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Abstract 
It is about a decade since graphene became a material for serious research by researchers in condensed matter of 
various nationalities making significant progress. This paper on graphene growth and characterization: advances, 
present challenges and prospects is therefore timely. Basic topics such as graphene and graphene technology, 
history and trend of graphene as well as graphene growth and synthesis have been discussed. Also presented are 
fundamental and mechanical properties, structural and morphological property characterization using different 
techniques. Graphene in biomedical and radio frequency applications, transparent electronics, integrated circuits, 
quantum dots, frequency multiplier, optical modulator and piezoelectricity and as a battery super capacitor are 
some applications and uses of graphene that have been considered. The lowering of the growth temperature of 
graphene has been found to be beneficial for the compartibility with other materials and processes and could also 
decrease the impact of cooling-induced wrinkling on the morphology of graphene; the growth on dielectric 
substrates; being able to resolve many problems associated with metallic growth substrates; better control of both 
the formation and the extension of additional layers on the graphene through substrate engineering that will result 
in approaches of graphene that is envisaged are some of the advances and future prospects. Also, the proposed 
tunable bandgap for graphene which is essential for microelectronics which contributes one of the present 
challenges is likely to be achieved in the very near future. Although theoretical and computational analyses have 
proved to have solved the zero bandgap problem of graphene, more convincing approaches that will solve the 
problem and give way for the fabrication of high performance graphene device are being awaited. 
Keywords: Graphene Growth, Graphene Characterization, Fabrication, High Performance, Challenges and 
Prospects 
1. Introduction 
1.1 Graphene and Graphene Technology 
Graphene is described in its most fundamental way as a single, thin layer of graphite, which is the soft, flaky 
material used in pencil lead. Graphite is an allotrope of carbon, meaning it possesses the same atoms but different 
in arrangement and giving the material different properties. For example, both diamond and graphite are allotrope 
forms of carbon, yet they have wildly different natures. Diamonds are extremely strong and ductile and can exhibit 
large plastic deformation, while graphite is brittle and therefore has little plasticity. From inception, the word 
“graphene’’ has the ending ''-ene'' which is a suffix from benzene, an aromatic hydrocarbon, signifying the 
chemical structure with an infinite size polycyclic hydrocarbon and consists of only one layer while the host 
material is the graphite (Mark et al., 2008). 
Graphene could be defined as a single-atom-thick sheet of hexagonally or honeycomb lattice arrayed sp2 bonded 
carbon atoms Figure 1 and the building block of other allotropes of carbon that got a significant attention due to its 
unique electronic (Schedin et al., 2007), mechanical (Lee et al., 2008a), and thermal (Xiao et al., 2011) properties 
all derived from the unique details of its electronic band structure. Eda et al. (2008) & Wu et al. (2010) reported 
that due to its flexibility, graphene provides infinite possibilities in various fields and the peculiar dispersion 
relation of carbon’s π electrons is the reason for its unique properties. Furthermore, graphene material has been 
proved to be the most stretchable crystal, the most impermeable material, even to helium; it has a record thermal 
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conductivity 10 times as high as copper, and the highest intrinsic electron mobility, about 100 times that of silicon 
(Geim & Neovoselov, 2007). 

 

Figure 1. A diagram of the honeycomb lattice structure of graphene (Nanotube modeler@ 2005-2010, 
JCrystalsoft) 

 
According to Wallace (1947), the theoretical study of graphene is believed to have started in 1940s as a text book 
meant for calculations in solid state physics. The study predicted the electronic structure and noted the linear 
dispersion relation in graphene sheet. The contribution of McClure in 1956 also proved that graphene (or “2D 
graphite”) studies have been in existence for sixty years and widely used for describing properties of various 
carbon-based materials. McClure (1956) proposed the wave equation for excitations and the similarity to the Dirac 
equation which was discussed in Semenoff (1984) and DiVincenzo & Mele (1984) while Boehm et al. (1962) 
synthesized the first isolated carbon sheets. Their work employed thermal reduction of graphene oxide in solution 
to prepare one atom thick layers of carbon, but the result from their investigation did not attract any significant 
attention at the time. It was not until 40 years later that graphene became the focus of interest due to its attractive 
physical properties and the potential applications these properties offer for the future. Although scientists knew 
that one atom thick, two-dimensional crystal graphene existed, but no-one had worked out how to extract it from 
graphite, instead it took 60 years as earlier discussed to experimentally obtain a few sheets of micrometer-sized 
high-quality flakes weighing picograms (Novoselov et al., 2004) and this was discovered in 2004 by two 
researchers at the University of Manchester, Prof Andre Geim and Prof Kostya Novoselov who first used adhesive 
tape to isolate graphene from graphite through mechanical exfoliation method. They published their results in 
October of 2004 in Science journal (Novoselov et al., 2004). In this paper they described the fabrication, 
identification and Atomic Force Microscopy (AFM) characterization of graphene. 
Mechanical exfoliation method was used for extracting thin layers of graphite from a graphite crystal with Scotch 
tape and then transferred these layers to a silicon substrate. This method was first suggested and tried by Ruoff’s 
group (Lu et al., 1999) who were, however, not able to identify any monolayers. The Manchester group succeeded 
by using an optical method with which they were able to identify fragments made up of only a few layers. Today 
graphene sheets are being produced in hundreds of tones and tens of thousands of square meters and this is 
recorded as a serious breakthrough in the world of graphene research during the 21st century. 
Graphene technology demonstrates the latest graphene research and development on practical commercial 
applications of tools and methods in the material’s growth. It also focuses on the commercial and practical 
applications of this material and its different forms, such as graphene sheets, nanoplatelets, graphene nanotubes, 
dispersions and composites. This Technology has so far given vital information on commercial and practical 
applications of graphene and graphene related materials. The contents include full research papers, short 
communications, case studies and comprehensive review articles. Advancements in graphene research increase on 
a daily basis as new materials are discovered in piecemeal. Many outstanding contributions have been made from 
great minds from then till date with emergence of graphene materials having promising features aimed at changing 
the world. 
1.2 History and Trend of Graphene 
Graphene was first produced by mechanical exfoliation of graphite as previously discussed. This method provided 
a small amount of high quality samples for fundamental studies. Shortly after that, several methods were involved 
in the synthesis of graphene films which are grouped into bottom-up and top-down approaches with 
carbon-containing molecules and graphite as initial materials, respectively. The choice of a method for the 
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synthesis of graphene is narrowed down to its cost, amount, size of sheets, quality of sheets, chemical modification 
and compatibility with commercial chip fabrication process. The technique developed by Andre Geim and 
Konstantin Novoselov and their related research on graphene, awarded them a Nobel Prize in Physics in 2010. This 
relatively simple preparation method led to a large increase of interest, since research groups all over the world 
were now able to produce and investigate graphene samples. This high interest is also reflected by the number of 
scientific publications related to graphene research, as shown in Figure 2. Advancements in graphene research 
increased exponentially from 2004 to 2014, the number of publications with titles containing ‘graphene’ per year 
increases with the years and the trend of this increment is stimulated by the extraordinary properties of graphene. 
New methods to produce the material were also developed in the hope of enabling graphene to play an important 
role in future every-day applications. 

 

Figure 2. Number of publications (article, proceeding paper, review or letter) with the title containing ‘graphene’ 
per year (Thomas Reuters, 2013) 

 
It is said that if the 20th century was the age of plastics, the 21st century seems set to become the age of graphene. 
It is the lightest, thinnest, best heat and electricity conducting material ever discovered. 
It promises to revolutionize everything from computing to car tyres and solar cells to smoke detectors. Making 
solar cell 50 to 100 times more efficient, being 50 to 100 times faster than semiconductors, producing aircraft that 
is 70% lighter, graphene is a battery that charges 10 times faster and stores 10 times more power. 
Also, being 200 times stronger than steel, thinner than a sheet of paper and more conductive than copper, 
companies such as Samsung, Nokia and IBM are already developing graphene-based replacements for touch 
screens, transistors, and flash memories though the work is at a very early stage. 
1.3 Graphene Growth and Synthesis 
Despite the advances in graphene research, obtaining a controlled method on film size that can produce larger 
crystalline graphene domain is still not available. This demands that researches on graphene growth still need to be 
improved. Graphene production could be in small sheets or large-area films. Small graphene sheets can be used in 
composites, functional coatings, conductive inks, batteries and supercapacitors (Zhu et al., 2010; Novoselov et al., 
2012). Large-area graphene films can be used as transparent electrodes in touch panels, displays and photovoltaic 
devices with potentially low cost, and more importantly, they are expected to be used in next-generation 
electronics and optoelectronics such as flexible and wearable devices (Bonaccorso et al., 2010; Novoselov et al., 
2012). There are a number of methods used for the preparation of graphene, these methods are applied with regards 
to quality and size of the flakes or controllability of the resulting coating and where the synthesized material can 
find best application. 
1.4 Synthesis of Graphene 
Synthesis of graphene refers to any process for fabricating graphene, depending on the desired size, purity and 
crystallinity of the final product. Inspite of the numerous achievements in graphene research, the quality of the 
sample and large scale production for industrial and commercial purposes still suffer for lack of appropriate 
synthesis method in the control of the film size. The investigation of structural evolution and growth mechanism 
can also provide guidance to produce the desired graphene (Jafari et al., 2015). Many parameters in graphene 
growth have been investigated. However, high quality single layer and multilayer graphene can be synthesized by 
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tuning the growth conditions of different gaseous, liquid or solid carbon sources (Kraus et al., 2013), different 
dilution gases (Kraus et al., 2013), (Zhang et al., 2012), with different flow rates (Kumar et al., 2012), different 
temperature, process pressure (Zhang et al., 2012), cooling rates (Sarno et al., 2013), as well as catalysts (Kumar 
et al., 2012), catalyst’s thickness, crystallographic orientation (Sarno et al., 2013), and purity states (Sarno & Wu 
et al., 2013). 
2. Synthesis Techniques/Methods 
There are basically seven methods of synthesizing graphene, they include: 
2.1 Mechanical Exfoliation 
This is the first and oldest method used to obtain single layer graphene. In this method, individual graphene sheets 
are separated from graphite. In 2004, two scientists namely Andre Geim and Konstantin Novoselov of University 
of Manchester used Scotch Tape and stuck it on graphite and which result in the peeling off of many layers. Next, 
they used a second piece of tape to peel a few graphite layers off of the first piece of tape. The process continued 
for some time until the last piece of tape was stuck to a flat silicon wafer which was later peeled off. The layers 
remaining on the wafer were found to be a single atom thick graphene. The method is simple and not expensive 
when compared with other techniques. 
Mechanical exfoliation has the constraint of control in the uniformity of the layers especially when the requirement 
is continuity in layers. The graphene sample produced from this method is irregular in shape and has low 
commercial value as well as limited application in electronic devices. 

