the basic 

structural element of allotropes of carbon such as fullerenes (0D), carbon 

nanotube (1D), graphite (3D). Graphene materials (CVD graphene, graphene 

oxide, reduced graphene oxide) has been considered a replacement to indium 

tin oxide (ITO) as the transparent electrode in an opto-electronics such as 

OLED (organic light emitting diodes), LCD (liquid crystal display), LED (light 

emitting diode), organic solar cell because of high electrical conductivity and 

excellent mobility, high transmittance (more than 85%) from visible light (at 

550nm wavelength), mechanical stability (tensile strength of 130 GPa). 

Graphene transparent conductive electrodes for opto-electronic device have 

been studied since mass production method for graphene materials such as 

CVD (chemical vapor deposition), chemically exfoliation. [81-82] however, high 

sheet resistance (RS) of graphene materials (single layer CVD graphene sheet 

resistance=600~700Ω/□, few-layer (two-four layer) CVD graphene sheet 

resistance=500~600Ω/□, reduced graphene oxide sheet resistance= 

80,000~100,000Ω/□) is barrier for transparent and flexible electrode for opto-

electronic device.[83-84] Therefore, a lot of study for reducing the sheet 

resistance (RS) and increasing the electrical conductivity of graphene materials 
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such as CVD graphene, reduced graphene oxide by control of work function 

of graphene materials.[83-84] The sheet resistance (RS) of graphene materials can 

be control by chemical doping such as HCl (hydrogen chloride), HNO3 (nitric 

acid), H2SO4 (sulfuric acid), AuCl3 (Gold chloride), CH3NO2 (nitromethane). 

In this paper, we study the chemical p-type doping of few layer CVD graphene 

for transparent and flexible electrodes of future electronic device such as thin 

film transistor, opto-electronics device. We used AFM (atomic force 

microscopy), SEM (scanning electron microscope), Raman spectroscopy, UV-

vis spectrophotometer, sheet resistance measurement instrument for study the 

effect of AuCl3 (Gold chloride) solution doping on few layer CVD graphene 

films for  electronic device. Few layer graphene film was grown by CVD 

(chemical vapor deposition) method on Cu (copper) films (99.99%, purchased 

Sigma Aldrich). Cu films was annealed at 850-900 °C in H2 (hydrogen gas) 

atmosphere for 20-30 min in a quartz tube furnace. And then CH4 (methane) 

gas was inserted in quartz tube for 1min (flow rate=1sccm). lastly, annealed 

copper film was quickly cooling down to 20 °C for 5min (this is very important 

process). 
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The few layer CVD graphene film grown on the surface of copper films was 

transferred onto plastic film or silicon oxide by Polydimethylsiloxane (PDMS) 

assisted transfer method. Polydimethylsiloxane (PDMS) was spin coated on 

few layer graphene/Cu film (thickness=180~210nm). PDMS/graphene/Cu 

films was immersed in FeCl3 solution (iron chloride) to separate Cu films and 

PDMS/graphene layer. And then PDMS/graphene layer was washed by DI 

water for remove residue materials. PDMS/graphene film was dip-coated in 

5mM concentrations of AuCl3 solutions for 20 seconds (first doping), followed 

by washing DI water for 300 seconds and dehydrated for 300sec at 70-80 °C 

on furnace with N2 atmosphere. Next, PDMS/graphene films were immersed 

in acetone solution for removal of PDMS layer. The graphene films transfer 

onto target substrate. The graphene film was dip-coated in 5mM concentrations 

of AuCl3 solutions for 20 seconds (second doping), followed by washing in DI 

water for 300 seconds and dehydrated for 300 seconds at 70-80 °C on furnace 

with N2 atmosphere. 
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Figure 4.3 are SEM (scanning electron microscope) images of few layer CVD 

graphene films after doping with various concentrations of 5mM, 10mM and 

15 mM AuCl3 (gold chloride) solutions, in this process, the diameter of the Au 

nanoparticles of AuCl3 solutions varied from 5 nm to 100nm 
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Figure 4.3: Scanning electron microscope images of pristine graphene film and 

after p-type doping using AuCl3 (gold chloride) solutions. 
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Figure 4.4: (a) Change in sheet resistance (Rs) of few layer graphene films. 

before and after doping using AuCl3 solution: 5mM, 10mM and 25mM (b) 

Transmittance spectrum of few layer graphene film at 550nm wavelength 

before and after p-type doping (c) Raman spectrum before and after p-type 

doping using AuCl3 (gold chloride) solutions. 
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The doping effects on a few layer CVD graphene film using an AuCl3 (gold 

chloride) solutions were studied by various methods, as shown in Figure 4.4. 

