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Graphene’s unique mechanical, thermal and electrical properties make it an important material 

for research consideration. Additionally, the covalently bonded carbon atoms in graphene have 

potential applications in future technologies. Different methods have been proposed to synthesize 

graphene, but chemical vapor deposition (CVD) is the most promising. Chemical vapor 

deposition is recognized as low cost and is the most economical method. In this research, the 

growth of graphene on exfoliated graphene by a chemical vapor deposition method on SiO2 

substrates has been shown as having a good potential to produce vertical stacking of graphene 

layers on top of exfoliated graphene seeds’ flakes. This research will demonstrate experimental 

procedures, analytical techniques and supportive evidence to achieve vertical stacking of 

graphene-grown layers, on top of flakes after using chemical vapor deposition. 
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1-Introduction 

  

 
Graphene is formed by a single layer of carbon atoms in two-dimensional honeycomb lattices 

[34]. 3-D materials like graphite composed of various layers of 2-D materials are produced in 

nature. Accordingly, two dimensional materials in most cases are not considered by researchers 

because of their instability characteristics. These materials are thermodynamically unstable and 

decompose under certain thickness limitations, and the single layers perform only as transient 

states fields [20, 27]. Hence, graphene is considered as a single layer of carbon atoms which are  

hexagonally bonded (see Figure 1), and graphite is included by stacking many graphene layers 

together [21,27]. It is extremely strong considering its low weight, it conducts electricity and heat 

with valuable efficiency, has remarkable mechanical features, and high conductivity field 

properties. Moreover, graphene is considered as a one atom layer thickness of graphite and as the 

fundamental structural of the other type of allotropes such as exfoliated graphene, carbon 

nanotubes, and graphite [5]. 

 

 
 

Fig1: Schematic of graphene 

 

 

http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/Carbon_nanotube
http://en.wikipedia.org/wiki/Carbon_nanotube
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2-Graphene Synthesizes and Characterization  

 

 

2-1-Graphene Motivations  

 

 

Beginning in 2004, graphene changed from an “academic” material title to an important 

material in both applied and fundamental scientific studies. In 2004, free standing graphene 

produced by the technique of mechanical exfoliation was successfully introduced to those fields 

by Novoselov et al. [2]. Based on the Mermin-Wagner theorem [3], graphene previously was 

considered an unstable material because of its thermal fluctuations which would prevent the 

formation of materials with long range scale crystalline orders at specific/finite temperatures 

[4]. The exfoliation technique attracted more interest in research on carbon nanomaterials 

especially after 1991. At the same time, carbon nanotubes (CNTs) were introduced by 

Professor Sumio Iijima [5]. Now, graphene is considered an excellent source of material for 

electronics, sensor devices, and optics. Additionally, interest was ignited in its other unique 

properties such as its optical transparency, high carrier charges mobility, chemical stability, and 

low level of density [47].  

 

These properties of graphene with outstanding configuration, specification, and multiple 

applications have encouraged researchers to investigate various methods for synthesizing 

graphene. In 2004, the first group to work on the “scotch tape” method for exfoliating 

graphene by considering Highly Ordered Pyrolytic Graphite (HOPG) was a Manchester group 

[2]. In this method, graphene is predefined as highly ordered pyrolytic graphite with a perfect 

crystal structure specification. The graphene is produced on a scale of micrometers. 

http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0010
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0015
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0020
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0025
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0010
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Wet chemical exfoliation of graphene was performed via an ultrasonication treatment of graphite 

by using a variety of solvents such as polymer-organic [6] or organic solvents [7] with a surface 

energy matched to the type of desired graphene. This method produces graphene with smaller 

sizes. However, prolonged exposure to signification can cause damage to the graphene structure 

because graphene can be produced chemically from graphite. Graphene oxide (GO) could be 

derived by the Hummers [8], Brodie, or Staudenmaier [9] methods, which are followed by the 

sonication method and the resulting graphene oxide (GO) is dispersible in water.  

This is expanded to the interaction between the oxygen functionalities and the water to the basal 

plane of graphene. Hence, the hydrophobicity of the graphene would be destroyed and transferred 

to hydrophilic function, which means the water would intercalate during mild sonication between 

the sheets of graphene [10]. Methods to reduce GO to graphene have been reported in various 

sources [11]. In addition to sonication, GO can be exfoliated thermally with high temperatures 

and inert conditions. Indeed, the oxygen will oxidize the carbon plane of GO to Co2 and form 

water in some parts. The expansion of gas between the graphene layers would be able to exfoliate 

the graphite [12].  

 

The other volatile substance figures, such as ClF3 [13], are ignited to intercalate the graphene 

sheets. To separate the graphene sheets, thermal shock is useful to volatize them apart from each 

other [27]. Graphene has high electron mobility [22], a breaking strength level 200 times better 

than that of steel [23], a high level of  thermal conductivity [24], and a high opacity that is 

capable of the required substrate in optical microscope standard [25] (see Figure 2) procedures. 