 

Figure 3. Mechanically exfoliated graphene on SiO2 imaged with white light using an optical microscope (Jones & 
Safron, 2004) 

 
2.2 Epitaxial Growth on Silicon Carbide 
In this method, silicon carbide (SiC)(0001) is reduced to graphene by annealing at a very high temperature 
(1000–1600oC) and vacuum. Epitaxial graphene on insulating substrate has been demonstrated to exhibit high 
mobilities, especially multilayered films. With this method, the control of graphene layer becomes simple but 
difficult to obtain large area films (Sutter, 2009). Recently, single layered SiC converted graphene over a large area 
has been reported and shown to exhibit outstanding electrical properties (Wu et al., 2009). Graphene grown on the 
following insulating substrates such as: plastic foils, glass or SiO2/Si wafers are better used for electronic 
applications. According to Kim et al. (2009), Bae et al. (2010) & Li et al. (2009) different methods are used in the 
transfer of as-grown graphene from metallic surfaces onto desired insulating substrates. 
2.3 Chemical Vapour Deposition 
Chemical vapour deposition (CVD) involved the decomposition of fluid (gas and liquid sprays) at high 
temperature to form either thin films on substrates or powders through filters (Atta et al., 2015). 
It is also a chemical process used to produce high quality and high performance solid materials. The process is 
often used in the semiconductor industry to produce thin films. The mechanism behind the growth of graphene 
using chemical vapour deposition (CVD) is deposition of vapour species from various chemical reactions. The 
chemical reactions play a vital role and acts as one of the distinctive features of this process. CVD growths have 
largely proved to be a successful means for growing uniform and large area graphene. This method is used when 



jmsr.ccsenet.org Journal of Materials Science Research Vol. 8, No. 4; 2019 

41 

the need for large-scale production and high quality graphene samples arises. The disadvantage with this method is 
in the area of carrier transfer onto a different substrate which eventually leads to folding, defect, tearing and 
wrinkles in the graphene sample, otherwise the method is a straightforward process and considered to be the most 
reliable for large scale production for commercial and industrial use, respectively. There are many forms of CVD 
including: hot wire CVD, thermal CVD, plasma enhanced (PE) CVD (An et al., 2011), radio-frequency (RF) CVD, 
ultrasonic spray pyrolysis (USP) among many derivatives (Terasawa & Saiki, 2012). 
2.4 Arc Discharge Method 
Subrahmanyam et al. (2009) & Rao et al. (2010) reported on the synthesis of graphene by Arc discharge method 
with the evaporation of graphite in the presence of hydrogen. Their method of synthesis is less expensive and has 
the ability to produce sheets with two to three layers having flake size of 100–200nm. Just after that, Rao & Sood 
(2013) demonstrated that the presence of H2 during arc discharge process terminates the dangling carbon bonds 
with hydrogen and prevents the formation of closed structures. This method of synthesis involved the use of high 
current (above 100A), high voltage (>50 V), and high pressure of hydrogen (above 200Torr) needed for obtaining 
graphene in the inner walls. 
2.5 Reduction of Graphite Oxide 
Chemical reduction of graphite oxide is one of the established procedures to prepare graphene in large quantities 
(Hummers & Offeman, 1958). Graphite oxide when ultrasonicated in water forms a homogeneous colloidal 
dispersion of predominantly single layer graphene oxide in water. Dreyer et al. (2010) were able to show how 
reduced graphene oxide with properties similar to that of graphene could be prepared through chemical, thermal or 
electrochemical reduction pathways. Meanwhile most strong reductants have slight to strong reactivity with water, 
hydrazine monohydrate does not, making it an attractive option for reducing aqueous dispersions of graphene 
oxide (Stankovich et al., 2007). Synthesis addition of H2 occurs across the alkenes, coupled with the extrusion of 
nitrogen gas. Large excess of NaBH4 has also been used as a reducing agent (Shin et al., 1987). Other reducing 
agents used include phenyl hydrazine (Pham et al., 2010), hydroxylamine (Zhou et al., 2011), glucose (Zhu et al., 
2010), ascorbic acid (Zhang et al., 2010), hydroquinone (Wang et al., 2008), alkaline solutions (Fan et al., 2008) 
and pyrrole (Amarnath et al., 2011). 
Graphene can also be synthesized in large scale using electrochemical reduction means (Guo et al., 2009; 
Sundaram et al., 2011). Their investigation shows that reduction is initiated at −0.8 V and is completed at −1.5 V, 
with the formation of black precipitate onto the bare graphite electrode. Zhou et al. (2009) coupled 
electrochemical reduction with a spray coating technique to prepare large-area and patterned RGO films with 
thicknesses ranging from a single monolayer to several micrometers on various conductive and insulating 
substrates. 
3. Graphene Transfer 
Transfer of graphene unto a substrate forms an integral part of the growth process as it plays a significant role in 
the choice of temperature and the quality of graphene produced. The film grown through CVD is very important 
since it promotes conductivity thereby enhancing the free flow of electrons in the entire film. In order for electrical 
current to flow through graphene devices as opposed to being shorted out by a conducting substrate, graphene 
should be removed from the conducting catalyst surface of Cu, Ni, Rb, etc. and transferred onto an insulating 
surface (Kedzierski et al., 2009). Not all the transfer techniques are applicable for CVD graphene. Graphene 
transfer techniques suitable for CVD graphene are usually done by etching the underlying catalyst and then 
scooping the graphene directly or using some kind of media (thermoplastic materials) such as Polymethyl 
methacrylate (PMMA), Polydimethylsiloxane (PDMS), Polyethylene terepthalate (PET), dielectric material and 
thermal tape. Not all techniques are appropriate for used such as mechanical exfoliation or chemical exfoliation 
when dealing with multi-layer graphite as precursor material. 
The Transfer of graphene to 300nm SiO2/Si wafer substrates was carried out as reported by Li et al. (2009) and the 
following investigations were made, a layer of poly (methyl methacrylate) (PMMA) (MicroChem 495 PMMA A6) 
was spin-cast on Cu foils after graphene growth at 3000 rpm for 30 second and baked at 180uC for 2 min. Secondly, 
oxygen plasma was used to remove graphene on the back side of Cu foils. Next, copper was wet-etched in an 
aqueous solution of (NH4)2S2O8 for about 8hours, resulting in graphene/PMMA films floating in the etchant. Then, 
the films were rinsed in ultrapure water for three times, transferred to 300nm SiO2/Si substrates and baked at 50uC 
for half an hour. Finally, PMMA was removed by annealing the samples at 420uC for 180mins under hydrogen 
(600sccm) and argon (300sccm) gas flow. 
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3.1 Production 
According to Feynman (1959), graphene was first produced by mechanical exfoliation as previously discussed 
followed by other methods which were employed for the synthesis of graphene sheet. These other techniques can 
be categorized into bottom-up and top-down methods with carbon containing molecules and graphite as the 
fundamental material. The method of synthesis is dependent on the cost, size and quality of sheets, chemical 
modification, and compatibility with commercial chip fabrication. Table 1 shows a summary of some of the 
innovative efforts put in place to synthesize a quality graphene. They include: Liquid suspension graphene oxide 
followed by chemical reduction (Castro-Neto et al., 2009), liquid-phase exfoliation (Stankovich et al., 2007), 
epitaxial growth by thermal desorption of Si atoms from the SiC surface (Hernandez et al., 2008), epitaxial growth 
by chemical vapour deposition on transition metals (Emtsec et al., 2009), (Sutter, 2008), solvothermal synthesis 
(Kim et al., 2009), and unzipping carbon nanotubes (Choucair et al., 2009) are among the reported methods. 
 
Table 1. Comparisons of different methods for graphene production (Taghioskoui, 2009) 

 

 
4. Properties of Graphene 
The fundamental properties of graphene being a two-dimensional, one atom thick crystal built of sp2 hybridized 
carbon attracted the attention of many researchers according to (Charlier et al., 1992). Its unit cell consists of two 
carbon atoms, arranged in a hexagonal honeycomb lattice Figure 4(a). 
The two atoms in the unit cell form the equivalent sublattices A and B. The two lattice vectors a1 and a2 can be 
written as (Castro-Neto et al., 2009): 
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Reich et al. (2002) and Hattab et al. (2012) proposed a theoretical calculation to obtain a value for the length of the 
lattice vectors (and therefore the graphene’s lattice constant) of about 2.461Å and this constant value is the same as 
bulk graphite. The positions of the three nearest neighbours of each carbon atom are given by the vectors 
(Castro-Neto et al., 2009): 
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where 1δ , 2δ  and 3δ  are the unit vectors. 
Graphene sheet has carbon atoms arranged in sp2 hybridization with three in-plane, one from the s-orbitals and the 
out-of-plane from the p-orbitals shown in Figure 4(b). In this way, each of the carbon atoms form an equivalent 
s-bond to each of its three neighboring atoms. The bonding energy of one C-C bond in graphene amounts to 
4.93eV (Brenner et al., 2002). 

