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SUMMARY 

 

 Graphene, a two-dimensional counterpart of three-dimensional graphite, has 

attracted significant interest, due to its distinctive electrical and mechanical properties, 

for developing electronic, optoelectronic, and sensor technologies. In general, doping of 

graphene is important, as it gives rise to p-type and n-type materials, and it adjusts the 

work function of the graphene. This adjustment is necessary in order to control charge 

injection and collection in devices such as solar cells and light emitting devices. Current 

methods for graphene doping involve high temperature process or interactions with 

chemicals that are not stable. Moreover, the process of transferring graphene from its 

growth substrate and its exposure to the environment results in a host of chemical groups 

that can become attached to the film and alter its electronic properties by accepting or 

donating electrons/holes. Intentional and controllable doping of the graphene, however, 

requires a deeper understanding of the impact of these groups. The proposed research will 

attempt to clarify the unintentional doping mechanism in graphene through adsorption or 

desorption of gas/vapor molecules found in standard environments. A low temperature, 

controllable and defect-free method for doping graphene layers will also be studied 

through modifying the interface of graphene and its support substrate with self-assembled 

monolayers (SAMs) which changes the work function and charge carriers in the graphene 

layer. Furthermore, current methods of chemical vapor deposition synthesis of graphene 

requires the film to be transferred onto a second substrate when the metal layer used for 

growth is not compatible with device fabrication or operation. To address this issue, the 

proposed work will investigate a new method for wafer scale, transfer-free synthesis of 

graphene on dielectric substrates using new carbon sources. This technique allows 

patterned synthesis on the target substrate and is compatible with standard device 



 xxxii

fabrication technologies; hence, it opens a new pathway for low cost, large area synthesis 

of graphene films. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

  

1.1. Background 

 Graphene [1-2] is a flat monolayer of carbon atoms arranged into a 2 dimensional 

honeycomb lattice, and is the building block for various forms of carbon materials 

ranging from 0-D fullerenes (C60, C70) to commonplace 3-D graphite (pencil lead). The 

concept of a graphene sheet rolled into 1D carbon nanotubes has attracted vast interest in 

material science and nanoelectronics in the last two decades [3]. Figure 1.1 shows the 

formation of various graphitic structures from graphene. 

 

Figure 1.1. Formation of 0-D (buckminster fullerenes), 1-D (carbon nanotubes), and 3-D 

(graphite) from graphene. Picture taken from [1]. 
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 Graphene has distinctive electrical properties that make it a very powerful 

material for electronic device applications [1, 4-6]. Graphene is a zero-gap semiconductor 

with zero effective mass for electrons and holes. Very low scattering of charge carriers 

and relative temperature independence, even up to room temperature, results in high 

carrier mobility on the order of 200,000 cm2/Vs [7] in graphene. Furthermore, graphene 

can carry an exceptionally large current densities. The breakdown current density of 

some graphene nanoribbon devices is in the range of 108 A/cm2 [8]. These electrical 

properties enabled graphene-based field effect transistors (FETs) to operate in the 155 

GHz regime, showing its potential to be used in integrated circuits [9].   

 

Figure 1.2. (Left) Schematic view of a top-gated graphene transistor on diamond-like 

carbon substrate. (Right) This graphene wafer contains more than 22,000 field effect 

transistor (FET) devices and test structures. Pictures taken from [9]. 

 
 Graphene is highly transparent; it absorbs 2.3% of white light. Falkovsky [10] 

showed that reflectance from the monolayer is determined for the infrared region by the 

intraband Drude-Boltzmann conductivity and for higher frequencies by the interband 

absorption. At low temperatures and high carrier densities, the reflectance from 

multilayers has a sharp downfall with a subsequent plateau. These features are caused by 
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the excitations of weakly damped waves in conditions of direct interband electron 

transitions [6].  

 High electrical conductivity, low sheet resistance, and good transparency make 

graphene a potential candidate for primary transparent conductive electrodes in 

applications such as touch screens, [11] liquid crystal displays, [12] organic photovoltaic 

cells (OPVs), [13-14] and organic light-emitting diodes (OLEDs), [15] or as an interface 

modifier to improve charge injection or collection in devices [16-17]. Figure 1.3 shows a 

graphene-based touch-screen panel. Multi-layer graphene (MLG) films were applied as 

transparent conductive electrodes in organic photovoltaic devices (OPVs), and this 

resulted in a power conversion efficiency (PCE) of ~ 1.3%. The PCE was further 

enhanced when a hole-blocking TiOX layer was inserted in the device as shown in Figure 

1.4. 

 

Figure 1.3. (Left) assembled graphene/PET panel showing outstanding flexibility. 

(Right) A graphene-based touch-screen panel connected to a computer. Picture taken 

from [11]. 

 

Figure 1.4. Schematic diagram of the photovoltaic device structure with multi-layer 

graphene (MLG) electrodes and a hole-blocking TiOX layer. Picture taken from [13]. 
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 The electrical properties of graphene are also sensitive to the adsorption and 

desorption of gas molecutles, making it very attractive as a detector material for gas 

sensors [18-20]. Improvements in the effectiveness of reduction methods to form 

graphene layers from graphite oxide opened a door to a wide range of possible 

application, one of which is for chemical sensors. Due to high conductivity in single layer 

graphene, any adsorption of gas molecules is detectable through measuring the change in 

resistance; this change is detectable at room temperature. Jesse Fowler et al. [21] reported 

on the development of a new graphene-based chemical sensor. Figure 1.5. shows an 

interdigitated planar electrode array in which graphene is produced using spin coating of 

hydrazine dispersions. The sensor response is consistent with a charge transfer 

mechanism between the analyte and graphene with a limited role for the electrical 

contacts, as shown in Figure 1.5.  However, these sensitivity of graphene to the exposure 

of gas species normally found in the environment also make the control of electrical 

properties more difficult due to potential variability with changes in the surrounding 

environment. 