These properties, compared to those of others properties, demonstrate great potential in a variety 

of high-demand fields, including in electronics in cases when graphene is involved in the 

http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0030
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0035
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0040
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0045
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0050
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0055
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0060
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0065
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construction of transistors or integrator circuits [26].  Exploration of graphene’s properties in the 

production of ultra-capacitors with high conductivity is highly desirable [27]. 

 

 

Fig2: Graphene standard optical microscopy image (100 x resolutions)  

 

 

2-2-Exfoliation of Graphene  

 

 

The exfoliated graphene method is produced by mechanical exfoliation of a wafer of HOPG 

(see Figure 3). Highly ordered pyrolytic graphite is included in many vertically stacked layers 

of graphene. To achieve the required substrates, a special cutter was used to cut the SiO2 chip 

into smaller pieces and to transfer the exfoliated graphene on the top region. This method has 

been discussed in other research papers. In P. Blake et al., SiO2 with a thickness of 300 nm is 

used as a graphene substrate. Given this thickness, a single atom-layer of graphene should be 

visible under white light to the unequipped eye [25, 27]. The contrast between the substrate 

and the graphene flakes should be highly visible to the unequipped eye, particularly when a 

SiO2 on a Si substrate is considered due to the relative refraction of the Silicon, graphene, 



5 

 

and SiO2 substrate. Hence, Fresnel equations would predict the behavior of light at each 

transition point [25, 27]. The contrast can be used to identify graphene or graphite flakes in 

high-quality conditions. Flakes with more layers of carbon ignited with a darker color can be 

compared with graphene/graphite with fewer layers. As Blake’s research paper shows, SiO2 

with any thickness can be identified as long as the right filter is used. Five to six inches of 

scotch tape was discarded from the whole amount to prevent the tape from being polluted by 

dust in the air. Then, a new piece of scotch tapes was removed and pressed onto the shiny 

surface of the HOPG. The experiment needed to be repeated about ten seconds. After about 

ten seconds the tape was peeled away from the desired substrate and the shiny, thick layers of 

graphite remained stuck to the top substrate surface [27]. 

 
 

Fig3: HOPG wafer for making graphene flakes 
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2-3-Chemical Vapor Deposition Method 

 

In the CVD method, chemical reaction has an important and effective role when compared to 

other types of film deposition techniques such as physical vapor deposition technique (PVD) [34]. 

The schematic of a CVD furnace is shown in Figure 4. The system includes removal of 

completed gas and reactor systems. As long as the chemical vapor deposition is in progress, the 

reactive gas will be fed by the gas and delivered to reactor which includes essential valves. 

Controllers manipulate the rates of passing and mixing units of gas in the system. Also, this 

section is responsible for mixing the variety of uniformed gases before reaching the reactor [34]. 

Furthermore, the heaters provided high temperatures. Eventually, a delivery system removes non-

reacted gases from the system. Although the chemical vapor deposition is not an easy process to 

control, some additional parameters can be used to achieve the best results. Various parameters to 

consider during deposition techniques are pressure, temperature, and length of the reaction [34].  

 

 
 

 

 

Fig 4: Schematic of a tube’s furnace in a CVD system [34]. 
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In a chemical vapor deposition process (see Figure 5), the kinetics of gas and chemical reactions 

are considered to be the most complicated parts in the convection system. According to fluid 

dynamics, the diffusion of reactive parts from the substrate or into the substrate is not an easy step 

to manage for each boundary layer. The formation of non-uniform thickness happens above the 

substrate. Hence, diffusion usually happens in the slower of two regions, such as in thick 

boundary layers, and sections of deposition may be non-uniform [34].  

 

 

 

 

Fig 5: The process of chemical deposition in the CVD technique. First, the gas diffuses in 

boundary layers. Second, the reactant adsorbs above the surface substrate. Third, chemical 

reactions happen on top of the surface area. Fourth, the results of the reaction will desorbed by 

the surface, and diffusion will occur through the boundary layer [34]. 
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2-4-Raman Spectroscopy  

 

One of the best methods to determine the quantity of graphene layers in a sample is Raman 

spectroscopy. Raman scattering can identify the types of materials in each sample. All materials 

have a scattered light pattern that can be used to analyze wavelength shifts for various materials. 

Raman scattering can identify the types of materials in each sample. When light strikes the 

materials, two types of scattering are possible. The first is Rayleigh scattering and the second is 

Raman scattering. In Rayleigh scattering, the wavelength and photon of a given energy will 

interact with a molecule in the desired material and will raise its state with virtual energy [27].  

After releasing another photon, the molecule returns to the original energy state. Accordingly, the 

molecule also returns to its original energy state after being raised. After the incident photon, the 

released photon remains in the same energy and wavelength. Moreover, Rayleigh scattering, as 

the energy of the photon is conserved and returned, is referred to as elastic process. Eventually, in 

Raman scattering, the photon’s energy and relevant wavelength interact with a material’s 

molecules in the same way as Rayleigh scattering to achieve a virtual energy level. However, 

when the molecule stops belonging to the virtual energy state, it does not drop back down to the 

relevant original state. Instead, there are more chances for it to drop and then to stay above or 

even below the original energy state. Hence, the molecule that drops to a lower state will release a 

photon; although, the energy level of that photon is not comparable with the incident photon. The 

released photon’s energy depends on the final energy state of its molecule. If the original ground 

state is smaller than that of the final molecule’s energy state, the released photon will have a 

lower energy state when compared to that of the incident photon. On the other hand, the longer 

wavelength, referred to as Stoke’s Raman scattering, will considered as a premier incident [27]. 
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The initial state is higher than the final energy state of the molecule; consequently, released 

photons will achieve a higher energy state than that of the incident photon. Then, anti-Stokes 

Raman scattering is used to detect the shorter wavelengths. Since the Raman scattering could be 

considered a formation of inelastic scattering, the energy of the photons is not maintained at an 

inelastic level. A visual representation of the concept of scattering levels and a comparison of 

differences between two elastic/inelastic properties is shown in Figure 6 [27]. 