 
Figure 4. (a) Honeycomb lattice structure of graphene at the left made up of two interpenetrating triangle lattices 
where a1 and a2 are the lattice unit vectors and 3,2,1, =iiδ  are the nearest-neighbour vectors. (b) At the right is 
its Brillouin zone, the Dirac cones are located at the K and KI points. Atoms in the two different sublattices A and 

B are depicted in blue and yellow, respectively (Castro- Neto et al., 2009) 
 
The two points K  and IK  at the corners of the graphene Brillouin zone BZ are also called Dirac points in solid 
state physics. Their positions in momentum space are given by (Castro- Neto et al., 2009). 
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The three nearest neighbour vectors in real space are given by 
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From Figure 4, we can define the unit vector, and the reciprocal lattice vectors. This calculation leads to the 
following energy dispersion in graphene (Bonaccorso et al., 2010). 
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In this case, the energies have the values of t3± , t±  and 0, respectively at the high symmetry points, 
KandM,Γ in the Brillouin zone. The positive part of the energy dispersion describes the π* anti-bonding 

energy band and the negative part is the π bonding energy band. Interestingly, the π* anti-bonding and π bonding 
bands are degenerate at the Κ points through which the Fermi energy passes. The first significant feature of this 
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result is that, since the energy band is exactly symmetric about the point E = E2p = 0, and this condition is met only 
at Dirac point. It follows that for exactly half filling of the band the density of states at the Fermi level is exactly 
zero and undoped graphene is a perfect semimetal. At zero doping, the lower half of the band is filled exactly up to 
the Dirac Point. If by applying a suitable “gate” voltage to the graphene relative to the substrate we induce a 
nonzero charge, this is equivalent to injecting a number of electrons in the upper half or holes in the lower half of 
the Dirac cones. 
Figure 5 shows energy dispersion of graphene on momentum space. In particular, K points where valence band and 
conduction band are connected called “Dirac points”. This property forms one of the unique features of graphene. 
Near the K and 𝐾  points, the energy dispersion has a circular cone shape which, to a first order approximation, is 
given by (Cooper et al., 2012). 
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where Fv  is the Fermi velocity, m is the electron mass,   is the reduced planks constant, at is the energy value 
at symmetry points, a is the lattice distance. It is observed that the wave vector k is measured from the K and K’ 
points. This kind of energy dispersion is different from that of a conventional 2D system, due to the fact than 
energy dispersion is not related to mass. 
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Figure 5. First Brillouin zone and band structure of graphene (Cooper et al., 2012) 

 
The vertical axis represents the energy coordinate, while the horizontal axis is momentum space on the graphene 
reciprocal lattice. The first Brillouin zone of graphene is illustrated in the horizontal plane and labeled with some 
points of interest. Especially, K and K’ are known as the Dirac points, which connect the valence band and the 
conduction band (Cooper et al., 2012). 
4.1 Mechanical Properties 
Lee et al. (2008b) used nano-indentation technique in an atomic force microscope to measure the mechanical 
properties of graphene. They found the Young’s modulus of graphene to be 1.0 ± 0.1TPa on a film with thickness 
0.335nm and mechanical strength of more than 100GPa precisely GPa130int =σ and third-order elastic 
stiffness of D = -2.0TPa with a breaking strength of ~40N/m, and second-and third-order elastic stiffnesses of 
340Nm-1 and 690Nm-1, respectively. Further investigation shows the elastic modulus of monolayer graphene sheet 
performed via chemical reduction in graphene oxide to be 0.25TPa by indentation of an atomic force microscopy 
tip at the centre of a suspended graphene sheet. Investigations from previous research proved graphene to be the 
strongest material ever studied, probably because of its robust lattice of sp2 bonding. The sigma (δ ) bonds as seen 
previously in Figure 4 are responsible for the extraordinary mechanical properties of graphene. On the other hand, 
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graphene is easy to bend in the out-of-plane direction. In reality, graphene samples exhibit many different 
distortions, such as ripples (Meyer et al., 2007) and folds (Kim et al., 2011). This aspect is advantageous for 
applications in flexible transparent electrodes and devices (Kim et al., 2009). Jeffy (2013) reported graphene to be 
one of the lightest and strongest first 2-D crystal material ever discovered having 0.77 milligrams per square meter 
weight. It has a spring constant in the range 1–5N/m and a Young's modulus of 0.5 TPa. It also demonstrates the 
hardest materials ever known and even harder than diamond and about 300 times than steel material. It is so 
flexible that it can be bent to different shapes or form and this makes it possible for used in ITO for screen guard 
application. It has a good thermal conductivity of about 3000W/m-K in plane and about 2W/m-K out of plane. 
4.2 Thermal Properties 
Graphene has an extraordinary thermal property dominated by the quantum of energy obtained when the energy of 
its lattice vibration is quantized and this makes it very attractive. Balandin et al. (2008) reported that graphene has 
extremely high in-plane thermal conductivity, about 5000Wm−1K−1at room temperature. This value is 10times 
higher than that of copper with thermal conductivity 401Wm−1K−1 and thereby making graphene far better than 
copper. This finding suggests graphene’s high potential for use in microelectronics and for thermal management. 
According to Balandin (2011), heat conduction in carbon materials has been found to be dominated by phonons. 
This implies that as the number of graphene layers increases, cross-plane coupling of the low-energy phonons 
becomes dominant and significantly changes the phonon scattering processes. As a result, graphene’s in-plane 
thermal conductivity decreases and reaches the value of graphite, 2000W/mK, at around four layers (Balandin, 
2011; Ghosh et al., 2010). Bao (2009) found graphene to have a negative thermal expansion coefficient given as 
−6×10−6/K approximately which is ten times larger than that of graphite. The large negative thermal expansion 
coefficient is due to out-of-plane phonons and is a direct consequence of the two-dimensionality of graphene 
(Singh et al., 2011). 
4.3 Optical Properties 
Graphene is characterized by its high mobility, conductivity and low absorption (2.3%) of white light across the 
infrared and visible range spectrum. Though it may absorb some light at certain wavelengths, it would still be 
transparent to the naked eye. Since the Fermi level of graphene can be effectively tuned with electrostatic gating, 
the optical absorption can also be tuned electronically to further improve the transparency that makes it suitable for 
a wide range of industrial applications. According to Wang et al. (2008), the presence of a single-layer and 
AB-stacked bilayer has shown that the infrared absorption can be tuned with electrostatic gating effects. 
Result from the experimental work of Geim and Novoselov in 2007 on transport measurements shows that at room 
temperature graphene exhibits a very high electron mobility in excess of 15,000 cm2V−1s−1 and the mobility of 
holes and electrons were found to be the same and explained reasons why defect scattering is the dominant 
scattering mechanism (Geim and Novoselov, 2007). Epitaxial graphene on SiC(0001) has been demonstrated to 
exhibit high mobilities on multilayered films at high temperature (1000-1600oC). Kim et al. (2009) asserted that 
graphene deposited on polycrystalline Ni and transferred onto insulating substrates exhibit mobility values of up to 
3650cm2V-1s-1 and half-integer quantum Hall effect. Bonccorsoa et al. (2010) report on transmittance (T) and sheet 
resistance (Rs) range that can be practically achieved for graphene layers of varying thickness and can be estimated 
by taking carrier density and charge mobility to be n =1012–1013cm−2 and μ=1,000–20,000cm2V–1s–1 respectively, 
which is perculiar for films grown by CVD. However, the sheet resistance (Rs) obtained in graphene is also 
achievable in ITO, ZnO/Ag/ZnO (Sahu et al., 2006), TiO2/Ag/TiO2 and SWNTs (Gaidau et al., 2016) with a 
similar or even higher optical transmittance. The best graphene-based transparent conductive films (TCFs) have 
been reported so far (Bae et al, 2010). 
ITO has strong absorption above 4eV due to interband transitions Hamberg (1986), with other features at lower 
energy related to scattering of free electrons by tin atoms or grain boundaries. 
Conductivity is based on ballistic electron transfer which is the transport of electrons in a medium with negligible 
electrical resistivity due to scattering resulting in high mobility. Figure 6 shows electron mobility of various 
materials, including graphene, graphene nanoribbons, carbon nanotubes, Ge(bulk), Si(bulk), SiMOS 
(Metal‐Oxide‐Semiconductor), III‐V compounds (bulk) and 4H‐SiC (bulk) (Schwierz, 2010). With the high 
charge mobility of graphene the introduction of bandgap by graphene nanoribbons could cause the charge mobility 
to suppress down to bulk phase of Si or even lower. 
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Figure 6. Electron mobility versus bandgap of various materials (Schwierz, 2010) 