The transmittance at 550nm wavelength and the sheet resistance (RS) of a few 

layer CVD graphene film was decreased by increasing the concentration of the 

AuCl3 (gold chloride) solutions, as shown in Figure. 4.4 (a) and 4.4(b). Figure 

4.4 (b) is the transmittance spectrum at 550nm wavelength of few layer CVD 

graphene film before and after p-type doping using 5 mM, 10 mM, 15 mM 

AuCl3 (gold chloride) solutions. At a wavelength of 550 nm, the transmittance 

of few layer CVD graphene film before and after p-type doping using 5 mM, 

10 mM, 15 mM AuCl3 (gold chloride) solutions was 88.1, 86.6, 85.2 and 

82.1%, respectively. Figure 4.4 (a) is the sheet resistance (RS) of a few layer 

CVD graphene film before and after p-type doping using 5 mM, 10 mM, 15 

mM AuCl3 (gold chloride) solutions. The sheet resistance (RS) of the few layer 

CVD graphene film before and after p-type doping using 5 mM, 10 mM, 15 

mM AuCl3 (gold chloride) solutions was 601, 448, 401 and 341 Ω/□, 

respectively. The sheet resistance (RS) of the few layer CVD graphene film 

after p-type doping using 5 mM, 10 mM, 15 mM AuCl3 (gold chloride) 

solutions was decreased by ~25.5, ~33.3, and ~43.3% compared to few layer 

CVD graphene film. The reported sheet resistances of the few layer CVD 
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graphene film were calculated as the average data of ten different spots of few 

layer CVD graphene film. The doping effects induced by charge transfer 

between Au nanoparticles of AuCl3 (gold chloride) solutions and few layer 

CVD graphene film were also analysis by Raman spectroscopy, Figure 4.4, 

which show the Raman spectrum of the few layer CVD graphene films before 

and after p-type doping using AuCl3 (gold chloride) solutions. Figure 4.4 focus 

on the G peak in the Raman spectrum of few layer CVD graphene to study the 

doping effect on the few layer CVD graphene films. The two prominent peaks 

in the Raman spectrum of high quality graphene layers (single layer or two 

layer) were the G peak (~1583 cm−1) and the 2D peak (~2691 cm−1), Figure 

4.4. The charge transfer on few layer CVD graphene film can be confirmed by 

the G-peak shift in the Raman spectrum of doped CVD graphene film. Figure 

4.4, the G peaks were gradually upshifted by increasing the concentration of 

the AuCl3 (gold chloride) solutions as a p-type dopant, and finally upshifted 

by ~8 cm−1 after doping using a 15 mM AuCl3 (gold chloride) solution because 

of an increase in the hole charge carrier density of graphene films, which could 

be result from the reduction potential gap between the graphene and AuCl4
− 

ion.[86] 
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Chapter 5: Gas Sensor Based on Graphene materials 
 

Gas sensors is a device that detects the presence of flammable, toxic gases 

gases in an area. [89-91] This type of device is used in industry such as public 

safety system, industrial chemical processing, automobile, fire-fighting, 

agriculture and medicine. With the development of science and technology for 

public safety system, the requirement of gas sensors towards higher sensitivity, 

higher selectivity, faster response, lower cost, lower power consumption, more 

stability has led to the research for new sensing materials. A variety of 

materials such as optical fibers, metal oxide semiconductors (advantages: high 

sensitivity and fast response time, disadvantages: short life, poor selectivity 

and high operating temperature), semiconducting nanowire, carbon nanotube, 

graphene, graphene oxide, reduced graphene oxide, have been studied to 

fabricate gas sensors.[92-97] Among them, graphene materials, such as graphene 

from mechanical exfoliation, chemical vapor deposition graphene, graphene 

oxide (GO) and reduced graphene oxide (rGO) exhibit large specific surface 

area (theoretical surface area=2630 m2g-1) and easy adsorption of gas 

molecules of chamber or atmosphere environment and the surface of graphene 

materials can easily be modified by functional groups (graphitic group, 

carboxylic acid group, C-O-C) for improved gas sensing properties. In addition, 
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graphene materials have fundamentally low electrical noise (1/f noise) due to 

its high quality crystal lattice (low defect graphene) along with theoretically 

two dimensional structure of graphene, making it capable of lowering charge 

fluctuation of graphene than one-dimensional graphene material such as 

carbon nanotube. As a result, small amount of electrons of graphene material 

can cause a considerable change in the conductance (or resistance) of graphene 

material.[89-92]  
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5.1 Mechanisms of graphene based sensors 