 

 

 

Fig 6: Different types of scattering [27]  

 
For both Anti-Stokes and Stokes Raman scattering, energy removed from or transferred to the 

photon is connected to phonons and to the lattice vibrations of the material. Thus, there are 

some limitations to consider when changing photon energy state, frequency, and relevant 

wavelength.  
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The frequency shifts are different for each material. In scattered photons, shifts in the 

frequencies’ measurements can shed light on the identity of the material type. Actually, the 

shift depends on the energy of the molecule’s modes spacing. Also, the polarizability process is 

related to molecules’ bond lengths and those with shorter bonds are harder to polarize [27].  

 

In solids’ crystalline aspects, modes are identified by the crystal structure to track the relevant 

polarization source and scattered light. The molecule will begin to vibrate if the polarizability 

of the molecule is starting to change which induces a dipole moment. Thus, unfixed 

conjunction polarizabilities produce Stokes and anti-Stokes scattering. As a result, all photons 

will be released by oscillating dipole moments. But Rayleigh scattering happens more 

frequently than either the other two types of Raman scattering (Stokes or anti-Stokes Raman 

scattering). Stokes Raman scattering occurs more often than anti-Stokes Raman scattering. But 

the photon energy shift will be the same either in Stokes and anti- Stokes Raman scattering 

shifts [27]. 

 

Due to its form and higher frequency of occurrence compared to anti-Stokes Ramen scattering 

and Stokes Raman scattering, Stokes scattering is used more in Raman spectroscopy 

measurements. Raman spectroscopy also has huge advantages compared to other types of 

spectroscopy, like infrared form. Hence, the non-destructive aspect does not need any sample 

preparation steps or a vacuum system. Thus, results can be produced more quickly and resolve 

maps of the various carbon forms within specific specimen [28], including in solid solutions, 

liquids, gases, and aqueous solutions [27].  
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Moreover, it can used in a wide range of temperatures, pressures [29], and with small samples 

[28]. (See Figure 7) Fiber optic cables have a great potential to be used in transmitting the 

readings necessary for remote testing procedures. Since the incident beams reflect without 

scattering, Raman spectroscopy is not as good of a candidate to analyze metals or alloys. Also, 

it is difficult to measure small concentrations of materials in a mixture because of Stokes 

scattering’s low rate [27].   

 

Raman spectroscopy is helpful to identify the number of layers present in a sample of graphene. 

Raman spectroscopy can provide a more recognizable frequency on multiple small layers of 

graphene and on other types of carbon allotropes like carbon nanotubes or CNTs. This is 

possible by comparing the positions and heights of the “so-called” D΄ and G spectral lines, or 

peaks, from each sample which occurs near the 2700  and 1580 positions in the 

spectra [30, 31]. 
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Fig7: Multi layers of graphene shown by Raman spectroscopy. (D= 1335) [27]  

 

 

At G, the line indicates the quantity of graphene layers in the sample [27]. The single layer of 

graphene has just one single, sharp D΄ peak; however, the higher orders are clearly composed 

of and distinguished by two different peaks. Also, more layers in the sample were shifted to the 

left side of the G shift. Indeed, more than five layers of graphene produce a related spectrum 

that resembles the HOPG forms [21]. It is important to keep in mind that Raman can only 

determine fewer than five or six layers in a sample to satisfy theory concepts [32, 27]. In the 

Raman spectra for monolayer graphene/graphite, the G band is shown at 1582  and the 

G′band appears in the region around 2700  (see Figure 9) [30, 27]. Considering the 

edge region in this type of graphene sample, the result appeared as a “so-called” disorder 

induced in the DD-band and appeared as half of the frequency of the G′ band, which is 

around 1350 , using laser excitation of the graphene sample [31]. 
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Fig 8: Graphene edge result using Raman spectrum [5]. The main features in Raman, the G and 

G′bands are presented. 

 

Clearly, the G band demonstrates double degenerates such as iTO and LO phonon mode. In fact, 

the G′band is the only band coming from the first order of the normal Raman scattering process 

in the desired graphene sample. On the other hand, the G′and D bands come from the second 

order process in graphene. Thus, the G′band is involved in two iTO phonons near the area of 

the KK point and one iTO phonon can clearly be considered as a defect of the D band. Since the 

G′band is almost twice the frequency of the D band, some publications have preferred to call it 

the 2D band (see Figures 8, 9) [27, 52].  
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Although two phonon bands are available in the second order of the Raman spectra, that does not 

indicate a defect or disorder in the graphene sample. To prevent any potential misleading 

connections with any disorder or defects, or confusion with two dimensional features, 

conventional notations such as “G′G′band” are usually used in scientific papers on graphene 

and nanotubes. Also, it useful for other types of notation, such as D′D′band, to signal other 

weak disorder aspects. In this paper, this feature appears in the ∼1620 section [52]. 