 

 

Figure 1.5. (Left) Micro hot plate (MHP) sensor showing interdigitated electrodes 

layered over heated leads. (Right) Four-point interdigitated electrode sensor.  
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 Graphene sheets have been produced mainly by exfoliating graphene flakes from 

bulk graphite and depositing them on the SiO2/Si substrate [1-2]. However, the size, 

deposition, and crystalline quality of graphene are not easily controlled. Professor Walter 

de Heer’s group at Georgia Institute of Technology has grown epitaxially graphene sheets 

on SiC(0001) for the first time [22-23]. However the graphene layers have had wide 

variation in thickness, and it is challenging to detach them from the expensive SiC 

substrate. Solution based synthesis of graphene has been developed to produce large-

scale films [24-26]. However, the quality of the graphene synthesized in this way is low 

compared to other methods. To address issues for synthesis of large scale and high 

quality graphene, the chemical vapor deposition  (CVD) method has been introduced to 

grow films on transition metals [27-28]. Current techniques for the CVD synthesis of 

graphene often utilize metal substrates such as copper, [29] nickel, [30] iridium, [31] 

along with gaseous hydrocarbon sources, to form graphene at high temperatures. While 

highly scalable, this methodology has a drawback in that the graphene film needs to be 

transferred onto a different substrate after synthesis, because the metal films used in the 

synthesis are not compatible with the operation of most optoelectronic or electronic 

devices. In addition, polymers and many low cost glass substrates are not compatible 

with the growth temperature of the graphene. In practice, it is difficult to transfer a 

pristine sheet of large area graphene without leaving significant wrinkles, cracks, and 

voids. Thus, routes that can directly synthesize large area graphene films on dielectric 

substrates in a manner that mitigates these challenges are needed.  

 Moreover, the process of transferring graphene from one substrate to another 

often involves exposing the graphene to both aqueous and atmospheric gas environments, 

where a host of chemical groups can become attached to the graphene. These groups have 

the ability to unintentionally dope the graphene and alter the electronic properties that are 

important for most sensor and transistor applications. The variation in mobility and 

charge carrier concentration depends on the donor or acceptor nature of the chemical 



 6 

groups. Controlling the exposure of graphene to these groups provides the opportunity to 

further tailor its electronic structure by altering their concentration. Therefore, 

understanding the mechanism by which CVD graphene is doped with adsorbed oxygen 

and moisture, which are byproducts of the transfer process, is required in order to develop 

appropriate post-transfer treatments for adjusting the presence of these groups on the 

graphene surface to obtain desired electrical properties for the film.   

 As mentioned earlier, due to its peculiar electronic properties, graphene has been 

proposed as a candidate for CMOS and post-CMOS electronics. These remarkable 

electronic properties and the compatibility of graphene with Si lithographic techniques 

promise to simplify the transition to graphene-based electronics. However, in order to 

make electronic applications of graphene realistic, one has to necessarily tune its 

electronic properties, so that, for example, a band gap is introduced. The realization of a 

proper band gap is critical for device performance. In addition, intentional doping of the 

graphene is important, as it gives rise to p- and n-type materials that are important for 

field effect transistor applications. Traversi et al. developed the first integrated circuit (a 

complementary inverter) on graphene as shown in Figure 1.6 [32].  

 

Figure 1.6. Schematic of graphene integrated circuit (complementary inverter). Picture 

taken from [32]. 
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 The key to obtaining a functional integrated circuit using graphene was to change 

the type of one of the transistors from p-type to n-type by Joule heating. An ideal 

graphene transistor is n-type, meaning that electrons pass current, when a positive voltage 

is applied to the gate, but it is p-type when a negative voltage is applied. As explained 

earlier, oxygen and moisture in the air unintentionally dope graphene, making p-type 

transistors. Joule heating was utilized to remove these contaminants from one side of the 

circuit and therefore restore n-type behavior. In this way, two transistors of opposite type 

were integrated on the same graphene sheet. This pair of transistors forms a digital logic 

inverter, a basic building block of CMOS. 

 With respect to optoelectronic device performance, the most attractive features of 

graphene sheets are their high transparency in the visible-light range and their low 

resistivity; these qualities makes graphene an ideal candidate to explore further its 

potential as a transparent electrode. To this end, adjustment in the work function of the 

graphene is necessary to control charge injection and collection in devices such as solar 

cells and light emitting devices. Han et al. have developed extremely efficient flexible 

organic light-emitting diodes (OLEDs) by improving the work function and reducing the 

sheet resistance of graphene films to the level required for electrodes [33]. They 

demonstrated a method to increase the surface work function (WF) using conductive 

polymer compositions. This enhanced WF enabled holes to be injected easily into the 

organic material despite the high hole-injection barrier at the interface between the 

graphene anode and the organic layer. 

 Overall, the doping of graphene films has been studied through electrostatic 

gating, [34] interaction with chemical species, [11, 35] and intercalation methods, [36] 

showing that the variation in mobility and charge carrier concentration depends on the 

donor or acceptor nature of the chemical. However, these methods are not stable and 

usually introduce defects in graphene structure that negatively impact its electronic 
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properties. Therefore, a defect-free and stable method to create p- and n-type graphene 

without degrading the performance of the device is required. 

 

 

 
 

Figure 1.7. (Top) Device structure for flexible OLEDs. (Bottom) Optical image of light 

emission from a flexible fluorescent green OLED. Picture taken from [33]. 

 

 1.2. Goals of the Research  

 The objectives of this study are two folds. First, the goal is to develop a method to 

directly synthesize graphene on a target substrate without requiring a transfer step. This 
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method should be easy to perform, scalable, and allow for uniform or patterned graphene 

films to be formed on the substrate with limited processing subsequent to the synthesis 

step. Secondly, a new approach to modify the interface between graphene and the target 

substrate will be utilized towards the formation of n-type and p-type graphene; the new 

approach will show improved performance over current approaches. This method aims to 

provide a systematic approach to tailor the electronic properties of graphene for p- and n-

type field effect transistors through a defect-free, low temperature process. However, 

intentional and controllable modification of the graphene requires a deeper understanding 

of the impact of chemical groups on its electronic properties induced by the transfer 

process. A vacuum annealing study will be proposed to understand the adsorption and 

desorption of functional groups/molecules on the surface of graphene, and controlled gas 

exposures will be used to reconstitute their makeup on the graphene surface. This will 

give insight into the environmental stability of the doping of graphene layers used in 

electronic applications. The dissertation format will be as follows. Chapter 2 will give 

background information and theory necessary for Chapters 3-6. Chapter 3 will summarize 

the growth and transfer process of CVD graphene films used in this study and the 

corresponding characteristics study before and after transfer of CVD graphene. Chapter 4 

will demonstrate a comprehensive study of the impact of environmental exposure on the 

electronic properties of graphene films. Chapter 5 will elucidate the doping process of 

graphene films and the formation of graphene-based p-n junctions. Chapter 6 will present 

new routes for the synthesis of graphene films using solid carbon source and trace carbon 

dissolved in metals. Finally, Chapter 7 will give a comprehensive conclusion and propose 

future works. 
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CHAPTER 2  

RELEVANT BACKGROUND AND LITERATURE REVIEW 

2.1. PYSICAL PROPERTIES OF GRAPHENE 

 Graphene is a single layer of carbon atoms arranged in a honeycomb structure. 