The detection of gas molecule by graphene materials is mainly based on their 

conductance changes (resistance change) upon the adsorption of sensing gas 

molecule. Adsorption with different composition and structure inter-act as 

graphene materials in different mode. Active region adsorbate like H2O 

(dihydrogen oxide) do not induce detectable localized impurity states in 

graphene materials, and they influence the conductance (resistance) of 

graphene materials by redistributing electrons within the graphene layers or 

between the graphene later and surface of graphene materials. [112] In contrast, 

Active region adsorbate such as NO2 (nitrogen dioxide gas molecule), [113-114] 

alkali and halogen are chemically active; they can act as temporary dopants 

materials which contribute electrons or holes to graphene materials and change 

electron concentration of graphene materials. These molecules combine to 

graphene materials as ions but hybridize weakly with graphene bands. Another 

kind of adsorbate gas molecule is covalent bonding adsorbates, including H 

(hydrogen) and OH (hydroxy group) radicals, which can form covalent bonds 

with graphene materials.[112] Graphene material is a p-type semiconductor in 

nature (actually semi metal property). When graphene material exposed to 

various gas molecule, the characteristic of conductance (resistance) of 

graphene materials are possibly different. The adsorption of electron-
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withdrawing gas molecules such as NO2 (nitrogen dioxide gas molecule) 

enhances the doping effect of graphene materials and increases conductance 

(decrease of resistance) of graphene materials. Otherwise, electron accepting 

molecules such as NH3 (ammonia gas molecule) decreases conductance 

(increases resistance) of graphene materials (Figure 5.1). 
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Figure 5.1: Inter-act of the p-type Graphene with (b) electron donating 

molecules and (c) electron withdrawing molecules. 
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5.2 Gas sensors based on pristine graphene 

A.Geim and researcher obtained high-quality single-layer graphene 

(actually few layer graphene) in 2004 by mechanical exfoliation method.[115] 

They stripped slice from HOPG (highly oriented pyrolytic graphite) with 

adhesive tape to isolate single-layer or few-layer graphene sheets with near 

ideal Honeycomb structure. In 2007, Novoselov et al. used the mechanical 

exfoliated graphene for detection of gas molecules.[116] After the researcher 

work hard to graphene sensor research. several research groups also research 

the sensing characteristic of single layer graphene (or few layer graphene) both 

theoretically and experimentally,[117-122] Graphene base-sensors were capable 

of detection a variety of molecule gases such as NO2 (nitrogen dioxide), NH3 

(ammonia), CO2 (carbon dioxide). The characteristic of graphene materials gas 

sensors can be in effected by several factors such as temperature, flow rate of 

target molecule gas (very important factor for gas sensor research) and the 

length-to-width ratio of graphene sheet. 

We obtained single layer graphene (or few layer graphene) by the mechanical 

exfoliation of nature graphite. Graphene layers were deposited on a pre-defined 

SiO2/Si substrate (SiO2 thickness= 300nm, this factor very critical factor). To 

determine the number of graphene layers we used Raman spectroscopy 

(LabRAM HR-800) at 514 nm as shown in Figure 5.3. Raman Spectrum from 
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graphene (single layer graphene or few layer graphene) on SiO2/Si substrate 

showing the 2D peak to G peak intensity ratio of 2.5, confirm the existence of 

single layer graphene. The electron beam lithography process was used to 

define and form two metal contacts to obtained graphene layer by mechanical 

exfoliation method, followed by electron beam evaporation process of Pd 

(palladium)/Au (gold) (10 nm/50 nm). Single layer (or few layer graphene 

layer) graphene based sensor were used to obtain the I–V (current-voltage) 

characteristics of graphene based (single or few layer graphene) gas sensor at 

various concentration of NO2 (nitrogen dioxide gas molecule) and NH3 

(ammonia gas molecule) gas. 
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Figure 5.2: Optical image of the graphene device. high-quality few layer 

graphene by mechanical exfoliation process 
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Figure 5.3: Raman spectra peak of the few layer graphene film on SiO2 

(300nm)/Si substrate. showing the D band at 1352 cm-1, the G band at 1586 cm-

1, the 2D band at 2710 cm-1 
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Figure 5.4: Gas sensing property of few layer graphene film (0.5mA and 

nitrogen dioxide gas molecule concentration=5ppm) 
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Figure 5.5: Gas sensing property of few layer graphene film (0.5mA and 

ammonia gas molecule concentration=5ppm) 
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It is well known that graphene exhibit p-type semiconductor characteristics. 