 
The charge mobility is theoretically limited to μ=200,000 cm2V−1s−1 by acoustic phonons at a carrier density of n 
=1012 cm−2. The 2-D sheet resistivity also called the resistance per square, is then 31Ω by using the layer thickness 
we obtain a bulk conductivity of 0.96x106 Ω-1cm-1 for graphene, this is rather higher than the conductivity of 
copper which is 0.60x106 Ω-1cm-1. 
4.4 Electrical Properties 
Graphene is characterized by its high transparent nature (Transmittance), flexibility and low sheet resistance. 
Bonaccorso et al. (2010) investigation on the wide application of graphene in transparent conductors 
(optoelectronic devices) such as displays, touch screens, light-emitting diodes and solar cells require materials 
with low sheet resistance (RS) and high transparency (T). This investigation assured the modification of the 
properties of graphene film by adjusting the sheet resistance of the material. Two methods were adopted by Li et al. 
(2009), Bae et al. (2010) & Gunes et al. (2010) to reduce the value of the sheet resistance: layer-by-layer (LBL) and 
chemical/electrical doping. 
LBL is the most useful method to reduce the value of sheet resistance by more than 50% but after four-layer 
transfer the reduction tends to saturate (Li et al., 2009a). 
Updates in graphene studies has also shown the possibility of producing p-doped large area graphene sheet of 
30-inches with sheet resistance ~30 Ω sq−1 and ~90% optical transmittance at wavelength λ = 550nm. The study 
conducted by Bae et al. (2010) revealed that a low sheet resistance of ~125 Ω sq−1 with 97.4% optical 
transmittance was obtained on the same size of graphene grown by CVD using flexible copper substrate. This 
result differs from the standard value of the sheet resistance by 24% with a slight difference in the optical 
transmittance showing a strong agreement with those of ITO that has sheet resistance range 10-30 Ω sq−1, with 
optical resistance 90% using the same wavelength ( λ = 550nm). 
The use of the above method as investigated by Bae et al. (2010) confirmed the value of the sheet resistance to be 
superior to common transparent electrodes such as ITO and carbon nanotube films (Lee et al., 2008). 
The use of chemical dopant methods can further improve the conductivity of graphene (Kang et al., 2011). SiC 
converted graphene over a large area has been reported and shown to exhibit outstanding electrical properties (Wu 
et al., 2009). Currently, indium tin oxide (ITO) mainly used for transparent conducting electrodes in various 
electronic devices, has proved to exhibit excellent sheet resistance of 10–50 Ω sq−1 at ~90% optical transmittance 
in unlimited scalability (Bonaccorso et al., 2010) and (Hamberg & Granqvist, 1986). Intrinsic single-layer 
graphene as reported by Bae et al. (2012) has a sheet resistance of ~500 Ω sq−1 but most of the industrial 
applications require sheet resistance lower than the value used for transparent electrodes. In particular, the sheet 
resistance for organic light emitting diode displays, liquid crystal display; solar cells and electromagnetic 
interference shielding is less than ~50 Ω sq−1, and for touch screens is 200-500 Ω sq−1. 
Electrode of ITO at unlimited scalability commonly used in solar cells, touch sensors and flat panel displays has a 
sheet resistance of less than 100 Ω sq−1 with optical transmittance of 90%. Previous investigation according (Kim, 
2009; Cai et al., 2009), reported the best sheet resistance value to be 280 Ω sq−1 for graphene on nickel substrate by 
CVD on the centimeter scale. These features suggest the suitability of graphene for large area flexible ordinary 
light emitting diodes (OLEDs) (Kim et al., 2009; Chang et al., 2010). Also, a few atoms’ thick graphene is 
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mechanically compliant enough to be employed as an electrode for flexible OLED applications (Dikin et al., 2007; 
Xu et al., 2008). However, only few research groups have reported graphene OLEDs, of which power efficiencies 
(<1lm/W) are considerably low and emitting areas are small (Eda et al., 2008; Kim et al., 2009). Sheet resistance is 
calculated by (Royal et al., 2010). 

 μσ ne
RS

11 ==  (11) 

where σ  is the electronic conductivity, μ  is the carrier mobility, e  is the electronic charge and n  is the 
number of concentration of electrons, respectively. It should be noted that the value of the transmittance from the 
spectra point of view or response of the human eye is highest at 550nm. Despite the numerous benefit of ITO, it 
still limited in it application such as; it skyrocketing price due to the short fall in the supply of indium element, 
processing requirements, difficulties in patterning (Hamberg, 1986 & Granqvist, 2007) and a sensitivity to both 
acidic and basic environments. Furthermore, it is brittle in nature and can easily wear out or crack when used in 
applications involving bending, such as in touch screens and flexible displays (Sheraw et al., 2002). This implies 
that new transparent conductor materials are needed with improved performance. Recently, some materials were 
investigated and used as alternatives to transparent conductor materials, Metal grids (Lee et al., 2008b), metallic 
nanowires (De et al., 2009) and other metal oxides (Granqvist, 2007). From the reviewed applications and 
performance of transparent conductor materials nanotubes and graphene have shown great promise in becoming 
the future hope and better replacement for ITO. More so, graphene films have demonstrated a higher transmittance 
(T) over a wider wavelength range than single-walled carbon nanotube (SWNT) films (Geng et al., 2007), (Wu et 
al., 2004), (De & Coleman, 2010), thin metallic films (Lee et al., 2008c) & (De et al., 2009) and ITO (Hamberg, 
1986) and (Minami, 2005). Interestingly, ITO is commercially available with transmittance (T) ≈ 80% and sheet 
resistance (Rs) as low as 10 Ω/sq on glass (Minami, 2005) and ~60−300 Ω/sq on polyethylene terephthalate 
(Granqvist, 2007). 
4.5 Gate Tuneable Band Structure in Few-Layer Graphene 
One of the most remarkable physical properties of graphene material is the ability to reversibly tune the band 
structure of these systems simply by means of an external electric field (Craciun et al., 2011)). In standard 
semiconducting materials a precise value of the bandgap is engineered during the growth process, therefore the 
value of this bandgap cannot be reversibly controlled in situ in a device. Few-layer graphene is the only known 
class of material to exhibit a gate tuneable band structure and this unprecedented property paves the way for 
devices with novel functionalities (Craciun et al., 2011). 
4.6 Work Function 
Work function is the energy which must be supplied to the free electrons in a metal to enable them to escape from 
the metal. The performance of an electronic device is measured by it work function such devices include: 
transistors (Yang et al., 2012), gas sensors (Janata & Josowicz, 2003), solar cells (Page et al., 2014) and field 
emitters (Zhang, 2010). Bae et al. (2014) found work function ( Φ ) for self-assembled monolayer material-treated 
graphene films on SiO2 substrates to be 3.9, 4.25 and 4.5eV. This result confirms the effectiveness of the materials 
in controlling the graphene work fuction giving it opportunities for application in optoelectronic devices 
(Dibenedetto et al., 2009; Lee et al., 2010b). For a uniaxially strained graphene the work function increased with 
increasing strain. The experimental result (Oshima & Nagashima, 1997) of the work function for graphene without 
strain is 4.5eV showing a strong agreement with the theoretical calculation (Giovannetti et al., 2008). 
Bae et al. (2014) pointed out that the calculated values of graphene work fuction increases linearly. The work 
function became saturated at 5.2 and 4.8 eV with 26% A/Z strain. We can also engineer the work function of 
graphene films by varying the number of layers (thickness). When the thickness of one atomic layer changes it will 
affect a variations of several tens of meV (Hibino et al., 2009), (Yu et al., 2009), (Novoselov et al., 2012) and 
(Panchal et al., 2013). However, graphene work function is strained-induced and this can alter the device 
characteristics especially as it is dependent on the direction of the strain. 
Zhou et al. (2016) found the work function of monolayer graphene to be 4.26 ± 0.05eV. The value increases to 4.60 
± 0.07eV for quad-layer graphene. Similarly, the graphene work function can also be extracted from the He+ 
irradiated Secondary electron (SE) images obtained from scanning electron microscope (SEM). The work function 
varies from 4.35 ± 0.02eV for monolayer to 4.56 ± 0.03eV for quad-layer graphene. The two values of the work 
function for each layer are the same that is, there is no significant difference between the formal and the latter and 
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this investigation is in agreement with previous investigations (Filleter et al., 2008, Hibino et al., 2009; Ziegler et 
al., 2011). 
5. Characterization 
5.1 Structural and Morphological Property Characterization 
The structure and morphology of graphene on substrates could be investigated using raman spectroscope, scanning 
electron, transmission electron, atomic force microscopes, etc. Graphene sheet on SiC(000 1 ) surfaces 
characterized by Atomic force microscopy, Auger electron spectroscopy, scanning Auger microscopy and Raman 
spectroscopy according to Fisher et al. (2009) showed a flat morphology on SiC(0001) and when compared with 
the graphene films grown on SiC(0001) surfaces it formed a terraced morphology. The difference in morphology is 
due to the contradictory interface structures in the two films. Also the morphology of graphene on the following 
substrates 001-GaAs, manganese p-doped 001-GaAs, and InGaAs were investigated by Stöberl et al. (2008) using 
scanning electron and atomic force microscopies and the result as compared with the layers on SiO2 shows that 
graphene sheets strongly follow the texture of the sustaining substrates but independent on doping, polarity, or 
roughness. The following techniques are used in the structural and morphological study of graphene. 
5.1.1 Raman Spectroscopy 
Raman spectroscopy has been extensively used as a nondestructive tool to investigate the structural and 
electronic characteristics of graphene according to Rao et al. (2009) and also analyze the number of layers in a 
sample in reality the quality of graphene is defined by the spectra from Raman spectroscopy. Recent investigation 
using Raman spectroscopy shows the G band peak to be higher than the 2D band peak indicating the presence a 
multi-layer graphene and this result is prevalent with nickel (Ni) catalyst. The G band peak being lower than the 
2D band peak indicates few layer or single (mono) layer graphene common with the use of copper as catalyst 
Figure 7. The quality of sample is dependent on the D band peak which is the defect peak, the lower the peak the 
better the quality of the sample (Jeffy, 2013). The G band peak that is form as a result of the phonons in the Gamma 
Brillouin zone appears to be the most prominent band at 1580 cm-1 while the 2D band peak is due to the transverse 
optical phonons associated with K-Brillouin zones. Those formed a canonical structure with respect to graphene 
sheets according to Ni et al. (2008) shows that the 2D band’s line shape and position depend on the number of 
layers and this represents the second order of zone boundary phonons which in turn do not satisfy the Raman 
fundamental selection rule. Naghdi et al. (2016) used X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS) and Raman spectroscopy techniques to investigate the properties of graphene grown on Molybdenum (Mo) 
foil by CVD method at different growth temperatures (1000°C, 1100°C, and 1200°C). 
The result from this investigation shows that the quality of the deposited graphene layers is affected by the growth 
temperature. However, as the growth temperature increases, the number of graphene layers and the number of 
defects related to the layers both decrease. It was also found that increasing the growth temperature increases the 
graphene domain size. 