The s orbital and two of the p orbitals from the second energy level of carbon are 

hybridized to form three hybrid orbitals. This kind of hybridization is called sp2 

hybridization. It has three hybrid orbitals as well as an unchanged p orbital called 2pz. 

The geometric arrangement of these three sp2 hybrid orbitals is in a flat plane with 120 

degree angles between them. The leftover 2pz orbital lies at a 90 degree angle to the 

hybrid orbitals. This kind of hybridization occurs when a carbon atom is bonded to three 

other atoms. All sp2 orbitals form σ-bonds with the sp2 orbitals of the neighboring carbon 

atoms in a single layer graphene. The bonding orbital associated with each �-bond is 

occupied by two electrons (spin-up and spin-down). The 2pz orbital sticks out of the 

plane and forms �-bonds with neighboring 2pz orbitals. Figure 2.1 shows the 

hybridization of carbon atoms in a graphene structure and the formation of σ and π bonds.  

 
 

Figure 2.1. Sp2 hybridization in carbon. (a) and (b) show formation of strong �and � 

bonds in graphene, respectively. 
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 The crystal structure of graphene in Figure 2.2 shows that graphene is made of 

carbon atoms arranged in a hexagonal honeycomb-like structure. It can be imaged as a 

triangular lattice with a basis of two atoms that are shown as red and blue solid dots. The 

two lattice vectors can be written as: 

 

#� = $
� %3, √3'       ,       #� = $

� %3, −√3'                                                                                 2-1 

where a ~1:42 Å is the carbon-carbon distance. 

In the Brillouin zone (BZ), the Dirac cones are located at two corners K and K', which are 

of particular importance. Their positions in the reciprocal space are: 

 

) = *�+
�$ , �+

�√�$,       ,       )′ = *�+
�$ , − �+

�√�$,             2-2 

 

and the three nearest-neighbor (NN) vectors in real space are: 

 

�� = $
� %1, √3', �� = $

� %1, −√3', �� = −#.1,00                                                             2-3 

 

From these vectors, we can construct the Brillouin zone (BZ) by forming perpendicular 

bisectors of these reciprocal lattice vectors. This construction is shown in Figure 2.2, and 

gives a hexagonal BZ, with a few key high symmetry points. The Γ point is at the zone 

center, and there are two inequivalent points at the corners of the zone, labeled by K and 

K'. As will be shown later, these points give rise to the intriguing electronic behavior of 

graphene. The last interesting point is the M point, located midway between points K and 

K' along the zone boundary. 
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Figure 2.2. Honeycomb lattice and its Brillouin zone. (Left) Lattice structure of 

graphene, made out of two interpeneterating lattices: a1 and a2 are the lattice unit vectors, 

and �1, � = 1,2,3 are the nearest-neighbor vectors. (Right) corresponding Brillouin zone. 

The Dirac cones are located at the K and K' points. Picture taken from [37]. 

 

2.2. Electronic structure of graphene 

 P.R. Wallace first calculated the band dispersion of graphene using a tight-

binding method [4]. The Hamiltonian in second quantization form is given by: 

 

H = −t� ∑ %a�,�∗ b�,� + h. c. ' − t�〈�,�〉,� ∑ %a�,�∗ a�,� + b�,�∗ b�,� + h. c. '〈:1,;<〉,�              2-4 

 

where #;,=  (#1,=∗ ) creates an electron with spin σ on site Ri on sublattice A, >1,= (>1,=∗ ) 

creates an electron with spin σ on site Ri on sublattice B, t1 is the NN hopping amplitude, 

and t2 is the NNN hopping amplitude. 

 Making a Fourier transformation of H results in the Hamiltonian in momentum 

space [37], which is given by: 
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H = ∑ *T�a?@@A,�
∗ b?@@A,� + T�b?@@A,�

∗ a?@@A,�+T�.a?@@A,�
∗ a?@@A,� + b?@@A,�

∗ b?@@A,�0,?@@A,�            2-5 

 

where the coefficients are defined as: 

 

BC = −DC *EFGH
EIJ KLM *√N

E HIO, +FPGHIJ,              2-6 

T� = −T� *2eP�R
S?T cos *√�

� AKX, +e�Y?T,            2-7 

Z� = −[� *4 ]^_ *�
� #`a, ]^_ *√�

� #`b, + 2]^_%√3#`b',                                               2-8  

 

This Hamiltonian can be represented by a 2 by 2 matrix and the diagonalization of this 

matrix gives the band dispersion as: 

 

E±%K@@A' = +T�e3 + F%K@@A' − T�F%K@@A',                                                                               2-9 

    
F%K@@A' = 4 cos *�

� AKg, cos *√�
� AKX, + 2cos%√3AKX'        2-10 

 

where "+" applies to the upper band while "-" applies to the lower band. From Eq. 2-9, 

the band structure is symmetric around zero energy if t2 = 0, but the electron-hole 

symmetry is broken and the upper and lower bands become asymmetric for finite t2.  

 The whole band dispersion of graphene is shown in Figure 2.3 with finite t1 and 

t2. The bands near one of the Dirac cones are also shown in the inset in Figure 2.3. This 

dispersion can be obtained by expanding Eq. 2-9 aound the K point, as @̀A = )@@A + hA (the 

vector K is given by Eq. 2-2) with |hA| ≪ )@@A and ignoring the t2 term, since t2 is small 

enough. This approximation results in: 

 



 14

E±%Q@@A' ≈ ±T�e*�m
� Qg,� + *�m

� QX,� + O.Qg� 0 + O.QX� 0                                              2-11  

= ±op|hA| + qrh�s                                                 2-12 

 

 
Figure 2.3. Electronic dispersion in the honeycomb lattice. (Left) Energy spectrum (in 

units of t) for finite values of t and t', with t=2.7 eV and t'=-0.2t. (Right) Inset of the 

energy bands close to one of the Dirac points. Picture taken from [37]. 

 
Equation (2-12) gives the Fermi velocity of the carriers in graphene with a value op  =
�$tu

� ≅ 1 × 10x y _⁄ . Graphene electronic dispersion in Figure 2.3 shows that the carriers 

in graphene are Dirac fermions, which should be described by the Dirac relativistic 

equation. 