 

Fig 9: Graphene Raman shifts [53] 
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2-5-Atomic Force Microscopic  

 

The atomic force microscopic has different parts, such as the cantilever and the probe, for 

scanning surfaces [16]. In the most cases, the cantilever is made by silicon and silicon nitride at 

the nanometer scale. When a tip is located in the desired surface region, the force between the tip 

and the sample causes cantilever deflection based on Hooke's law [16]. In this situation, various 

types of forces like capillary, Van Der Waals, and electrostatic are measured with atomic force 

microscopic instruments [37]. In addition to the various forces and the use of different types of 

probes, additional microscopy types such as scanning thermal microscopy, photo thermal 

microspectroscopy, and scanning joule expansion microscopy, are considered in the microscopic 

field. The other methods are optical interferometers, capacitive sensing, and piezoresistive 

cantilever atomic force microscopic [16]. 

 

The previously mentioned cantilevers are adjusted and provided with piezoresistive elements that 

act as strain gauges. Feedback reactions will adjust the tip to a certain and safe distance for a 

sample. Hence, the distance remains a secure constant force between the tip and the sample’s 

surfaces [17, 18]. Generally in most AFMs, the tip or sample is placed on three piezo crystals that 

are responsible for scanning in three main directions (x, y, and z) [17] . In 1986, the atomic force 

microscopic was invented and new type of piezoelectric scanners and tube scanners were 

introduced to use in scanning tunneling microscope (STM) instruments for surface imaging at the 

atomic scale [18] . Later, tube scanners were added into AFMs. The tube scanner moves the 

sample by adjusting a single piezo tube with an interior contact and four different external 

contacts in the main three directions [17].   

 

http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Silicon_nitride
http://en.wikipedia.org/wiki/Hooke%27s_law
http://en.wikipedia.org/wiki/Hooke%27s_law
http://en.wikipedia.org/wiki/Scanning_thermal_microscopy
http://en.wikipedia.org/wiki/Photothermal_microspectroscopy
http://en.wikipedia.org/wiki/Photothermal_microspectroscopy
http://en.wikipedia.org/wiki/Scanning_joule_expansion_microscopy
http://en.wikipedia.org/wiki/Capacitive_sensing
http://en.wikipedia.org/wiki/Piezoelectric_sensor
http://en.wikipedia.org/wiki/Strain_gauge
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#Constant_interaction_mode
http://en.wikipedia.org/wiki/Atomic_force_microscopy#cite_note-BinnigQuate1986-3
http://en.wikipedia.org/wiki/Piezoelectric
http://en.wikipedia.org/wiki/Atomic_force_microscopy#cite_note-BinnigSmith1986-4
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There are some advantages and disadvantages for using the tube scanner. The main advantages 

for the tube scanner include better condition for vibration isolation, a clearer result, and a clear 

frequency in the construction of a single crystal when the combination of isolation stage with low 

resonant frequency is more important [16]. But the disadvantage is that the x-y movement can 

cause unwanted z motion in the distortion step. Since the AFM is monitored in various modes and 

depending on the application process [17], the probe is counted as one the most important 

measurement devices in AFM instruments. The AFM probe has a sharp tip at the end of a free 

swinging area and a cantilever sticking out from a holder plate [19]. The cantilever’s dimension is 

measured in micrometers and Atomic Force Microscopic probes are produced by MEMS 

technology [17]. 

 

 

 
 

Fig 10: Schematic of beam detection in AFM [19, 16] 

 

 

 

http://en.wikipedia.org/wiki/Atomic_force_microscopy#cite_note-BinnigQuate1986-3
http://en.wikipedia.org/wiki/Cantilever
http://en.wikipedia.org/wiki/Atomic_force_microscopy#cite_note-5
http://en.wikipedia.org/wiki/Cantilever
http://en.wikipedia.org/wiki/Microelectromechanical_systems
http://en.wikipedia.org/wiki/Microelectromechanical_systems
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Clearly, atomic force microscopic has more advantages compared to those of a scanning electron 

microscope (SEM). A scanning electron microscope provides 2D images of a sample and an 

atomic force microscopic provides 3D/three-dimensional images [33]. Investigating the sample 

profile by AFM does not require any specific treatments, such as metal or carbon coatings, on the 

desired surface substrate. Also, AFM produces only a single scan image and scanning speed is 

limited. Hence, the limitations will not be limited to nonlinearity or piezoelectric creep [31] and 

the whole process must be monitored by special software [17, 38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Scanning_electron_microscope
http://en.wikipedia.org/wiki/Scanning_electron_microscope
http://en.wikipedia.org/wiki/Scanning_electron_microscope
http://en.wikipedia.org/wiki/Atomic_force_microscopy#cite_note-analytical1995-31
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3-Proposed Research 