Thus, these materials exhibit reduced charge carrier concentrations and 

decreases in conductance when they are exposed to a hole accept gas molecule, 

such as ammonia gas molecule. on the other hand, electron accept gas molecule, 

such as nitrogen dioxide gas molecule showed increase in conductance. NO2 

molecules (nitrogen dioxide) are adsorbed chemically onto the surfaces of the 

few layer graphene and work as hole dopant, while the NH3 molecules 

(ammonia molecules) are adsorbed and work as hole acceptors. As shown in 

Figure 5.4 flowing NO2, into the gas chamber decrease the resistance of few 

layer graphene films, whereas N2, into the gas chamber decreased the graphene 

resistance. Figure 5.5 shows the sensor response to 5 ppm of NH3 (ammonia). 

Expose of ammonia, we observe an increase in resistance of few layer 

graphene films. The fact that we observe responses for NO2 (nitrogen dioxide) 

and NH3 (ammonia molecules) with opposite polarities is consistent with the 

charge transfer mechanism proposed for few layer graphene films 
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5.3 Reduced graphene oxide base gas sensor with micro heater 

Reduced graphene oxide (rGO), obtained by chemical reduction of graphene 

oxide (GO), is an attractive sensing material for the progress of high sensitive 

and stretchable gas sensor, due to Reduced graphene oxide interesting 

properties, such as very large surface area, room temperature operation (20°C), 

and the versatility in chemical functionalizations.[124-128] Furthermore, reduced 

graphene oxide has outstanding mechanical flexibility and environmental 

stability.[110] Particularly, the possibility of high mass productivity and the vey 

ease of composite fabrication process, compared to that of graphene prepared 

by micromechanical exfoliation or by chemical vapor deposition growth, Like 

this widen area of applications using a reduced graphene oxide technology.[130-

131] The preparation of chemically rGO from graphite oxide typically conducts 

a hydrazine or dimethyl–Hydrazine each of which is highly poisonous, 

explosive and very hazardous to human health. To avoid hydrazine, a fresh 

approach for effective converting graphene oxide condition method to be 

explored. L–Ascorbic acid (Vitamin C) has a mild reduction ability for 

graphene oxide and relatively non-toxic properties, and also been used as a 

material for reduction. The fabrication process for our MEMS gas sensor is 

shown in Figure 5.6. The MEMS gas sensors integrated with platinum micro-

heater were fabricated on double side-polished p-type Silicon wafer (thickness: 
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500mm), and all of the MEMS sensor fabrication processes were conduct by 

photo-lithography. The electrodes of MEMS gas sensor have a width of 10 mm 

with gap size of 10 mm and thickness of 320 nm. Electrical insulating layers 

for MEMS sensor are constructed between the electrodes and the platinum 

micro heater. The electrical insulating layers consist of SiO2/Si3N4/SiO2 

structure. The silicon substrate was etched by using an anisotropic etchant to 

achieve the thermal isolation on the substrate. The details of our fabrication 

process are as follows. 2 mm thick Si3N4 layer was deposited on a p-type 

double-sided polished silicon wafer by low pressure chemical vapor deposition. 