2.3. Raman spectroscopy in graphene 

 Raman spectroscopy is a spectroscopic technique used to study vibrational, 

rotational, and other low-frequency modes in a system. It relies on inelastic or Raman 

scattering of monochromatic light, usually from a laser in the visible, near infrared, or 

near ultraviolet range. The laser light interacts with phonons through the excitation and 

relaxation of charge carriers in the system, resulting in the energy of the scattered 
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photons being shifted to higher or lower energies. The shift in the energy of the photons 

is related to the energy of the zone center optical phonon modes in the system. An 

understanding of the phonon dispersion is essential to interpret the Raman spectra. Since 

there are two carbon atoms, A and B, in the unit cell of graphene as illustrated in Figure 

2.2, one must consider 6 coordinates to interpret phonons once they are considered as 

mechanical vibrations in the system. The secular equation to be solved is thus a 

dynamical matrix of rank 6, such that 6 phonon branches are achieved. The phonon 

dispersion relation of the graphene comprises three acoustic (A) branches and three 

optical (O) branches. The modes are associated with out-of-plane (Z), in-plane 

longitudinal (L), and in-plane transverse (T) atomic motions [38].  

 Figure 2.4 shows the phonon dispersion branches of graphene. The three phonon 

dispersion branches, which originate from the Γ-point of the Brillouin zone, correspond 

to acoustic modes: an out-of plane mode (ZA), an in-plane transverse mode (TA), and in-

plane longitudinal (LA), listed in order of increasing energy. The remaining three 

branches correspond to optical modes: one out-of plane mode (ZO), and two in-plane 

modes (TO) and (LO). While the TA and LA modes display the normal linear dispersion 

around the Γ-point, the ZA mode shows a q2 energy dispersion as a consequence of the 

D6h point-group symmetry of graphene [38]. Another consequence of the symmetry are 

the linear crossings of the ZA/ZO and the LA/LO modes at the K-point. 

 Near the zone center (Γ point), the in-plane TO and LO optic modes correspond to 

the vibrations of the sublattice A against the sublattice B, and these modes are degenerate 

at the Γ point. The degenerate zone-center LO and TO phonon modes belong to the two-

dimensional E2g representation and, therefore, they are Raman active modes [39-40]. The 

phonon modes around the K point are especially important, since the D-band and G'-band 

are related to phonon modes in the vicinity of the K point. The LO and LA phonon 

branches meet each other at the K point giving rise to a doubly degenerate phonon [38, 

41-42]. 
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Figure 2.4. Phonon dispersion of graphene showing LO, TO, ZO, LA, TA, and ZA 

phonon branches along the high symmetry direction ΓΜ and ΓK in the BZ. Picture taken 

from [43]. 

  
 The most prominent features in the Raman spectra of monolayer graphene are the 

so-called G band appearing at 1582 cm-1 and the G' band at 2700 cm-1 using laser 

excitation at 2.41 eV[38]. The G-peak (~ 1585 cm-1) is due to first-order Raman 

scattering by the doubly degenerate zone center optical phonon mode, and the G'-peak 

(2680-2700 cm-1) is associated with second-order scattering by zone-boundary 

phonons.[38, 44-46] In defective graphite, the D-peak (1345-1350 cm-1) is due to first-

order scattering by zone-boundary phonons. Since the G' peak approximately occurs in a 

frequency that is twice that of the D peak, {|!~2{~, sometimes it is referred as the 2D 

peak. There are two less important peaks called G* at 2450 cm-1 and D+G at ~ 2940cm-1 

as shown in Figure 2.5. The D and 2D peak positions vary with changes in the energy of 

the incident laser. This is due to so-called double resonance (DR) Raman process that 

results in a dispersive behavior in the frequencies of D and 2D peaks. 

 The double-resonance (DR) process shown in the center and right side of Figure  

2.6 begins with an electron of wave-vector k around K absorbing a photon of energy 

Elaser. The electron is inelastically scattered by a phonon or a defect of wavevector q and 

energy Ephonon to a point belonging to a circle around the K' point, with wavevector k+q, 

where the K' point is relatedto K by time reversal symmetry [36]. The electron is then 
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scattered back to a k state, and emits a photon by recombining with a hole at a k state. In 

the case of the D band, the two scattering processes consist of one elastic scattering event 

due to the defects of the crystal and one inelastic scattering event due to emitting or 

absorbing a phonon, as shown in Figure 2.6. 

 
Figure 2.5. Raman spectra of graphene, showing the main Raman features, the D, G, G' 

(2D). 

  
Figure 2.6. (Left) First-order G-band process and (Center) one-phonon second-order DR 

process for the D-band (intervalley process) (top) and for the D0-band (intravalley 

process) (bottom) and (Right) two-phonon second-order resonance Raman spectral 

processes (top) for the doubleresonance G0 process, and (bottom) for the triple resonance 

G0 band process (TR) for monolayer graphene. Picture taken from [38]. 
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2.4. Review of graphene synthesis 

2.4.1. Mechanical Exfoliation 

 Graphene has been synthesized on metal surfaces under ultra high vacuum 

conditions for many years and has been investigated in a series of studies to yield insight 

into its formation [47-52]. More recently, single flakes of graphene have been isolated 

and transferred from highly oriented pyrolytic graphite (HOPG) to other substrates using 

micromechanical exfoliation. Through repeated peeling of 3-D graphite crystals, British 

researchers, Andre Geim and Konstantin Novoselov, obtained relatively large graphene 

crystals [1-2, 53]. The interlayer spacing in graphite is 3.35 Å. It is reported that the 

exfoliation energy for pyrolytic graphite is 61 meV/C atom [54]. It has been estimated 

that a 1-nm square of graphene contains about 38 carbon atoms and the separation energy 

of two 1 nm squares of graphene is over 2 eV. A top-down approach using a 

micromechanical cleavage technique is applied to overcome this energy. Peeling small 

masses of HOPG makes a fresh surface of layered crystal which, when rubbed against 

another surface, leaves a variety of flakes attached to it. Within this process, 

unexpectedly, a single layer was found using an adhesive tape applied to the graphite as 

shown in Figure 2.7. 

 

 
Figure 2.7. Single flakes of graphene have been isolated and transferred from highly 

oriented pyrolytic graphite (HOPG) to other substrates using micromechanical 

exfoliation. 
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 Graphene mechanical exfoliation has sparked significant research interest due to 

the distinctive electronic structure and physical properties observed [1-2, 53]. However, 

this method of obtaining graphene leads to a random deposition of small graphene flakes 

with both low surface coverage and low reproducibility. Many applications require the 

synthesis of large area graphene films on insulating substrates, and this has motivated the 

search for other techniques. 