 

Figure 7. Typical Raman spectrum of multi-layer and single layer graphene (Yan & Barron, 2010) 
 
Further results from the Raman spectra of synthesized low temperature graphene as obtained in Jeffy (2013) show 
that, if the integral intensity ratio 2D/G is less than 1, then the material is multi-layer graphene, if greater than 1, 
then it is a single-layer graphene and if equal to 1, then the material is a two-layer graphene. The ratio between the 
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D band peak and the G band peak is also important. If the integral intensity ratio D/G is less than 0.5, the sample is 
considered to be good quality otherwise in not a good film material. 
5.1.2 Atomic Force Microscopy 
Atomic force microscopy (AFM) measures the thickness of two-dimensional (2D) materials, predominantly 
graphene using the repulsive mode (Casiraghi et al., 2007). The thickness of the unreduced graphene oxide was 
found to be ∼1.0nm and that of chemically reduced graphene oxide (rGO) 0.6nm. This difference in the thickness 
and the phase contrast arises from the hydrophilicity difference due to the distinct oxygen functional group in the 
reduction process. Previous research on graphene reveals that AFM has been exploited for mechanical and 
structural characterization of graphene because of it ability to feel the small force from the tip of the probe (Singh 
et al., 2011). In the future, new AFM modes will be developed and other modes for graphene are already suggested 
about mechanical, frictional, electrical, magnetic, and even elastic properties of graphene flakes. 
5.1.3 Scanning Electron Microscopy 
Scanning electron microscope (SEM) is one of the most important machines used to study the overall appearance 
of the grown sample. It determines the morphology/external topography and chemical composition of a specimen. 
Sample parameters like quality, shape, density, diameter, thickness, length and orientation of the as grown 
graphene are analyzed with SEM. SEM belong to the family of microscopes, but it uses a beam of electrons instead 
of light in order to make an image. The beam of electrons passes through the electromagnetic lenses and strikes the 
surface of the sample. The bombardment of electrons does not cause any damage to the samples. The detector 
collects the secondary/backscattered electrons ejected from the sample and converts them into a signal. Finally this 
signal is directed towards displaying screen (Zhou et al., 2007). SEM has the ability to capture the images in the 
range of visible to few nanometers, while the magnification range is around 20X- 30000X along with a spatial 
resolution of 50-100nm. The electron acceleration voltages are normally in the range of 5-20kV. 
5.1.4 X-ray Diffraction 
X-ray diffraction (XRD) is an analytical technique mainly used to identify the phases of crystalline materials 
(Cullity & Stock, 2001) and other additional information such as lattice parameters and phase distribution using 
Rietveld confinement (Charl, 2015). Similar to the SEM set-up described in section 5.1.3, electrons are also 
produced from a cathode and accelerated to an anode target (commonly made of copper or cobalt) where 
bombardment takes place to produce x-rays in a cathode ray tube. Depending on the anode material, characteristic 
x-rays of different wavelength (for Cu, 𝜆= 1.5406Å or Co, λ = 1.7890Å) is produced. The XRD system is circular 
in nature and consists of the x-ray tube, a sample holder and an x-ray detector all lying on the focus circle. When 
the x-rays interact with the sample, constructive interference occurs where Bragg's law is satisfied: that is; 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (12) 

where n is an integer value (1, 2, 3), λ is the wavelength of the incident x-ray, d is the spacing between the planes in 
the atomic lattice, 𝜃 is the angle between the incident ray and scattering plane. The angle between the projection 
of the x-ray source and the detector is 2𝜃. A detector records and processes the x-ray signals and converts it to a 
count rate which is then conveyed to a monitor. 
X-ray diffraction patterns of graphene oxide (GO), graphene (G), and graphene silver (Ag-G) nanoparticles hybrid 
materials were investigated by Sahu et al. (2013) and the pattern display of Graphene Oxide (GO) indicates a sharp 
diffraction peak at 2𝜃 = 14.03o which is equivalent to (001) of GO figure 3.2. Specifically the display of G shows 
two distinct peaks at 2𝜃 = 24o and 44.8o respectively, which are attributed to (002) and (100) reflections of 
graphene nanosheets. The calculated d-spacing of graphene using broad peak was found to be 0.364nm. The peak 
tends to be very wide due to decrease in the crystallinity of graphene when reduced from graphene oxide. While 
the XRD pattern of silver graphene (Ag-G) reveals the peaks due to (111), (200), (220), and (311) of silver (Ag) 
nanocrystals as well as broad peak (002) due to graphene. Similar observation has been made for Au-G and Cu-G 
nanohybrids but no peaks corresponding to oxides of Ag, Au, or Cu as were observed within the detectable limit of 
XRD. 
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Figure 8. XRD patterns of: (a) GO, (b) G, and (c) Ag-G (Sahu et al., 2013) 
 
5.1.5 Transmission Electron Microscope 
Transmission electron microscope (TEM), like SEM, belongs to the family of electron microscopes. Sahu et al. 
(2013) investigation on microstructural characterization of graphene and graphene-metal nanoparticle hybrids 
using SEM and TEM result showed high resolution SEM micrograph of graphene that reveals crumbled and 
scrolled morphology of graphene sheets. TEM is a very valuable tool for the material’s analysis and is used to 
obtain the structural information of a graphene at the atomic level. The working principle of TEM is just like 
optical microscope but with a relatively high energy electron source of around 200KeV. 
5.1.6 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) technique is used for the investigation of the surface composition in a 
sample and this helps to identify the surface recombination centers. XPS works better when the surface of the 
sample is illuminated by X-ray beam, such that the atom’s core electron on the surface of the sample ingests whole 
X-ray photon energy. The X-ray photon energy set electrons into vibration at minimum kinetic energy to produce 
photoelectron. This is shown by the relation between kinetic energy and photon energy expressed in equation 13. 

 Ek = h𝑣 −Eb (13) 

where 𝐸k is the kinetic energy, 𝐸𝑏 is the binding energy and ℎ𝑣 is the X-ray photon energy. 
Analyzed result from XPS shows bonding distribution in the grown sample through the intensities of each binding 
energy. For sp2 carbon to carbon hybridization the bonding of carbon is 284.8eV shifted from the oxidized defect 
in graphene oxide and effect indicates two different peaks of carbon bonds (sp2) that decreases in intensity with 
plasma oxidation treatment for graphene grown via CVD. However, the CVD graphene is disposed to defect due it 
fabrication process and this is the reason for the single Gaussian peak in sp2 carbon Figure 9a. 

 

Figure 9. (a, b) XPS of graphene and graphene oxide (Jun, 2015) 
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5.1.7 Fourier Transform Infrared Spectroscopy 
Fourier transform infrared (FT-IR) spectroscopy is a non-destructive qualitative analysis technique used to 
determine unknown sample types by identifying the functional groups present in the sample. This investigation is 
done by exposing the sample to infrared (IR) radiation of which some part of it passes through (transmittance) the 
sample while some of it is absorbed (absorbance). A transmission, absorption or emission infrared spectrum is 
obtained over a wide spectra range expressed as wave numbers. FTIR spectra of all samples are usually recorded 
using a Bruker Vertex 77v FT-IR spectrometer which will be controlled using the Opus 7.0 spectroscopy software. 
FT-IR measurements are then performed to determine the different vibration modes arising from the IR-excitation 
of the samples. Furthermore, this technique gives a good insight into the type of the interlayer anions present 
especially in layered double oxide materials (Yang et al., 2013). Measurements are performed within a wave 
number ranging from 300 to 3600cm-1. 
Lee et al. (2010a) pointed how significant the result from their analysis could contribute in revealing four main 
peaks in the FT-IR spectra of graphene Oxide (GO), the first peak at 1,050cm−1 arises from epoxide groups 
(C–O‒C), the second peak which is the one centered at 1,680cm−1 corresponds to the vibrational mode of the 
ketone groups (‒C=O), the third peak at 1,380cm−1 reveals the presence of a C-O vibrational mode and the fourth 
the peak at 3,470cm−1shows C-OH stretching Figure 10.(a and b). 

 

Figure 10. (a) FT-IR spectra of single-layer GO: annealing at 423 K and referenced to the bare oxidized silicon 
substrate the spectrum (1); annealing to 448 K (2), referenced to spectrum (1); annealing to 1,023K (3), referenced 

to spectrum (2); full SiO2 absorption of the oxide referenced to H-terminated silica (4) (Bagri et al., 2010); (b) 
FT-IR spectra of GO with different degrees of oxidation from samples S-1 to S-6 (Krishnamoorthy et al., 2013) 

 
5.2 Optical Property Characterization 
Here, the properties to be highlighted are transmittance (T), absorbance (A), reflectance (R), optical bandgap (G), 
refractive index (n), dielectric constant, etc. of a graphene sample by Ultraviolet-Visible Spectroscopy ranging 
from different wave lengths in nanometer ( nmλ ). 
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5.2.1 Ultraviolet-Visible Spectroscopy 
The optical properties of graphene film and graphene related hybrids are usually investigated using, Raman and 
UV-Visible Spectroscopy. From Avantes, UV-Visible Spectrophotometer has been used as an important tool for 
the characterization of nanoparticles to determine the Transmittance (𝑇 ), Absorbance rate and Reflectance of the 
sample. Investigation from the work of Tian et al. (2007) shows UV-Vis absorption spectra pattern for graphene 
oxide (GO), graphene (G), graphene-metal nanoparticle hybrids, Ag-G, Au-G, and Cu-G respectively. For GO, 
two peaks are noticeable in UV-Vis spectrum, one with a maximum at 230nm, due to ∗→ ππ  transition of 
aromatic C-C bond and the other at 303 nm, due to n→ 𝜋∗ transition of C=O bond. Reduction of graphene oxide by 
hydrazine hydrate restore the electronic conjugation of the sample thereby promoting the formation of more 
absorption peak of G at the 266nm while the second absorption at 303 disappears completely Figure 11. The 
integration of Ag NPs, in the G framework (Ag-G) is confirmed by the presence of absorption peak at 420 nm, 
which is considered to be due to surface plasmon resonance of Ag NPs. 