 

3-1- CVD Growth of Graphene by Using Transitional/Catalyst Metals  

 

Typically, the formation of graphene on transition metals by chemical vapor deposition happens 

based on a two-step mechanism. The first step is the dissolution or dilution of carbon into the 

metal source and the graphene is formed through a fast cooling process. This step is also known 

as the segregation process. Consequently, CVD is an easier method to obtain graphene with the 

desired growth features. Chemical vapor deposition is known to be produced by the 

decomposition of carbons, hydrocarbons or even polymers when heated metal sources are used as 

catalysts. For graphene growth purposes, various types of metals such as Ni, Pt, Cu, Ru, and Ir 

are used as catalysts. The number of graphene layers is monitored by the thickness and the type of 

catalyst. Also, the size of the graphene is related to catalyst size.  

 

According to Blakely’s group [39], the segregation of graphene on Ni surface involves 

heterogeneous composition in a thermal equilibrium process related to the relevant phase diagram 

region. In the precipitation region, the non-homogeneity corresponds to the equilibrium phase 

separation [40]. Further investigation by the authors showed that monolayer graphene with a 

specified segregation in the initial step is continued by graphite formation precipitation [41]. As 

Figure 11 indicates, the hydrocarbon molecules chemisorb on the metal surface (step 1) and 

dissociate in the dehydrogenation region (step 2). Then, the dissolute carbon adatoms will diffuse 

into the bulk metal surface (step 3). Clearly, the chemical absorption is ready to serve an electron 

associated with the empty d-shell of the transition metals.  

http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0075
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0080
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0085
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As long as, the concentration of carbon adatoms in the bulk metal is in progress, the segregation 

process either will begin to achieve the nucleation threshold or reach the cooling step to decrease 

carbon solubility in the bulk metal. In the next step, the diluted carbon adatoms diffuse to the 

metal surface (step 4). Then, the segregation process for graphene formation is completed (step5). 

But it is necessary to keep in mind that the segregation process does not stop until the 

concentration of carbon in the bulk metal reaches the equilibrium stage [42].  

 

The nucleation and equilibrium concentrations have different reactions in various operational 

conditions. The precipitation mechanism is applied to explain graphene formation for most types 

of transition metals [43]. 

 

 

 
 

 

 

 

Fig11: The formation of graphene on Ni and Cu [43]. 

 

 

 

 

 

 

Bulk Growth  Surface Growth  

http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0090


20 

 

Copper has a very low carbon solubility; consequently, the surface would need to be covered with 

a better deposition of the graphene growth mechanism. The growth would start after the 

hydrocarbon dissociation process and stop after the hydrocarbon supply source (see steps 1 and 2 

in Figure 11 ). For example, temperature-programmed growth (TPG) is different from chemical 

vapor deposition. In the TPG method, the hydrocarbon is defused to the transition metal at room 

temperature. The empty d-shells in transition metals are the main source for hydrocarbon 

absorption. After heating up the hydrocarbon source, decomposition and nucleation of graphene 

growth happens at the appropriate temperature. The size of graphene produced with the TPG 

method is smaller than the graphene size produced by the CVD method. The different sizes of 

graphene growth depend on growth temperature conditions and the size ranges between 

nanometers and hundreds of nanometers [44]. Among all catalysts or metals considered for 

graphene formation, nickel and copper have the best potential to synthesize graphene growth even 

at large scales, but more research is needed to achieve controllable synthesis, better fabrication, 

size, and quantity of graphene’s layers. These assumptions can be better understood if the 

graphene growth mechanism, growth kinetics, and limitation steps are clarified with a new 

generation of catalysts and growth processing procedures. Reusing catalysts and demonstrating 

effective separation skills to producing more graphene at lower costs and at reasonable 

production scales [15]. 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0008622313012281#f0005
http://www.sciencedirect.com/science/article/pii/S0008622313012281#b0100
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3-2- CVD Growth of Graphene on SiO2 Substrates Using Evaporated Metals  

 

Using evaporated metals or a transfer-free technique is considered one of the main methods to 

synthesize graphene directly onto SiO2 substrates. Carbon is diffused through a layer of catalyst 

metals such as Ni, Cu, Co, Au, etc. As discussed above, Chemical Vapor Deposition is also a 

sufficient method to fabricate graphene with a controlled thickness on metal substrates [48]. For 

the next step, the achieved graphene films need to be removed from the metal substrates and 

transferred to enclosed substrates for further processing [49]. In the evaporated metal method, the 

bilayer graphene is formed directly on wrapping substrates, without employing any further 

transferring process. The solid carbon source is deposited between metal layers and wrapped onto 

the substrates. Finally, the bilayer of graphene is obtained at 1000°C [50].  

 

For example, in the case of using nickel (Ni) as the evaporated metal source (see Figure 12), the 

carbon between the nickel and insulating substrates will penetrate into the nickel film. The 

graphene growth is formed on the top and bottom surfaces of the nickel metal after the cooling 

process. The formed graphene growth layers can appear as multi-layers and bilayers of graphene. 

To achieve the carbon source bilayer graphene on top of a nickel surface, carbon diffusion needs 

to form between the insulating or enclosing substrates and the nickel layers [47].  