2.4.2. Epitaxial Growth 

2.4.2.1. Epitaxial growth on silicon carbide  

 Considerable efforts to synthesize large-area high quality graphene films have 

been made in recent years. Epitaxial growth from single crystal SiC has been the target of 

intense research due to the high quality of the graphene films that form on SiC substrates 

for electronics applications. A SiC substrate can be reduced to graphene through heating 

at high temperatures, usually more than 1100℃ r22-23s. This system is composed of 

several graphene layers, of which the first layer is electron doped, due to the built-in 

electric field at the SiC-graphene interface, and the other layers are essentially undoped 

[22-23, 55-56]. Epitaxial graphene shows quasi-ballistic transport and long coherence 

lengths. In contrast to exfoliated graphene, the quantum Hall effect is not observed in 

high mobility epitaxial graphene. It appears that the effect is suppressed due to the 

absence of localized states in the bulk of the material [2, 22]. Epitaxial graphene can be 

patterned using standard lithography methods and characterized using a wide array of 

techniques [22-23]. These favorable features indicate that interconnected room 

temperature ballistic devices may be feasible for low dissipation high-speed nano-

electronics. Ultrathin epitaxial graphene is synthesized on the silicon-terminated face of 

single-crystal 6H-SiC by thermal desorption of Si as shown in Figure 2.8.  
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Figure 2.8. The confinement controlled sublimation (CCS) method. (A) SiC wafer in 

UHV: Sublimed silicon is not confined, causing rapid, nonequilibrium graphene growth. 

(B) The CCS method: sublimed Si gas is confined in a graphite enclosure so that growth 

occurs in near thermodynamic equilibrium. Growth rate is controlled by the enclosure 

aperture (leak), and the background gaspressure. (C) Photograph of the induction furnace. 

(D) Under CCS conditions few layer graphite (FLG, from 1 to 10 layers) grows on the Si 

terminated face, and multilayer epitaxial graphene (MEG, from 1 to 100 layers) grows on 

the C terminated face. Picture taken from [57]. 

 
 First, SiC substrate was treated by oxidation or H2 etching. Then, samples were 

heated up to 1000℃ by electron bombardment in ultrahigh vacuum to remove the oxide. 

Finally the sample was heated up to 1250℃ to 1450℃ for 1-20 minutes [22].  Monolayer 

and bilayer graphene on the Si-terminated face, and multilayer graphene on the carbon 

face, have been synthesized [57-58]. Electron mobility on the order of 15000 cm2/Vs has 

been obtained in FETs using epitaxial graphene grown on SiC substrates [23]. 
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Researchers at IBM have made a transistor with a cut-off frequency of 100 GHz using 

epitaxial graphene [59].  

 
Figure 2.9. Image of devices fabricated on a 2-inch graphene wafer and schematic cross-

sectional view of a top-gated graphene FET. Picture taken from [59]. 

 
It is believed that the device can be further miniaturized and optimized so that it could 

soon outperform conventional devices made from silicon. Figure  2.9 shows an image of 

devices fabricated on a 2-inch graphene wafer and a schematic cross-sectional view of a 

top-gated graphene FET. The transistor could find application in microwave 

communications and imaging systems. However, this method is limited in terms of the 

production of large area graphene films due to the expense and the limited size of SiC 

substrates. In addition, this method is not amenable to the production of graphene for use 
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on other substrates, since it is challenging to detach graphene from the SiC [23, 55, 58]. 

Furthermore, the bonding between the bottom graphene and the substrate affects the 

properties of carbon layers. 

2.4.2.2. Epitaxial growth on metals 

 Sutter et al. [55] developed a method based on the epitaxial technique to 

overcome the shortcoming of epitaxial method on SiC which produces arrays of 

macroscopic single-crystalline graphene on ruthenium (0001). In this way, while the 

bottom graphene layer interacts strongly with the surface, the layer up is strongly 

detached and only a weak electronic coupling exists there. This allows graphene to have 

free-standing behavior. In this method, carbon atoms are absorbed within the ruthenium 

by heating the entire sample up to 1150℃. Then, the sample is cooled down to 850℃ 

causing some of the absorbed carbon atoms to rise up to surface. Islands of about 100 

micrometers formed dotting the entire surface. Finally, these islands grow to cover the 

entire surface and the second layer forms after reaching 80 percent coverage. Later 

iridium is used as another substrate to form graphene. Although, the graphene grown on 

iridium was uniform in thickness and can be made to be highly ordered, it is slightly 

rippled which may result in the generation of minigaps in the electronic band-structure. 

Figure 2.10 shows the morphology of epitaxial graphene on Ru (0001). 

2.4.3. Reduction methods 

 To address the shortcomings with epitaxial and exfoliation methods, several 

techniques have been developed to deposit graphene films onto a variety of substrates, 

including the chemical reduction of solution deposited graphite oxide (GO) films [25, 60-

63] and liquid phase exfoliation and solution deposition of graphite [24, 26, 56].  
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Figure 2.10. Morphology of epitaxial graphene on Ru(0001). (Left) UHV-SEM image of 

a large area of the Ru(0001) surface after first-layer graphene growth. (Right) UHV-SEM 

image of a group of second-layer graphene islands. Picture taken from [55]. 

 

2.4.3.1. Reduced graphene oxide (RGO) 

 Stankovich et al. [64] focused more on characteristics of traditional hydrazine-

reduced graphene oxide (GO). After oxidizing using the Hummer's method in sulfuric 

acid/potassium permanganate solution and reducing with hydrazine, the researchers 

characterized the before-and-after transformation with SEM to show crumpled up sheets 

of the reduced GO [64]. Figure 2.11 shows secondary electron mass spectroscopy (SEM) 

images of reduced GO sheets. 

2.4.3.2. Hydrazine reduction 

 Yang et al. [65] proposed a method for mass production of graphene. They 

developed a method of placing graphite oxide paper in a solution of pure hydrazine, 

composed of nitrogen and hydrogen, which reduces the graphite oxide paper into single 

layer graphene. The coverage of graphene can be controlled by altering the composition 
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of the hydrazine solution. Tung et al. [61] reported a versatile solution-based process for 

large scale production of single layer chemically converted graphene over the entire area 

of a Si/SiO2 wafer. They removed oxygen functionalities and restored the planar single 

sheets by dispersing graphite oxide paper on pure hydrazine. Figure 2.12 shows graphite 

oxide (GO) paper in a glass vial and the resultant hydrazinium graphene (HG) dispersion 

after addition of hydrazine. 

 
 

Figure 2.11. (Left) SEM image of aggregated reduced GO sheets. (Right) A platelet 

having an upper bound thickness at a fold of ~2 nm. Picture taken from [64]. 

 

2.4.3.3. Sodium reduction of ethanol 

 Choucair et al. [66] reported the direct chemical synthesis of carbon nanosheets in 

gram-scale quantities in a bottom-up approach. They utilized sodium metal for reduction 

of ethanol and then pyrolized it. Sodium salts were removed through washing with water. 