 

Figure 11. UV-VIS spectra of GO, G, Au-G, Ag-G, and Cu-G & spectra of AgNP, AuNP, and CuNP (Sahu et al., 
2013) 

 
Table 2. Comparison of UV-Vis absorption peak position of GO, G, AgNPs, Ag-G, AuNPs, Au-G, CuNPs, and 
Cu-G (Sahu et al., 2013) 
Material Graphene peak Position Plasmon Peak Position 

Graphene Oxide (GO) 230nm ( *ππ → ) -- 

Graphene (G) -- -- 
Pure silver nanoparticles (AgNP) -- 430nm 
Silver decorated graphene (Ag-G) 260 nm 420nm 
Pure gold nanoparticles (AuNP) -- 520nm 
Gold decorated graphene (Au-G) 264 nm 524nm 
Pure copper nanoparticles (CuNP) -- 475nm 
Copper decorated graphene (Cu-G) 264 nm 540nm 
 
Jia et al. (2012) developed a method to optically detect graphene domains and domain boundaries directly on Cu 
foils through a simple selective annealing oxidation without further chemical treatments and transfer operations. 
This technique is simple and also allows for holistic considerations of all the factors for optimizing growth 
conditions and thus controlling graphene quality. Lack of detection technique for growth monitoring hinders 
deeper understanding of the factors that control graphene growth, such as graphene nucleation, temperature, gas 
feeding rate pressure (Jia et al., 2012), flow rate, heating rate and cooling rate of sample and oxidation effect. 
The transparent nature of graphene allows the path of the visible light, which changes the interference color in 
contrast to the empty substrate. This can explain why graphene, even for a single-layer graphene can be visualized 
under an optical microscope by the naked eyes on silicon wafers with a certain thickness of SiO2 but only after 
multistep chemical treatments and complex transfer processes from growth substrates such as Cu foils Figure 12. 
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Figure 12. A schematic illustration of how to optically characterize graphene domains directly on Cu foils through 
selective oxidation (Liu et al., 2008) 

 
Lui et al. (2008) reported the properties of graphene in retrospect to the thermal stability and impermeability of 
graphene which helps to protect the surface of Cu foils that is covered by graphene from oxidation. In disparity, 
due to the high chemical activity of Cu, the bare surface of Cu foils is oxidized to form Cu oxides, thus leading to 
significant changes in colour. Colour change in Cu foils make graphene easily visible by the naked eyes using any 
common optical microscope for investigation as previously discussed but this does not serve a confirmatory test 
for the presence of graphene other characterization techniques are also needed. For better comparison, the pure Cu 
foils without graphene (Cu), with partial graphene growth (Cu/pGr) and with full graphene growth (Cu/fGr) by a 
low pressure chemical vapor deposition (LPCVD) method at 1020oC are always used. 
The results from this investigation were compared using both scanning electron microscopic (SEM) and optical 
methods to compare graphene morphologies on Cu substrates or SiO2/Si substrates after graphene transfer proving 
the reliability of the detection technique (Reina et al., 2008; Li et al., 2009a; Li et al., 2010 & Liu et al., 2011). 
5.3 Electrical Property Characterization 
Electrical property of characterization involves the use of four-point probe also called “van der Pauw Method” to 
measure low resistivity of graphene. 
5.3.1 Four-Point Probe  
Four-point Probe is best used for a two dimensional sample. It has the ability to measure the properties of a sample 
of any arbitrary two-dimensional sample and has made this a very reliable method with a simple network. A 
current is sent to two probes and the voltage is measured through the other two. Then using Ohm’s law, the 
resistivity can be calculated. This measurement is essential to determine how electrically conductive is the 
graphene sample when used as a transparent electrode (Vander-Pauw, 1958). The following properties of the 
sample can be determined from the use of this method they include: the resistivity, the doping type, the number of 
majority carriers per unit area, the mobility of the majority carrier. 

 

Figure 13. Four-point probing schematic 
 
As shown in Figure 13, two probes are connected to a current source (I) and the voltage (V) is measured across the 
remaining two. But care must be ensured to remove the graphene surrounding the four contacts. This is to ensure 
correct measurement. Plasma etching is a popular method used to remove graphene. This is a drawback in this 
method as testing the resistivity of a large number of samples can make this expensive. All the samples cannot be 
tested using this technique as going through the procedure of removing some graphene can affect various other 
parameters and the usability of the sample. 
5.3 Mechanical Property Characterization 
This characterization involves the investigation of the Graphene’s strength as it relates to many applications. 
Graphene samples have been found to be the strongest material ever tested Lee et al. (2008a) with an intrinsic 
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tensile strength of 130GPa and a Young's modulus (stiffness) of 1TPa (150000000). The method involved in the 
mechanical characterization of graphene is called nanoindentation. 
5.3.1 Nanoindentation 
Nanoindentation technique is an alternative method modified to replace AFM technique. In this technique the 
cantilever used in AFM has been replaced with a nanoindentation device known as hysitron triboscope. This 
device is inserted on the material in order to obtain the hardness and elastic modulus of the material. It is for this 
reason that the method has been used for the characterization of the mechanical properties of graphene material 
(Wang et al., 2011). 
6. Applications and Uses of Graphene 
6.1 Biomedical Application 
As applied in biomedical graphene enables a sensor system that can detect cancer cells and differentiate a single 
cancerous cell from a normal cell. It also encourages the fabrication of a simple noninvasive tool for early cancer 
diagnosis. According to Ray (2015), graphene system is able to detect the level of activity of an interfaced cell. The 
cell's interface with graphene rearranges the charge distribution in graphene, which modifies the energy of atomic 
vibration as detected by Raman spectroscopy in previous researches. Whenever a graphene structure is in contact 
with a cancer cell or a normal cell the atomic vibration energy in the structure changes immediately since the 
cancer cell's hyperactivity will always lead to a higher negative charge on its surface thereby enhancing the release 
of more protons. The electric field around the cell pushes away electrons in graphene's electron cloud, changing the 
vibration energy of the carbon atoms. The change in vibration energy can be detected by Raman mapping, 
allowing characterization of the activity of a single cell to take place. Graphene oxide (GO) or reduced graphene 
oxide (RGO) is used as biosensor for biosensing applications such as the detection of untimely disease and 
possibly suggest the cure for cancer patients. Graphene oxide has been used as an improved diagnostic for HIV 
patient. Graphene has been used as a fluorescence quenching material in biosensors that utilize the fluorescence 
resonance energy transfer (FRET) effect. Wang et al. (2010) used the FRET effect in a fluorescence in-labeled 
ATP aptamer to sense ATP as low as 10μM. Lu et al. (2009) used single-stranded DNA (ssDNA) with a 
fluorescence tag and found that it bound noncovalently to GO with subsequent quenching of the fluorescence of 
the tag. Addition of a complementary ssDNA removed the tagged DNA from the GO surface and restored the 
fluorescence. Song et al. (2011) used folic acid-functionalized GO to detect human cervical cancer and human 
breast cancer cells. 
6.2 Graphene as a Battery 
Power is key to industrial growth and advancement in technology. Graphene has demonstrated extraordinary 
ability that made it extremely interesting and innovative material in portable energy storage devices. The used of 
batteries caught across many equipment particularly in automobiles (cars and motor bikes), aircraft, boats, ships, 
and electronic equipment (Zhang et al., 2008; Chen et al., 2012a; Chen et al., 2012b; Chen et al., 2012c). Lithium 
ion batteries have demonstrated the hub of energy source for conventional and promising energy storage devices 
that can be used in portable electronic applications (Chen et al., 2011). Recent focus on rechargeable batteries has 
made reasonable improvements in terms of higher capacity and compact size for convenient usage. Graphene and 
its composite materials were used as novel electrode materials for lithium-ion battery applications (Atabaki et al., 
2013). The specific energy of LiC batteries is quite low (370mAh/g) (Liang et al., 2009) because six carbon atoms 
can host only one lithium ion by forming an intercalation compound (LiC6). 
6.3 Transparent Electronics 
6.3.1 Graphene Thin Film as Transparent Conductor (Electrodes) 
Graphene is an elastic/flexible thin film that behaves like transparent plastic; it conducts heat and electricity better 
than any metal. It behaves like an impermeable membrane and is chemically inert and stable. Thus, graphene is 
proven to be material for the production of the next generation transparent conducting electrodes required for 
different applications such as solar cells, light-emitting diodes (LEDs), organic light-emitting diodes (OLEDs), 
touch screens, smart windows and liquid crystal displays (LCD), and organic photovoltaic cells (OVPs) 
(Bonaccorso et al., 2010). There is need to find a substitute for indium tin oxide (ITO) in the manufacturing of 
various types of displays and touch screens due to the scarcity of indium and its consequent growing cost. In 
particular, graphene’s mechanical strength and flexibility are advantageous compared with ITO that is brittle. 
Therefore, abundance of carbon on earth made graphene a more sustainable alternative for these applications. 
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Figure 14. Potential graphene applications and corresponding resistance range required for each application (Bae 
et al., 2012) 