15/280 nm Ti (titanium)/Pt (platinum) layer was deposited on the electrical 

insulator by E-beam evaporation. The Ti (titanium)/Pt (platinum) micro heater 

was patterned by photo-lithography and then etched by inductive coupled 

plasma etching process. 3 mm SiO2/Si3N4/SiO2 thin film used as an electrical 

insulating layer was deposited on the platinum micro MEMS heater by plasma 

enhanced chemical vapor deposition. The deposited insulating layer was 

patterned and then etched by reactive ion etching method to make the contact 

space for the platinum micro heater. 320 nm Cr (chromium)/Au (gold) thin 

film was patterned to make the bonding pads and the pair of electrodes for the 

sensing layer by lift-off technology. Square window pattern was opened in the 

Si3N4 on the silicon wafer backside by photo-lithography and etched by 
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reactive ion etching process. The silicon substrate was etched by using an 

anisotropic etchant to achieve the thermal isolation on the substrate. An optical 

image of the fabricated micro gas sensor is shown in Figure 5.7 (a). Figure 5.7 

(b) express that the response of the MEMS gas sensor temperature as a function 

of the power applied by the platinum micro MEMS heater. At the temperature 

of 600 ℃, the micro MEMS heater with a thermally insulated dielectric 

diaphragm consumed a power of 124mW. A thinner and narrower silicon 

membrane may reduce the heater loss due to the conduction layer and 

convection layer, which are related to the area of the silicon membrane and the 

distance between the silicon membrane and chip frame. 
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Figure 5.6: The fabrication process of the MEMS micro heater based reduced 

graphene gas sensor 
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Figure 5.7: (a) Images of the fabricated MEMS gas sensors (b) MEMS gas 

sensor heater temperature as applied power 
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Figure 5.8: (a) Photograph of the rGO solution by non-toxic method (b) AFM 

image and (c) SEM image of rGO thin films 
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Figure 5.9: Change of electrical resistance of pristine rGO films response to (a) 

5 ppm nitrogen dioxide gas molecule, (b) 100 ppm ammonia gas molecule 

without micro MEMS sensor 
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Figure 5.10: Change of electrical resistance of rGO films response to (a) 

nitrogen dioxide, (b) Ammonia for various concentrations with micro MEMS 

sensor at 200 °C. 
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We calculated the response Normalized resistance = [(R – R0)/R0]×100 (%), 

where R is the resistance of exposure to the gases (nitrogen dioxide gas 

molecule, ammonia gas molecule) and R0 is the resistance of initial reduced 

graphene oxide in presence of N2 (nitrogen). the presence of N2 (nitrogen). 

Relationship temperature and power consumption of the fabricated micro-

heater is shown in Figure 5.7 (b) The temperatures of the micro-MEMS heater 

increased linearly with the applied power to sensor. Figure 5.9 (a) and (b) show 

the response of the reduced graphene oxide gas sensor at 20°C with 5 ppm 

nitrogen dioxide gas molecule and 100 ppm ammonia gas molecule exposure. 

The response of the reduced graphene oxide thin film was measured by 

exposing to target gas (nitrogen dioxide gas molecule or ammonia gas 

molecule) and N2 (nitrogen) alternately at every 20 min. The resistance of the 

sensor was increased when exposed to nitrogen dioxide gas molecule and 

decreased when exposed to ammonia gas molecule because the adsorption of 

the electron withdrawing (nitrogen dioxide gas molecule) or the donating. 

ammonia gas molecules on the reduced graphene oxide caused a charge 

transfer between the reduced graphene oxide and the gas (nitrogen dioxide gas 

molecule or ammonia gas molecule) molecules. This result shows that the 

reduced graphene oxide exhibits a p-type materials behavior. Figure 5.10 (a) 

and (b) shows the response of reduced graphene oxide gas sensor to nitrogen 
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dioxide gas molecule and ammonia gas molecule exposure for various 

concentrations at an operating temperature of 200 °C using micro-heater for 

fast recovery of the gas sensor. The sensor was exposed to gas (nitrogen 

dioxide gas molecule or ammonia gas molecule) for 10 min and later flushed 

with N2 for 60 min when recovering from nitrogen dioxide gas molecule and 

15 min when recovering from ammonia gas molecule in order to completely 

recovery of the sensor. Figure 5.10 (a) and (b), the response of the reduced 

graphene films was much larger with increase of nitrogen dioxide gas molecule 

or ammonia gas molecule concentration. This shows that strongly absorbed gas 

molecules on reduced graphene oxide was desorbed effectively at higher 

temperatures due to lower adsorption energy barrier.  
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Chapter 6: Conclusion 
 