The ability to produce bulk graphene samples from non-graphitic precursors with a 

scalable, low-cost approach should take us a step closer to real-world applications of 

graphene. An example of the bulk quantity of graphene product is shown in Figure 2.13. 
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Figure 2.12. Photographs of 15 mg of graphite oxide (GO) paper in a glass vial (a) and 

the resultant hydrazinium graphene (HG) dispersion after addition of hydrazine. Picture 

taken from [61]. 

 
Figure 2.13. Example of the bulk quantity of graphene product. The image consists of 

approximately 2 g of sample. Picture taken from [66]. 

2.4.4. Chemical vapor deposition (CVD): synthesis and transfer 

2.4.4.1. Introduction 

 CVD is one of the easiest methods for the fabrication of large area graphene 

sheets [28, 30, 39]. The key feature of such fabrication is the solubility of carbon in 
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transitional metals such as Ni, Co, Pt, Ir, Ru, and Cu at the typical synthesis temperature 

for graphene (~900 - 1000°C) [28, 30]. Rapid advances in CVD graphene on Ni and Cu 

polycrystalline films have been achieved recently, which have stimulated various 

applications owing to scalability and transferability. In a typical CVD method, a 

hydrocarbon gas such as methane, [29] acetylene, [67] or ethylene [68] was passed 

through the catalyst surface under high temperature, causing the nucleation and growth of 

graphene. Under these conditions, hydrocarbon decomposes and provides carbon atoms 

that diffuse rapidly into the nickel at the growth temperature, and later precipitate to the 

surface to form a graphene layer during the cool down phase of the CVD growth cycle. A 

mixture of various layers has been grown, which can be ascribed to the nonequilibrium 

precipitation of carbon from a Ni substrate, especially at grain boundaries [30]. 

2.4.4.2. CVD on Ni 

 Yu et al. [39] reported an approach to synthesize high quality graphene through a 

segregation process followed by transfer to an insulator substrate. The idea was pioneered 

by Hayes et al. [69] in the 1930s, where they studied graphite segregation at the surfaces 

and grain boundaries of metals. They conducted segregation at high temperatures in an 

equilibrium process. However, during the cool down stage the number of carbon layers 

cannot be preserved at ambient temperature. Therefore, controlling the synthesis 

parameters, especially the cooling rate, is critical to produce thin film graphenes. Figure  

2.14 demonstrates the steps for synthesis of graphene on Ni substrates reported in [39]. 

As the first step Ni foils with thickness of 0.5 mm and purity of > 99 %, from Alfa Aesar, 

were cut into 5 × 5 mm2 pieces and were then mechanically polished. The samples were 

placed in a chamber with protection gas flow, H2 at 100 sccm, for an hour at high 

temperature. In the second step of carbon dissolution, precursor gases CH4:H2:Ar = 0.15: 

1: 2 with a total gas flow rate of 315 sccm were introduced at ambient pressure. Under 
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these conditions, hydrogen molecules decompose at the Ni surface and carbon atoms 

diffuse into the metal. 

 
Figure 2.14. Illustration of carbon segregation at metal surface. Picture taken from [39]. 

 
 The carbon concentration decreases exponentially from surface to bulk material. 

This step takes usually 20 minutes at 1000℃. In the last step, carbon segregation, the 

sample was cooled down mechanically, pushing the sample holder to a low temperature 

area in the presence of an Ar atmosphere. The cooling rate was found to be important in 

the characteristics of graphene formed on Ni substrates. Using Raman spectroscopy this 

difference in carbon characteristics was made clear. Figure  2.15 shows the Raman 

spectra of segregated carbon on a Ni surface with different cooling rates.   
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Figure 2.15. Raman spectra of segregated carbon at Ni surface with different cooling 

rates. Picture taken from [39]. 

  
 Another challenge for graphene synthesis using CVD is the ability to transfer it 

from the growth substrate to other substrates of technical importance. Yu et al. [39] 

employed a wet etching technique to transfer the grown film to an insulating substrate by 

detaching the graphene films from the Ni in HNO3 solution. The process was performed 

using copper grids and was followed by rinsing with deionized water. Another technique 

for transferring graphene films is to use silicon rubber. After growth of graphene on Ni 

layer, a thin layer of silicon rubber was applied on the surface, which was then covered 

by a glass substrate to form a four layer sandwich structure (Ni/Graphen/silicone/glass). 

After curing overnight, the metal substrate was etched away with a diluted HNO3 

solution. Cao et al. [70] utilized the same procedure to synthesize graphene and transfer it 

to insulators for electronic applications. They reported carrier mobility reaching 2000 
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cm2/Vs and phase coherence length over 0.2 µm. This opened many application 

possibilities for carbon-based electronics. Films as thin as ~2 layers and as thick as tens 

of layers of graphene in the sample were reported. The transfer process was conducted 

without any auxiliary or supportive material. A photograph of large-scale graphene films 

transferred to an insulating substrate is shown in Figure 2.16. Changing the growth 

parameters to investigate its influence on the characteristics of CVD-grown graphene 

indicated that medium cooling rates have a high quality crystal structure. Higher intensity 

in the Raman 2-D vs. G peak occurs in graphene having a few (less than four) layers. 

Higher cooling rates result in more layers with defects, and more graphene (less than four 

layers) can be synthesized on smoother Ni substrates. 

 Reina et al. [30] presented a low cost technique via ambient pressure chemical 

vapor deposition (CVD) on Ni substrate. Thin films were e-beam evaporated onto 

SiO2/Si substrates and thermally annealed up to 900-1000℃ in the presence of H2 (500 

sccm) and Ar (600 sccm) gases for 10-20 minutes. During this process Ni grains with flat 

surfaces and sizes of 1-20 µm formed. During the CVD growth constant temperature was 

maintained; CH4 and H2 were maintained, with the flow rate of 5-25 sccm and 1500 

sccm, respectively, for 5 to 10 minutes. Finally, the system cooled down. The transfer of 

graphene films onto a substrate was enabled by the wet-etching process. The film was 

exposed to an aqueous HCl solution after applying a supportive material, for example 

PMMA, on the synthesized graphene. After etching the metal away, PMMA/graphene 

floated over the solution. Finally, PMMA/graphene transferred to desired substrate and 

PMMA was dissolved with acetone to leave graphene film on the substrate. The size and 

the shape of the transferred graphene film depended on the Ni sample size.  
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Figure 2.16. Photograph of a 4 in by 4 in CVD graphene film (a) coated with PMMA and 

floating on liquid after etching off the Cu substrate and (b) transferred on a Si wafer, with 

PMMA removed (arrow marks the edge of graphene and thick black lines on the wafer 

are room ceiling reflections). (c) Representative Raman spectra (c, offset for clarity) 

measured (with a 532nm laser) in a CVD graphene film transferred to SiO2/Si. The 2D 

band can all be fitted by a single Lorentzian, with center ~2680 cm -1 and FWHM ~34 cm 

-1. (d) Raman map of I2D/IG over a 200 µm ×200 µm area, most (99%) of which can be 

associated with monolayer (I2D/IG>2). Picture taken from [70]. 