 
6.3.2 Flexible Electronics 
Graphene and graphene-related 2D crystals and hybrids will have a disruptive impact on current optoelectronics 
devices based on conventional materials, not only because of cost/performance advantages but also because they 
can be manufactured in more flexible ways suitable for a growing range of applications such as touch screens and 
flexible displays. 
6.3.3 Touch Screen 
Touch screen is another potential application of graphene transparent conductive films that have been adopted in 
various electronic devices such as cell phones, laptops, smart phones, e-books, and others. Researchers in Korea 
and Japan have fabricated films of graphene-planar sheets of carbon that are one atom thick-measuring tens of 
centimeters. The researchers engineered these large graphene films into transparent electrodes, which were 
incorporated into touch screen panel devices. Different types of commercialized touch screens are available today 
in the market. Resistive-type touch screens are operated through induction of an electric short between top and 
bottom transparent conducting films. They required a sheet resistance of up to 550Ω/sq and an optical 
transmittance of more than 90% at 550-nm wavelength. Typically, ITO films have been widely used in these 
applications. 
Bae et al. (2010) reported layer-by-layer graphene stacking to fabricate a doped fourlayer graphene thin film on 
flexible PET substrates and found its sheet resistance as low as B30Ω/sq with B90% transparency at the same 
wavelength, which is superior to commercial transparent electrodes such as ITO that could be used in a fully 
functional touch screen panel device capable of withstanding high strain. In this fabrication, all of the materials are 
flexible and the screen operates reliably after many bending cycles. In addition, capacitive touch screens fabricated 
using transparent graphene films are also available. Lee & Ahn (2013) demonstrated that graphene films can 
satisfy the requirement of a sheet resistance of 100Ω/sq through doping, this investigation predicted that in the 
future, transparent graphene films would replace rigid and brittle ITO films in touch screen electrodes. 
6.3.4 Solar Cells and OVPs 
Graphene is both highly conductive and transparent. As such, it has great potential as a material in solar cells. Solar 
cells like polymer, bulk hetero-junction, and dye-sensitized are the most important promising devices for the 
conversion of sunlight into electrical energy (Bundgaard et al., 2010). 
They also offer the advantages of low cost and large-scale production i.e., the smaller the material size the lower 
the cost of production. From the practical point of view rapid growth of the photo voltaic (PV) industry causes the 
depletion of the raw materials involved in the production of solar panels. Typically, solar cells use silicon, which 
produces a charge when a photon hits the materials, knocking loose a free electron. Silicon only releases one 
electron per photon that hits it. Previous research on graphene has shown that graphene structure can release 
multiple electrons for each photon that hits it and this characteristics makes it far better at converting solar energy, 
with a projected 60 percent efficiency compared to the roughly 25% efficiency that current silicon cells are capable 
of. Unfortunately, this is all theoretical. Current graphene cells are not yet up to par with silicon cells. Currently 
research on graphene solar cells across the world is aimed at increasing the efficiency of the solar cells. In no 
distance time, cheaper, more powerful graphene cells that will produce a massive surge in renewable energy would 