Graphene, a two-dimensional material of sp2 hybridization carbon atoms, 

has fascinated much attention in recent years owing to its extraordinary 

electronic, optical, magnetic, thermal, and mechanical properties as well as 

large specific surface area. For the tremendous application of graphene in 

nano-electronics, it is essential to fabricate high-quality graphene in large 

production. The purpose of this research was to study the exfoliation of 

graphene by mechanical, chemical reduction and chemical vapor deposition 

for high-quality graphene acquisition. Chemical vapor deposition part reports 

that oxygen can significantly affect the graphene nucleation and growth on a 

copper surface. A chemical route was also developed that produces graphene 

films by reducing graphene oxide by solution-processable and co-friendly 

method. Both theoretical and experimental reports suggest graphene is a good 

candidate in flexible sensors applications. By applying both mechanical 

exfoliation methods and CVD growth methods to produce graphene, we 

developed different fabrication process to produce graphene gas sensors. 

graphene based material gas sensors were used to detect resistance change 

when exposed to gases. When the gas sensor was individually exposed to 

ammonia gas molecule and nitrogen dioxide gas molecule, the sensor 
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resistance increased and decreased, respectively. The fabricated MEMS 

platform gas sensors operated at below 36 mW at 300℃. Compared to room 

temperature sensor, show strongly absorbed molecules on reduced graphene 

oxide surface. 
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DIANA 연구실이 생긴 이후에 어떤 사람보다 긴 학위 기간을 

가졌던 제가 졸업이라는 것을 하게 되었습니다. 누군가에게는 

영광의 졸업이겠지만..저에게는 부끄러움에 누구한테 말하기도 힘든 

졸업입니다. 그래도 제가 뭔가를 시도할 수 있는 기회를 주셨을 

뿐만 아니라 뭔가를 마무리할 수 있는 기회를 주신 주병권 

교수님께 감사드립니다. 연구실에 소속으로 있으면서 크고 작은 

사건사고를 참 많이 일으킨 학생이었는데 그때마다 제 입장에서 

생각해 주시고 방향을 제시해 주셔서 제가 스스로를 내려 놓지는 

않은 것 같습니다. 좋은 모습으로 연구실 생활을 마무리하지 못한 

것 같아서 죄송스러운 마음뿐입니다. 앞으로 디스플레이 및 나노 

시스템 연구실이라는 이름에 누가 되지 않도록 노력하겠습니다. 

그리고 석사 과정 때 지도 교수님이고 제가 타 연구실로 박사과정 

진학하는 것을 허락해 주신 김규태 교수님, 그리고 석사과정 때 

논문 심사 해주시고 졸업 못하고 학교에 있는 저를 걱정해 주셨던 

김상식 교수님께도 감사의 인사 드립니다. 그리고 참 오래전 

데이타로 쓰여진 저의 박사학위 논문을 심사해 주신 조소혜 박사님, 

심재원 교수님, 조관현 박사님, 김수진 교수님께도 깊은 감사의 
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인사 드립니다. 그리고 제가 연구실에 입학했을 때 NRL 과제를 

수행하셨던 최진일 박사님과 탄소나노튜브 관련 과제를 수행하셨던 

이양두 박사님 모두 감사합니다. 두 박사님 덕분에 저희 연구실이 

확실하게 자리를 잡을 수 있었습니다. 이젠 다들 졸업한지 오래 

되어서 거의 연락도 되지 않지만 함께 나노팀에서 공부했던 

학생들이 생각나서 몇 자 적어 봅니다. 아마도 이글을 볼 일은 

아마 없겠지만...그래도 저에게는 모두 단순한 후배 이상이었습니다. 

모두 건강하고 어디에 있든 행복했으면 좋겠습니다. 그리고 저에 

대한 기억이 최악이 아니었 길...저랑 함께 박사과정 입학을 

하였지만 석사부터 저희 연구실에서 공부해서 사실상 선배인 

동기영 박사! 뒤에서 항상 많이 챙겨줘서 고맙습니다. 그대 덕분에 

연구실 적응이 매우 쉬웠습니다. 삼성전자에서 박학다식한 능력 잘 

발휘하고 있을 것이라고 믿고 있습니다. 그리고 저보다 한달 늦게 

연구실에 입학한 박은미! 연구실 그만 두겠다고 울던 것이 기억에 

생생한데....그래도 차근차근 하나씩 해결해 나가는 모습은 참 보기 

좋았습니다. 특출난 인성을 갖고 계신 분이니 어디에서든 긍정의 

에너지를 주변에 전파하고 계시지 않을까 싶습니다. (마지막 인사 
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제대로 못해서 항상 미안하다.) 그리고 함께 입학한 시크한 매력이 

있는 함대진! 저학기때 연구실에서 사람들 때문에 많이 힘들었을것 

같은데..그래도 버텨내는 모습이 보기 좋았다. SK 하이닉스에서 

핵심 인재로 자리를 잡았을거라 믿어 의심하지 않는다. 연구실에서 

나노팀/TFT팀을 거쳐서 OLED로 박사학위를 받은 이근수 박사님! 