 

Carbon can be provided by various sources such as solid polymer films of poly methyl 

methacrylate (PMMA), acrylonitrile butadiene styrene (ABS), high impact polystyrene (HIPS), or 

a flow of methane gas on top of the nickel layers. The desired result is achieved by an annealing 

process under Ar and H2 gas flows at high temperatures of around 1000°C.  
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Thus, the carbon decomposes and diffuses into the evaporated metal layer (as in the Ni layer) and 

is placed on both sides of the nickel surface during the final formation, cooling, and annealing 

steps. The etchant region will be removed from the nickel surface and the bilayer graphene 

growth obtained directly on the SiO2 substrates [47]. 

 

Fig12: Sketch of the graphene growth from carbon as a solid source [36].  Nickel film is 

thermally evaporated on top of a SiO2 substrate [47]. 

 

Copper can also be used as an evaporated metal source to receive graphene growth and graphene 

can be expanded over the surface by controlling the temperature range between 875 and 1000 °C. 

The method does not require the precipitation of metal on top of a polymer film. In addition, the 

graphene grains are associated and related to the copper grains. Consequently, graphene grain 

size could be increased by controlling the copper grain size [51].  

 

https://www.google.com/search?biw=1385&bih=777&q=define+precipitation&sa=X&ei=muy0U8CVLcPpoASujIFo&sqi=2&ved=0CCoQ_SowAA
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3-3- CVD graphene growth by Exfoliated Graphene on SiO2 substrate 

The mechanism growth of graphene on mechanically exfoliated graphene by chemical vapor 

deposition method is considered to be “surface adsorption” rather than bulk diffusion because of 

the short diffusion length [8]. To improve the quality of the graphene, various growth factors 

have been identified including the ratio of gas feeding, temperature growth, and pressure 

measurements [9, 10]. Additionally, the grain boundaries and exfoliated areas including corners, 

tops, and bottoms play an important role in nucleation seeds and the formation of large scale 

graphene growth on SiO2 substrate by the CVD method. To achieve graphene growth from 

exfoliated graphene seeds directly on SiO2 substrate by the CVD method, various transition 

metals are eliminated under different circumstances. Initial formation of graphene flakes may 

grow near exfoliated graphene grain boundaries, different magnifications surface areas, and tops 

and bottoms of intentionally exfoliated flakes. 

4-Experiment 

4-1-Cleaning the SiO2 Substrate 

 

 The SiO2 substrate is cut into 1-inch by 1-inch squares and each square of substrate is rinsed 

with acetone to dislodge and remove any large particles on the surface. The SiO2 substrate is then 

placed into a beaker containing acetone solution for 5 minutes.  Acetone is used as the main 

cleaner to ensure the removal of any organic compounds or ionic salts that may be present on the 

SiO2 substrate prior to the exfoliated graphene and further growth processes. Then, the SiO2 is 

removed from the acetone container and rinsed with isopropyl alcohol to remove any residual 

particles of acetone that may remain. Acetone will remove the remaining compounds from the 
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surface. The substrate is then dried with a nitrogen gas flow. Nitrogen gas is the main source to 

dry the surface because it is a non-reactive gas. Moreover, the Nitrogen is able to eliminate any 

chance reactions due to the isopropyl alcohol. 

   

The other approach to achieve a clean surface is to use Piranha solution. Piranha etches use 

hydrogen peroxide (H2O2) and sulfuric acid (H2SO4) to clean organic residues from the desired 

substrates. Since the mixture is a strong oxidizing source, it can also remove most organic 

textures. Piranha acid is a 3 to 1 mixture of sulfuric acid to a 30% hydrogen peroxide solution. 

Piranha etch is dangerous and should be used in safe conditions. Piranha solution is corrosive and 

a powerful oxidizer. To prepare the SiO2 substrate, the surface is cleaned by Acetone to remove 

all organic solvents. Then, the surface is washed with piranha solution [53, 55].  

 

Piranha solution is produced by adding hydrogen peroxide to sulfuric acid and the mixture 

process should be done very slowly. The heat of the final solution could reach temperatures 

higher than 95°C. The hot and bubbling solution will clean organic compounds from substrates 

and hydroxylate surfaces [54, 55]. The cleaning process for SiO2 substrates takes 3 minutes. 

Then, the substrate is removed from the solution. For best results, the SiO2 substrate was cleaned 

for 1 minute and 15 seconds. After placing the cleaned substrates in Acetone for 5 more minutes, 

the SiO2 substrates were dried with a nitrogen gas flow.  Once the substrate is dried, it is ready 

for the placement of the exfoliated graphene on its top surface. All substrates were investigated 

by optical microscopic to choose those with the best conditions. In some disposal cases, the 

Piranha acid caused too many corrosive defects on the top of the SiO2 substrates [55].   