jmsr.ccsenet.org Journal of Materials Science Research Vol. 8, No. 4; 2019 

56 

be in the market. Most of the solar cells are ITO with a nonconductive glass protective layer to meet their needs. 
OPV devices are made of an organic layer sandwiched between two charge-collecting electrodes, one of which 
must be transparent (e.g., ITO or fluorine tin oxide (FTO)) and the other is usually aluminum, sometimes coated 
with LiF or MgO. Efforts were made to replace these materials by finding alternative electrode materials for the 
fabrication of solar cell applications. However, ITO is a nonflexible material and graphene and graphene-based 
nanocomposite are not only flexible but also extremely conductive and could be very useful in solar cell devices. 
Wu & Zheng (2013) achieved photoelectron conversion efficiency of B7.5% using graphene nanosheets (GNSs) 
incorporated with activated carbon as the counter electrode. Molybdenum sulfide (MoS2)/graphene composite 
electrodes have been used as a counter electrode for dye-sensitized solar cells (DSSCs) (Yue et al., 2012). The 
composite-modified electrode has higher current density than those of MoS2. This composite exhibited a power 
efficiency value of 5.98%, which was comparable with that of the Pt electrode (6.23%), and revealed good 
performance of the molybdenum-based composite electrode. The fabrication of low-cost DSSCs achieves high 
efficiency. 
6.3.5 Organic Light-Emitting Diodes (OLED) 
An important component of organic light-emitting diode (OLEDs) is the anode as transparent electrode material, 
injecting charge carriers and allowing light to pass through. Graphene films are attractive materials for flexible 
transparent conductive electrodes in OLEDs due to their controllable transparency, good electrical conductivity, 
and suitably tunable work function. In particular, graphene films have a molecular structure similar to that of 
organic electronic materials, and thus can form strong bonds with organic electronic materials (Wu et al., 2010; 
Han et al., 2012; Sun et al., 2010; Hwang et al., 2012). 
Many OLEDs based on CVD graphene films have been reported (Sun et al., 2010; Hwang et al., 2012). Among 
them, Han et al. (2012) fabricated OLED devices based on CVD graphene films deposited on copper foils. They 
have observed that the OLEDs have extremely high performance compared with those based on conventional ITO 
(Han et al., 2012). In this case, graphene films transferred onto PET substrates that act as anode material were 
controlled in terms of electrical resistance, optical transmittance, and work function by random piling of multiple 
layers and acid doping (Han et al., 2012). The sheet resistance and work function varied from 89 to 189 Ohm/sq 
and 4.33 to 4.45eV as a function of the number of layers. 
6.3.6  Liquid Crystal Displays 
Graphene has high electrical conductivity and excellent transmittance at terahertz frequencies, so Wu & Zheng 
(2013) and Wu et al. (2013) demonstrated a liquid crystal-based terahertz phase shifter with this graphene. They 
observed in a 50-μm liquid crystal cell that the maximum phase shift is 10.8 with saturation voltage of 5V. This 
phase shifter provides continuous tunability, fully electrical controllability, and low DC voltage operation that 
depend on the number of graphene layers. 
Blake et al. (2008) also demonstrated liquid crystal devices with electrodes made of graphene that show excellent 
performance with a high contrast ratio that can be comparable with conventionally used metal oxides in terms of 
low resistivity, high transparency and chemical stability. 
6.4 Integrated Circuits 
For integrated circuits, graphene has high carrier mobility as well as low noise, allowing it to be used as the 
channel in field effect transistors (FETs). Single sheets of graphene are difficult to produce and even more difficult 
to make on an appropriate substrate (Chen et al., 2007). Ponomarenko et al. (2008) fabricated the smallest 
transistor so far using graphene that is one atom thick and 10atoms wide. Wang et al. (2009a) fabricated an n-type 
transistor, meaning that both n-type and p-type graphene transistors had been created. A functional graphene 
integrated circuit was demonstrated a complementary inverter consisting of one p-type and one n-type graphene 
transistor (Traversi et al., 2009). However, this inverter suffered from very low voltage gain. Lin et al. (2010) grew 
epitaxial graphene on SiC with quantity and quality suitable for mass production of integrated circuits. 
The first graphene-based integrated circuit was fabricated with a broadband radio mixer, and the circuit handled 
frequencies up to 10GHz. Its performance was unaffected by temperatures up to 127oC (Lin et al., 2011). 
6.5 Radio Frequency Applications 
The development of transparent radio frequency electronics has been limited, until recently, by the lack of suitable 
materials. Naturally, thin and transparent graphene may lead to disruptive innovations in such applications. Wu et 
al. (2014) realized optically transparent broadband absorbers operating in the millimeter wavelength regime 
achieved by stacking graphene bearing quartz substrates on a ground plate. Broadband absorption is a result of 
mutually coupled Fabry-Pérot resonators represented by each graphene quartz substrate. Millimeter wave 
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reflectometer measurements of the stacked graphene -quartz absorbers demonstrated excellent broadband 
absorption of 90% with a 28% fractional bandwidth from 125 to 165GHz bandwidth. This result suggests that the 
absorber operation could be extended to microwave and low terahertz bands with negligible loss in performance. 
The transparent material could be used as a coating for car windows or buildings to stop radio waves from traveling 
through the structure and to improve secure wireless network environments. 
6.6 Fuel Cells 
Fuel cells are a type of energy storage device that converts chemical energy from a fuel into electrical energy by 
using oxygen and methanol. The green energy of fuel cells could be obtained from reduction of oxygen (Qu et al., 
2004) and oxidation of methanol (Golabi et al., 2002). Most of the electrocatalytic performance is based on their 
selection in suitable electrode materials. Numerous efforts were made in the literature for the utilization of 
carbon-based composite materials toward oxygen reduction reactions (Wu et al., 2011). One of the main issues 
connected with fuel cells is the limited availability of platinum (Pt), which is a candidate catalyst for fuel cell 
reactions. After the discovery of graphene, it was found to have widespread applications in fuel cells, where it can 
be used as an excellent electrode material because of its excellent physicochemical properties. Graphene has a high 
surface area, making it more efficient than carbon black for dispersing Pt nanoparticles (Xin et al., 2011). 
6.7 Graphene Quantum Dots 
All dimensions of graphene quantum dots (GQDs) are 10nm. Their size and edge crystallography govern their 
electrical, magnetic, optical, and chemical properties. GQDs can be produced through graphite nanotomy 
(Mohanty et al., 2012) or via bottom-up, solution-based routes (Cai et al., 2010). GQDs with controlled structures 
can be incorporated into applications in electronics, optoelectronics, and EMs. Quantum confinement can be 
created by changing the width of GNRs at selected points along the ribbon (Ponomarenko et al., 2008). 
6.8 Frequency Multiplier 
In 2009, researchers built an experimental graphene frequency multiplier that takes an incoming signal of a certain 
frequency and produces a signal as a multiple of that frequency at the output (Wang et al., 2009; Wang et al., 2009; 
Wang et al., 2009; Cricchio et al., 2009). 
6.9 Optical Modulator 
When the Fermi level of graphene is tuned, its optical absorption can be changed. In 2011, Liu et al. reported the 
first graphene-based optical modulator. This modulator operates at 1.2GHz without a temperature controller and 
has a broad bandwidth (from 1.3 to 1.6μm) and small footprint (B25μm2). 
6.10 Piezoelectricity 
Density functional theory simulations predict that depositing certain adatoms on graphene can render it 
piezoelectricity responsive to an electric field applied in the out-of-plane direction. This type of locally engineered 
piezoelectricity is similar in magnitude to that of bulk piezoelectric materials and makes graphene a candidate for 
control and sensing in nanoscale devices (Ong & Reed, 2012). 
6.11 Graphene as Purification of Water 
Graphene sheets perforated by small holes were first explored as potential candidates for water filtration by 
researchers at MIT. Holes with a diameter of 1nanometer (a billionth of a meter) are big enough to let water 
molecules sift through, but they are small enough to stop any undesired chemicals. Han et al. (2013) fabricated 
ultrathin (~22-53nm thick) graphene nanofiltration membranes (uGNMs) on microporous substrates that were 
used for efficient water purification. The performance of the uGNMs for water treatment was evaluated on a 
dead-end filtration device, and the pure water flux of uGNMs was high (21.8L/m2/h/bar). The uGNMs showed 
high retention (> 99%) for organic dyes and moderate retention (~20-60%) for ion salts. Graphene membrane for 
water purification is the best so far because of its ability to filter out all carbonic, ionic and impurity substances. 
7. Advances and Future Prospects 
7.1 Future Technology 
The following questions are meant to forecast the future and prospects in graphene research. 
So where will graphene take us? How will it change our world? What benefits will it bring to mankind? What 
applications will we see in the near future and decades to come? Clean drinking water for millions. Graphene 
membranes could see huge progress in water purification technology in developing countries and provide more 
efficient desalination plants. Electronics and energy storage ar band to be revolutionized by graphene. Flexible, 
durable, semi-transparent mobile phones, wearable technology, clothing that communicates will be made available 
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for use. Electric sports cars, light weight planes all these are the future technologies which are becoming realistic in 
our present time. 
7.1.1 Recent Application in Graphene Research 
Researchers integrate graphene and quantum dots with CMOS technology to create an array of photodetectors, 
producing a high resolution image sensor. 
7.2 Future Work 
To achieve the ambitious goal of developing new materials like graphene enabled electronic devices, the following 
growth-related issues still have to be overcome: the transfer process has to be made more reliable and reproducible; 
the sample to sample variation introduced by handling the copper substrate and the membrane is currently a large 
factor and the inability to control the sample quality. Furthermore, more studies should be carried out to identify 
changes made to the graphene material during the transfer process in terms of doping, introduction of defects, etc. 
The lowering of the growth temperature could have benefits for the compatibility with other materials and 
processes and could also decrease the impact of cooling induced wrinkling on the morphology of graphene. The 
growth on dielectric substrates would resolve many problems associated with metallic growth substrates, such as 
the need for a transfer step, large thermal mismatch between substrate and graphene, etc. Better control of both the 
formation and the extension of additional layers on the graphene through substrate engineering are crucial. In this 
regard, several approaches of graphene application could be envisaged in the following: 
(1) More complex circuits on flexible substrates or complex surfaces should be designed. 
For example, a display could be produced by using commercially available electroluminescent or electrochromic 
materials in a sandwich structure between graphene layers. 
(2) The resolution limits of the passivated growth technique should be explored to identify whether high quality 
nanostructures could be synthesized and other passivation materials could be explored to describe area-selective 
for CVD process that can be more easily etched. 
(3) A comparative study of capacitance, cyclic stability, increase in energy storage density and the overall battery 
performance should be investigated using graphene as a single and both electrodes respectively. i.e. at both 
cathodes and anodes simultaneously. Future researchers can also investigate if adding more graphene at either 
electrode can yield added benefits or the pertinent drawbacks would outweigh the benefits. 
(4) A more detailed study of the sensor characteristics (including a detection limit) of the films in relation with 
their synthesis conditions should be the subject of future investigations. Future research should focus on replacing 
graphene with silicon in electrical systems and telecommunication devices. 
7.3 The Present Challenges In Graphene Research 
The exceptional properties of graphene, including electrical, thermal, mechanical, optical, and long electron mean 
free paths, makes it compelling for various engineering applications. Huge efforts have been devoted to the 
fundamental physics and chemistry of graphene. Properties such as room temperature quantum hall effect, highest 
charge transport, and thermal conductivity originated from graphene’s 2-D structures have not been observed from 
most conventional 3-D materials. Several research publications in the past 10 years signify the importance of 
graphene and that it might surpass silicon research in the development of microelectronics. Although silicon-based 
research is at a mature stage to overcome technological barriers, graphene is being extensively investigated 
because it holds the future for microscale to nanoscale electronics. The inherent semi-metal characteristic of 
graphene has been modified to realize the applications in transistors. Much effort has been devoted to modification 
of a graphene bandgap, allowing applications in electronic devices. Graphene as a new material still faced many 
challenges ranging from synthesis and characterization to the final device fabrication. The exceptional properties 
were observed in the defect-free pristine graphene prepared by graphite exfoliation using the scotch tape method, 
which is not appropriate for any large-scale device manufacturing. Alternative methods have progressed to CVD 
and epitaxially grown single-layer, bilayer, and few-layer graphene on different substrates and simple transfer of 
the graphene layer for subsequent device fabrication. These breakthroughs will offer novel and exciting 
opportunities for semi-conductor industries. The advanced deposition technique of the single layer and bilayer 
made it possible to fabricate large-area devices; however, creating bandgap in a controlled and practical manner is 
still challenging for application in logic devices. Several methods aimed to alter the substrate properties and 
nanoribbon dimension have been proposed to introduce a tunable bandgap essential for nanoelectronics. This 
energy bandgap can be achieved through quantum confinement, bilayer graphene, and chemical functionalization. 
The former, quasi-1D GNR has been considered with either edge localization or Coulomb blockade effects. GNR 
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with appropriate dimensions (i.e., 10nm) is expected to provide right bandgap for efficient FET devices. Therefore, 
the bandgap opened graphene based on GNR has been encouraged for future practical nano electronic devices 
comparable with complementary metal oxide semiconductor (CMOS) circuits. Perhap, the greatest challenge is 
that, although graphene as vital as it is to our future that it has been named a “supply critical mineral’’ and a 
“strategic mineral’’ by the united states and the European Union, only a few companies around the world have 
access to the mineral that is required to make graphene and 70% of the supply is control by China. 
8. Conclusion 
1. The assurance of using of silicon in modern technology is becoming problematic as it produces undesired gain 
without the integrated circuit (IC). This challenge requires a rethink on how to manufacture devices, or even 
whether we need an alternative to silicon itself. The performance of silicon degrades progressively at high 
temperatures and becomes very poor at transmitting light and this indicate the limit of its application and therefore 
quest for a better replacement. The discovery of graphene with its unique nano-scale properties is gradually 
making the way to possible substitutes for the next generation of faster and smaller electronics in the last decade. 
2. Rise in demand and production level as the world population increases and convenience in the use of 
two-dimensional (2D) materials would lead to the extensive use of graphene made materials in a wide variety of 
applications. Products made of graphene are attracting serious attention in the market. As a result of the promising 
properties of graphene, the research in the field is also attracting large grants and sponsors with an incremental rise 
in the number of papers as highlighted in the trend in graphene research early in this paper. 
3. The lack of band gap in graphene material is based on the fact that the unit cell of graphene has two atoms with 
the same potential. The development of graphene based electronics depends strongly on our ability to open a 
tunable bandgap. So, bandgap is introduced by making the potential of one atom higher than the other by the 
application of an electric field. 
Although several attempts have been made by patents as revealed in the literatures using different approaches to 
fabricate high performance graphene devices and consequently engineer the bandgap so as to improve their 
semiconducting properties, these attempts still linger. Investigation from theoretical and computational analysis 
proved to have solved the zero bandgap problem of graphene while we wait for a convincing approach that will 
break this dilemma. 
4. To generate a bandgap, one has to make the two atomic sites have different potentials which is quite difficult 
given that they are 0.15 nanometer apart. Another approach is to reduce the dimension of graphene from 2-D to 
1-D i.e make a nanoribbon of the graphene. This opens a bandgap through the 1-D confinement of the electrons. 
5. Among the methods employed to initiate a bandgap for nanoelectronics applications subtrate effect, reduction in 
the dimensions as in nanoribbon and electric field application are considered most important. In addition, the 
choice of Nitrogen (N) and Boron (B) as substitute to carbon atoms that form carbon alloys is another way of 
creating a bandgap in graphene. Creating a bandgap in graphene using bilayer instead of monolayer would in 
principle, lead to a lower intrinsic carrier mobility. 
6. We trust that graphene would provide a greater opportunity for the development of high performance electronic 
devices having shown great potential in the field of transparent conductive electrodes. 
7. Despite the advances in graphene research, obtaining a controlled method on the film size which can produce 
larger crystalline graphene domains is still not available this calls for improvement on graphene growth. 
8. Graphene film grown using camphor precursor shows superior quality than that of the film grown using 
methane at low temperature. Results revealed that camphor precursor is a good alternative to hydrocarbon 
precursors for graphene research. The oxygen present in the camphor molecule is seen to be beneficial for both 
controlling the thickness and passivating Cu substrate during growth. 
9. The properties of graphene-like films are influenced by the synthetic conditions as well as the electrical 
resistance which depends on the ambient conditions. 
10. We can improve the quality of graphene by reducing the thickness of the catalyst used for the growth. For 
example, copper and nickel can be reduced in thickness. The results obtained suggest that the proposed method is 
highly promising for obtaining carbon films, which possess a selective sensitivity to ethanol vapour. 
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