항상 맡겨진 일에 최선을 다하고 발전하기 위해서 노력하시는 

분이니..LG 화학에서도 건승하실 거라 믿어 의심하지 않습니다. 

이젠 나이가 있으니..담배와 술은 조금 줄일 때가 되지 않았나 

싶습니다. (자주 안부 물어줘서 고맙고 LG 화학의 OLED 연구를 

책임져 주시길...ㅎ) 말레이시아 유학생으로 쉽지 않은 중소기업 

연구개발 과제를 주제로 석사 학위를 받은 빈센트 라우 춘 파이! 

(일명: 빈슨) 삼성전자 퇴직하고 현재는 영국에서 생활하고 있는 

것으로 알고 있는데...희망했던 것처럼 화교에 대한 차별 없는 

곳에서 건강하고 행복하길 기원하겠습니다. (한국말 못하는 척은 

그만해라.ㅎ) 고려대학교와 KIST 를 오가면서 대학원 생활했기 

때문에 다른 사람보다 몇배는 더 힘들었을 백진호군! 항상 모든 

일에 적극적이고 긍정적인 모습을 보여주는 타고난 리더로써 
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모습을 현대 모비스에서도 잘 보여주고 있을거라 믿어 의심하지 

않습니다. 가끔 카톡으로 안부 물어봐 줘서 고맙고 곧 결혼을 

한다고 하니…진심으로 축하합니다. 가장으로도 좋은 모습 보여줄 

것이라고 믿습니다. 자네 때문에 퇴근길이 항상 편했어. (곧 자네가 

졸업할 때 주고 간 7 년된 손 편지 읽을 예정이다.ㅎ) 발전하기 

위해서 석사과정에 진학을 하였는데 퇴보하고 졸업하는 것 같다는 

솔직한 말을 해줘서 저에게 부끄럼을 준 이상빈군! 챙겨주지 

못해서 항상 미안하고 LG 디스플레이에서도 항상 부지런하고 약속 

잘 지키는 모습으로 성공하길 기원한다. 갖고 있는 재능을 

연구실에서 모두 보여주지 못하고 졸업한 타고난 공돌이 유윤열군! 

LG 디스플레이에서는 하고 싶은 일로 성공하길 기원한다. 연구실 

모솔들에게 희망을 줘서 고맙니다.ㅎ 많은 나이에 대학원에 

입학해서 연구실에서 여러 자기 이유(~.~)로 매일 밤샘하는 

모습을 보여주었던 반채민군! 항상 건강하고 새롭게 시작하는 일, 

좋은 결과 얻기를 기원한다. 연구실의 성골인 디스플레이팀에서 

연구실의 유배지인 나노팀으로 옮겨와서 후배님들 잘 끌어주는 

모습을 보여주었던 송은호 박사님! 희망했던 것처럼 행복한 부자 
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되길 기원할께요. 항상 고맙고 맘으로 응원합니다. (게임 아이템 

현질은 끊고.) 연구실에 진학해서 코가 커지는 병을 얻은 김탄영 

예비박사님! 군 문제로 연구실에서는 많이 고생했지만 

삼성전자에서는 승승장구 하길 기원하겠습니다. 저한테는 우는 

모습만 보여준 온양의 자랑 오유린 여사님! 잘 생긴 아드님이랑 

행복한 미래를 설계하길 기원하겠습니다. 연구실에서 모든 

사람들이 기피하던 Field Emission 과제를 혼자 잘 마무리하는 

모습을 보여준 박설아 과장님! 이젠 특허쪽에서 능력을 발휘하고 

계시지만 책임감이 강한 분이니 무슨 일을 하든지 좋은 성과 

얻으실 수 있을 것이라고 믿습니다. (가끔 자신에게 휴식을 

주세요.ㅎ) 먼 거리인데..자주 학교 와서 커피 사주시고 말동무 

해주셔서 감사합니다. 재테크에 성공해서 건물주 되시길 

기원하겠습니다. 싱가포르에서 포닥으로 연구하고 있는 신상호님! 