 
 Kim et al. [28] reported the direct synthesis of large-scale graphene films using 

chemical vapor deposition on thin nickel layers. They presented two different methods of 

patterning the films and transferring them to arbitrary substrates. The growth recipe is the 

same as presented in the literature with some minor changes. The substrate was 

Ni/SiO2/Si with Ni having less than 300 nm thickness. The growth was conducted in an 
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Ar atmosphere at 1000 ℃ inside a quartz tube chamber. The precursor gases were H2, 

CH4, and Ar with 65, 50, and 200 sccm, respectively. The growth lasted for 7 minutes. 

After growth, the system was cooled down rapidly by flowing Ar at ambient pressure to 

maintain a cooling rate 10 ℃/s for better graphene formation. Graphene transfer was 

conducted in two different methods. In a much easier method, a  solution of HF and 

buffered oxide etchant (BOE) was applied to graphene/Ni/SiO2/Si for a short period of 

time; this resulted in separating graphene/Ni from the Si substrate; then, in the second 

stage the graphene/Ni was again exposed to the same solution, causing the graphene film 

to float on the solution. This process can be performed for a long period of time to detach  

Ni/SiO2/Si at once from graphene film. Then, the floating graphene film can be 

transferred by direct contact with substrates.  

 In the second method, a layer of PDMS as a supportive material was deposited on 

graphene/Ni/SiO2/Si. Then, the five layer sandwich structured was exposed to a FeCl3 

solution (1 M) to etch the Ni. The remaining PDMS/graphene was stamped on a 

substrate. Figure 2.17 illustrates the growth and transfer process on Ni/SiO2/Si substrate. 

2.4.4.3. CVD on Cu 

 Cu is a favorable substrate for synthesis of uniform graphene. A large area of 

monolayer graphene, with less than 5% of that having bi or tri-layers, has been produced 

by CVD process on Cu substrate [29]. Graphene was continuous across copper surface 

steps and grain boundaries. It has been reported that the growth of the second layer would 

stop once the catalytic Cu surface was fully covered by one-layer graphene; this would be 

an instance of the so-called self-limiting effect [29, 71]. However, the self-limiting effect 

has not been repeated and is yet not confirmed in the scientific community. Different Cu 

thicknesses were tried and better results were obtained using a 25 µm thick Cu foil. The 

samples were placed in a 22 mm ID fused silica tube heated in a split tube furnace.  
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Figure 2.17. Synthesis, etching, and transfer process for large scale and patterned 

graphene films. Picture taken from [28]. 

 
 Unlike other CVD recipes, growth was conducted under vacuum pressure in this 

method. First, the system was evacuated and back filled with hydrogen. Then it was 

heated up to 1000℃ maintaining a H2(g) pressure of 40 mTorr under a 2 sccm flow rate. 

During growth, after stabilizing the temperature at the same temperature, CH4(g) with the 

flow rate of 35 sccm was introduced for a desired period of time at total pressure of 500 

mTorr. Finally, the furnace was cooled down to room temperature. This recipe is depicted 

in Figure 2.18. 

 Graphene films were removed through two methods. In the first method, graphene 

was placed in a Fe(NO3)3 solution, with 0.05 g/ml iron nitrate, overnight, which caused 

Cu to be dissolved. In the second method, a layer of PDMS was applied on graphene as 

an auxiliary layer to form a three layer sandwich structure: PDMS/graphene/Cu. Then, 

the sample was placed in Fe(NO3)3 solution to remove Cu. PDMS was lifted from the 

graphene using methods similar to those described in the literature. The graphene films 
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were easily transferred using the second method with fewer holes or cracks. Figure  2.19 

shows an SEM image of graphene films grown on Cu and the graphene films transferred 

onto Si/SiO2 and glass substrates. 

 

 
Figure 2.18. Time dependence of experimental parameters: temperature, pressure, and 

gas composition/flow rate. Picture taken from [29]. 

 
 The CVD method allows large-scale production of high quality graphene films on 

flexible copper substrates that can be used in the form of roll-type substrates fitting inside 

a tubular furnace to maximize the scale and homogeneity of the produced films. Bae and 

colleagues [11] reported a cost- and time-effective method to produce 30 inch graphene 

films for transparent electrode applications. They utilized a multiple roll-to-roll transfer 

and wet chemical doping to enhance the electrical properties of the graphene films. 

Figure 2.20 shows the three step transfer of graphene from Cu foil onto a flexible 

transparent substrate. First, graphene was attached to a thin polymer coated with an 

thermal adhesive layer through passing between two rollers. Then, Cu was etched in 
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aqueous 0.1 M ammonium persulphate solution (NH4)2S2O8. Finally, graphene was 

transferred to target substrate through removing adhesive force by heating. Figure 2.21 

presents photographs of the roll-based synthesis and transfer process. An 8-inch-wide 

tubular quartz reactor was used in the CVD system, allowing a monolayer graphene film 

to be synthesized on a roll of copper foil with dimensions as large as 30 inches in the 

diagonal direction. 

 

 
Figure 2.19. SEM image of graphene on a copper foil with a growth time of 30 min. (B) 

High-resolution SEM image showing a Cu grain boundary and steps, two- and three-layer 

graphene flakes, and graphene wrinkles. (C and D) Graphene films transferred onto a 

SiO2/Si substrate and a glass plate, respectively. Picture taken from [29]. 
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Figure 2.20. Schematic of the roll-based production of graphene films grown on a copper 

foil and its transfer to flexible substrate. Picture taken from [11]. 

 
 The saturated solubilities of carbon species at high temperature in Cu and Ni are 

significantly different, with Cu having small solubility with a maximum of ~ 0.04%, 

while Ni has a moderate solubility of carbon close to 2.7%., which may lead to their 

distinct CVD performances for graphene growth [72]. 

 

 
 

Figure 2.21. (Left) Photographs of the roll-based production of graphene films. Copper 

foil wrapping around a 7.5-inch quartz tube to be inserted into an 8-inch quartz reactor. 

The lower image shows the stage in which the copper foil reacts with CH4 and H2 gases 

at high temperatures. (Right) A transparent ultralarge-area graphene film transferred on a 

35-inch PET sheet. Picture taken from [11]. 