 

http://en.wikipedia.org/wiki/Hydrogen_peroxide
http://en.wikipedia.org/wiki/Sulfuric_acid
http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Oxidizing_agent
http://en.wikipedia.org/wiki/Organic_compound
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4-2- Exfoliated Graphene  

 

After cleaning the SiO2 substrate, the layers of graphene from the HOPG wafer were exfoliated 

onto the surface. First, the layers of HOPG were peeled away by 3M sticky tape. Then, two layers 

of tape were pressed together several times until the graphite sheets remained on the sticky side of 

the tape. The final result was large portions of non-shiny graphite layer/layers. The ideal situation 

is to achieve a region with less glue residue than on the SiO2substrate. Although, the tape residue 

does not have a serious effect on the quality of the graphene flakes, it would make it hard to find 

the desired flake regions on the SiO2 substrate [27]. Then, the shiny side of the SiO2 substrate 

was placed on the regions with flakes with a tweezer and pressed into place for several seconds. 

The substrate was removed from the sticky tape and the sample was ready for the next step. This 

process was repeated for each SiO2 substrate. Additionally, the dull graphite region could be used 

for producing various substrates (see Figure 13) [27].  
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Fig 13: Exfoliated graphene technique. “Scotch” tape is pressed to the HOPG and folded 

several times. 

 

 

 
The SiO2 sample was placed underneath the optical microscope to identify graphite flakes. The 

transferred flakes were captured by a built-in color camera in the Raman spectroscopic 

instrument (see Figure 14). Various regions were investigated to find one layer or multi layers 

of graphite flakes. Different flakes and layers appeared in different colors during the 

observation process. The multi layers flakes indicated that few carbon layers were present in 

that specific region. On the other hand, the Raman spectroscopic results revealed a number of 

carbon sheet layers [27].  
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Fig14: Graphite flakes result using optical microscope (10 x resolutions) 

 

 

The desired flake was analyzed (see Figure 10) to investigate the desired region. Then, the 

spectrometer was closed, the light turned off, and the barrier opened so that the sample was 

struck by a laser beam [17].  The process readings were sorted by computer program. All 

surface data were combined to produce Raman shifts. The final spectrum, structural information 

of desired peaks, and data were characterized by Lorentz distributions analysis. Finally, the 

result identified the number of graphene layers in each flake sample [27]. 

 

 

 

 

 

 

       SiO2 Substrate  

  Graphite Flakes 

        (Bulk) 

     Tape Residue 

          Multi-Layer  

Graphite 
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4-3- CVD Growth Conditions   
 

 

Chemical vapor deposition occurs in low pressure conditions in a tube furnace system. The SiO2 

substrate and exfoliated graphene flakes on the top region were placed into the furnace. The tube 

was sealed at both ends by two stainless end caps. Then, the sample was placed directly in the 

center of the furnace to avoid heat loss at each side of the furnace.  Once the tube is sealed, the 

furnace is evacuated by a rotary pump. A pressure of 5 torr was chosen to remove air during the 

growth process. To achieve the best results, different recipes to synthesize graphene were 

examined.  Below are some selected recipes used to synthesize graphene (see Figure 15):  

 
 

 

 

 
 

Fig15: Different recipes used to synthesize graphene in a CVD furnace 

 Best Recipe 
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Figure 15 shows illustrations of the four recipes which were used during the experiment process. 

The difference in the last three recipes is concentrated in the amount of time used for graphene 

growth and methane gas flow. In the first recipe, an increase in growth speed and deposition was 

observed by changing the methane fellow to 1scc. Then, graphene growth occurred on top of the 

exfoliated regions. In other words, increasing methane fellow provided better conditions for 

graphene growth on top of exfoliated flakes.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 

 

4-4- Results and Discussion 
 

 
 

Figure 16 presents optical images of exfoliated graphene flakes on SiO2 substrate before 

Chemical Vapor Deposition. After choosing the regions to observe in detail, such as those shown 

in Figure 17, the different types of graphene layers on a SiO2 substrate was indicated by 

mechanically exfoliated graphene. Different regions were used to check different layers of 

graphene as well as relevant thickness and roughness by Raman spectroscopy and Atomic Force 

Microscopy. 

 

 

  

Fig16: Optical images of exfoliated graphene regions before CVD. (a) Indicates the considered 

whole flake of exfoliated graphene with a magnification of 10x, (b) shows the same area at 

100x optical resolution for characterizing purposes. 

 

 

 

b  a 
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Then, the laser Raman targets different areas of the exfoliated graphene flakes by considering 

different color shades of graphene and thickness. The result is provided by Raman spectroscopy 

(see Figures 17-19). 

 

 

 

 Fig 17: Laser points on various regions to achieve Raman shifts before CVD growth.  

(c, d, e) Optical Images of bulk, multilayer, and bilayer graphene samples obtained of exfoliated 

graphene on SiO2 substrate before CVD at a magnification of 100x.   

 

 

Fig 18: Raman spectroscopy of graphene synthesis before Chemical Vapor Deposition growth  
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Three captured Raman peaks were of particular interest: the D peak at around 1360 , the G 

peak at ~1580 and the 2D peak at ~2670 . The D peak originates from defects within 

the graphene layer. The G peak’s intensity is due to the number of graphene layers in the sample.  