항상 건강하세요. 제가 팀장을 그만둔 이후에 나노팀에 합류해서 

많이 신경 써 주지는 못했지만 4 년반만에 석박사 과정 마무리하고 

졸업하신 김세정 박사님! 미국에서의 건강하게 박사 후 과정 

마무리하길 기원하겠습니다. 나이 차도 많은데 말 잘 섞어줘서 
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감사했습니다. 나노팀은 아니지만 함께 입학해서 수업 같이 들었던 

오태연 박사님! 타고난 명석함과 친화력이 있으니..무슨 일을 하든 

성공할 것이라고 믿어 의심하지 않습니다. 보라씨를 비롯해서 가족 

모두 항상 건강하길 기원하겠습니다. 대학민국 최고의 TFT 

전문가이신 김종우 예비 박사님! 100 점짜리 아빠가 되길 

기원하겠습니다. (담배랑 술은 그만 줄여라.) 그리고 현재는 SK 

하이닉스에서 모두 과장으로 일을 하고 있는 서한님! 최병섭님! 

황원진님! 모두 건강하세요. 그대들 덕분에 늦은 나이에 대학원 

수업 재미있게 수강할 수 있었습니다. 그리고 과거에는 연구실의 

살림꾼 이었고 현재는 선문대학교의 교수로 일을 하고 있는 박영욱 

박사님! 기본을 강조하시는 모습은 항상 보기 좋았습니다. 항상 

건강하시고 좋은 연구 많이 하세요. (기억력 감퇴에는 호두가 

좋다고 함!) 항상 성실함으로 디스플레이팀을 이끌었던 故 박태현 

박사! (밤에 11 시에 같이 퇴근할 때가 많이 그립네요.) 삼성 

디스플레이에서 책임으로 능력을 보여주고 있을 이현준 박사!, 

황주현 박사!, 심용섭 박사!, 박철휘 박사!, 황하 박사! 모두 

감사했습니다. 팀장일 같이 하면서 의견 충돌도 있었지만 항상 
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고마웠습니다. 그리고 이근수 박사와 함께 LG 화학의 OLED 

파트를 이끌고 있는 최현주 과장님! 졸업 하신지 

오래되었는데..자주 이근수 박사와 함께 학교 놀러와 줘서 

감사합니다. 매번 습관처럼 하는 말이지만 건강하게 늙어갑시다. 

LG 화학에서도 항상 긍정적으로 일을 하시고 계신 것 같아서 

기대가 큽니다. (임원~~~~!!!!) 그리고 OTFT 팀, 하이브리드 팀, 

NRL 팀등...참 다양한 이름으로 불렸던 TFT 팀의 팀장이었던 

장성필 박사, 정신우 박사, 김민석 박사, 하현준 박사, 박준수 박사도 

모두 감사했습니다. 2015년부터 제가 연구실을 내려 놓아서 연구실 

후배님들에게 맘도 주지 않고 도움도 주지 못했는데...많이 

미안하고 죄송한 마음 뿐입니다. 도움이 되지 않는 선배지만 

그래도 길거리에서 만나면 반갑게 인사해준 모든 연구실 

후배님들께 감사하고 고맙습니다. 모두 연구실 입학할 때 목표로 

했던 것 이루고 졸업하길 기원하겠습니다. 모두 저처럼 바보 같이 

살지 않는 것 같아서 다행입니다. 그리고 고향 떠나서 20 년 넘게 

계속 삽질하고 있는 자식을 묵묵히 지켜봐 주시고 계신 부모님께도 

감사합니다. 부모님께는 어떤 단어로도 죄송한 마음을 대신할 수 
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없기에 이만 줄입니다. 부모님이라는 단어가 이렇게 가슴을 무겁게 

하는 단어라는 것을 나이가 들어서 이제야 깨닫고 있습니다. 

살아가면서 졸업논문의 이 페이지를 다시 열어 보는 일이 있을지 

모르겠지만...다시 한번 이 페이지를 열었을 때는 지금보다 

사회적으로 인격적으로 발전한 제가 되어 있길 

기대하며....졸업논문을 마무리 합니다. 디스플레이 나노 시스템 

연구실에 진학해서 잠시라도 인연이 있었던 모든 분들이 건강하고 

행복한 삶을 사시길 기원하겠습니다. 모두 감사했습니다. 
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