The 2D peak is the overtone of the D peak and is present even in the absence of any defects. The 

location and shape of the 2D peak are sensitive to the thickness of the graphene. Then, these 

regions were examined by atomic force microscopic before the CVD. The results of the collected 

regions are shown in Figure 19 (a, b, c): 

 

 

 

 

 

 

a 

b 
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Fig 19: (3) AFM images of the exfoliated graphene before CVD growth. (a)The surface and the 

substrate at the edge region, and (b, c) height in different areas. 

 

In order to confirm the possibilities of graphene on exfoliated graphene regions during the CVD 

growth, the desired sample was placed in the furnace tube. The furnace was evacuated to a base 

pressure of 5 torr at room temperature (23 °C) (see Figure 22). Air was removed during the 

process and then 50 sccm of Ar was introduced into the chamber for 40 minutes to replace the air 

before heating the furnace to the annealing/growth temperature of 1000 °C. During all heating 

stages, the flow rate of H2 gas was 5 sccm. After annealing with the same H2 flow rate for 20 

minutes, CH4 was introduced to the furnace at a flow rate of 1 sccm during the growth stage for 

40 minutes.  

c 
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Fig 20: Original images of chemical vapor deposition furnace 

 

After the growth time of 40 min, the flow of CH4 was shut off, and the furnace was allowed to 

cool down naturally with a hydrogen flow of 5sccm and Ar of 50sccm for 40-50 min. The 

sample was removed from the furnace at room temperature and the regions of interest were 

examined with the optical microscope (see Figures 21, 22). 

  
 

Fig 21: Optical images of exfoliated graphene layers/regions after CVD. (a) Indicates the 

considered whole flake of exfoliated graphene with a resolution of 10x, (b) shows the same area 

at 100x optical resolution for characterizing purposes. 

a b 
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Fig 22: Selected same regions to achieve Raman shifts changes after CVD growth. The same 

regions were selected to show the Raman shift changes after the chemical vapor deposition 

process .(1,2,3) Indicate the bulk, multilayer, and  monolayer/bilayer of exfoliated graphene on 

a SiO2 substrate after CVD  at 100x resolution using an optical microscope  

 

To elucidate the morphological dependence more clearly, the CVD graphene growth on top of the 

mechanically exfoliated graphene areas was further investigated. After chemical vapor deposition 

increased, layers of graphene and defects increased on top of exfoliated flakes. For this reason, 

AFM figures are shown to identify the differences (see Figures 19, 24, 25). Also, the different 

shades of color in images captured by optical microscopic are another reason to demonstrate the 

graphene growth mechanism (see Figure 16b, 21a). 
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Fig 23: Raman spectroscopy of graphene synthesis after CVD growth 

 
In Figure 23, the Raman spectrum characteristic depends on the thickness of the graphite film 

identification and identifies the comparison of different layers of graphene after growth. Based on 

transforming on top on exfoliated flakes, increased layers are observed. The multilayer transfer to 

bulk, bilayer, and monolayer after CVD growth changed to multilayer. New monolayer and 

bilayer graphene growths also appeared.  
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Fig 24: AFM images of the exfoliated graphene after CVD growth on edge. The graphene 

growth in some regions happened on the top surface as well as on the vertical and horizontal. 

 

  
 

 

Fig 25: AFM images of the exfoliated graphene after CVD growth in bulk region. The surface 

has become more damaged with different heights in different areas.  

 



38 

 

The Atomic Force Microscope (AFM) image in Figure 25 demonstrates the growth of graphene 

layers on top of the exfoliated graphene surface. After CVD growth, there is evidence of 

increasing density, roughness, and height on top of the exfoliated flakes. Before CVD growth, all 

received data such as Raman spectroscopy and AFM indicated various types of exfoliated regions 

(see Figures 18, 19). Hence, specific regions were investigated to clarify the relevant layers as 

well as the roughness and the thickness of the flakes. The same regions were again investigated 

after CVD growth (see Figures 23, 24, 25). There was clear evidence of increasing roughness and 

stacking growth on top of the exfoliated graphene. A comparison of figures 18 and 23 shows the 

increase of graphene layers by Raman spectroscopy. The same regions were investigated 

throughout the process. Furthermore, all these regions were collected by AFM to compare surface 

roughness and growth process before and after chemical vapor deposition. For this reason, the 

multilayer flakes in edge areas were selected and a 3D AFM demonstrated an increased 

roughness and vertically stacked layers on top of the flakes after the CVD process.  
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5- Conclusion  
 
 

Graphene is a novel material that possesses various desirable properties, and CVD appears to be 

the most promising route for accomplishing graphene synthesis and growth in a scalable way. 

However, the mechanical exfoliation of HOPG is not suitable for mass-producing large-area 

graphene sheets, but is considered as the defect surface to produce more graphene sheets through 

the Chemical Vapor Deposition growth process. The formation of graphene on exfoliated 

graphene through CVD followed a two-step process. The first step was the dilution or 

incorporation of carbon on the exfoliated graphene regions followed by the formation of graphene 

through rapid cooling, also known as segregation, to achieve graphene growth. These results 

show that graphene growth is achieved both before and after CVD as indicated by Raman peaks, 

optical images, and AFM differences. As a result, graphene growth appeared on top of exfoliated 

flakes as vertical stacking layers after CVD growth.  
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