 

 Overall, the quality of graphene synthesized using CVD is lower than that of 

graphene grown on SiC through the epitaxial method. For example, the highest mobility 
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measured in CVD graphene transferred on SiO2 substrate without surface treatment is 

3000-4000 cm2/Vs [27], which is an order of magnitude less than that obtained with the 

epitaxial method. However, recent reports indicate the possibility of improvement in the 

properties of CVD graphene through synthesis of large-grain graphene [73]. 

2.4.4.4. CVD using solid carbon source 

 In addition, carbon atoms can also be supplied by the decomposition of a carbon 

containing material, [74] single crystal diamond, [75] C60, [76] or HOPG, [77] in contact 

with the transitional metal catalyst film. Graphene synthesis using a solid carbon source, 

such as a polymer film or small molecules deposited on a metal catalyst substrate, 

provides flexibility in the control of layers that are produced [78-80]. In addition, the 

CVD method is limited to flammable gases, which are difficult to handle and apply the 

technology to the variety of potential feedstocks [78]. The key feature in this method is 

decomposition of polymers upon heating, which provides a carbon source to the catalyst 

through diffusion process. This method has the lowest quality compared to CVD and 

epitaxial methods; however, it is a simple, inexpensive, and safe process. In addition, 

polymers can be easily deposited on any substrate and can be patterned using simple 

lithography.  

 
Figure 2.22. Monolayer graphene is derived from solid PMMA films on Cu substrates by 

heating in an H2/Ar atmosphere at 800 ℃ or higher (up to 1,000 ℃). Picture taken from 

[78]. 
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 Sun et al. [78] reported the growth of monolayer graphene from solid poly(methyl 

methacrylate) (PMMA) film 100nm thick that was spin-coated on Cu as metal catalyst 

substrate. Graphene synthesis was performed under H2/Ar flow rate and low pressure 

atmosphere at a temperature range of 800 ℃ to 1000 ℃ as shown in Figure 2.22.   

 In a similar study Perdigao et al. [76] reported formation of graphene through the 

thermally induced decomposition of C60 in combination with a Ni thin film as depicted in 

Figure 2.23. For buried films the graphene thickness is shown to depend on the fullerene 

dosage, with evidence of domain growth from nucleation sites separated by tens of 

micrometers. 

 
Figure 2.23. Schematic shows formation of graphene from C60 and its transfer to SiO2 

substrate. Picture taken from [76]. 

 
 Recently, the synthesis of graphene films on dielectrics has been demonstrated 

through the surface catalytic decomposition of hydrocarbon precursors on thin copper 

films in which the copper evaporated away during synthesis [81]. However, this 

technique has been used primarily with hydrocarbon gases as a carbon source over small 

samples. The extension of this approach to include solid carbon sources, which provide 

greater flexibility in graphene synthesis, has yet to be demonstrated. Trace amounts of 

carbon dissolved in metals can be another source for graphene synthesis. In a controlled 

environment graphene films can be formed directly on dielectric substrates through a 
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segregation process. This method allows synthesis of patterned graphene for a variety of 

applications.  

2.5. Review of graphene unintentional doping  

 The large surface-to-volume ratio makes graphene extremely sensitive to the 

environment. The adsorption of chemical groups on the surface of graphene has the 

ability to inject or withdraw electrons, creating n-type or p-type doping. These molecules, 

which are adsorbed on the surface, must be controlled in order to create material with a 

specific type of doping. Most importantly, the nature of the adsorption (e.g., chemisorbed 

or physisorbed) will impact the stability of graphene doping. Previous research has 

shown that the doping level in graphene can be modified through adsorption or 

desorption of gas/vapor molecules (e.g., H2O, CO, NH3, etc) [82]. 

Attachment/detachment of molecules changes the local carrier concentration in graphene 

that leads to step-like changes in the resistance. Figure 2.24 shows the response of zero-

field resistivity, � = �
= , to NO2, NH3, H2O and CO in concentrations, C, of 1 part per 

million (p.p.m.). Hall measurements on graphene revealed that H2O molecules acted as 

acceptors, whereas CO molecules acted as donors. 

 In addition, contamination and adsorbed molecules from the ambient air plays a 

significant role in imperfections and large variance in the mobility of graphene-based 

field effect transistors [83]. To achieve desired functionalities, a deeper understanding of 

graphene surface chemistry is required. Moreover, controlled tuning of the Fermi level in 

graphene would be highly desirable in view of the use of graphene in realistic 

microelectronics. The functional groups can also be introduced in the process of 

fabricating graphene-based devices due to exposure to chemicals or any heat treatment 

process. Therefore, understanding their effects on the properties of graphene will help 

researchers to reconsider the device fabrication process.  
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Figure 2.24. Changes in resistivity by graphene exposure to different gases. Picture taken 

from [82].   

 
 As explained earlier, high quality CVD graphene enables the preparation of large 

area films from which transparent electrodes, transistors, and other electronic devices can 

be developed [28-29, 39]. However, the synthesis of CVD graphene often involves the 

removal of the graphene from its metal growth substrate, followed by transfer to a target 

substrate for device fabrication. This process involves exposing the grapehene to both 

aqueous and atmospheric gas environments [71], resulting in the attachment of a host of 

chemical groups to the graphene. These groups can dope the graphene and alter its 

electronic properties. This process is called unintentional doping, as it is a byproduct of 
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the transfer process  and exposure to the environment and the doping level is neither 

controlled or is it the main focus of the process.  

 Oxygen molecules exhibit a variety of chemical reactions with aromatic 

molecules [84-85] and carbon nanotubes [86]. The adsorbed oxygen is a well-known hole 

dopant for carbon nanotubes [87]. In a recent experiment O2 trapped between graphene 

and a SiO2 substrate induced hole-doping [88]. This doping effect can be enhanced in the 

presence of moisture. A common method for desorption of chemical groups, oxygen, and 

moisture from graphene through heat treatment. To this end, thermal annealing has been 

investigated extensively to eliminate contamination and alter the electronic properties of 

graphene [89-90]. Cheng et al. reported that annealing at high temperature brings 

graphene in close contact with the SiO2 substrate it was deposited on and induces 

increased coupling between them [91]. Figure 2.25 shows the schematic of resist removal 

from a graphene surface using vacuum annealing.  

 
Figure 2.25. Thermal annealing removes resist residue on graphene surfaces and brings it 

into close contact with SiO2, inducing increased coupling between them. Picture taken 

from [91]. 

 
 Thermal annealing has activated the ability of diatomic oxygen to accept charges 

from graphene. However, this method induced a pronounced structural distortion due to 

the close coupling of graphene to the SiO2 substrate [88]. Tailoring the electronic 

properties of graphene was performed through controlled heat treatment without 
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degrading its structural properties. The basic cause of these changes is uncertain, and a 

systematic study to understand the mechanisms behind the interaction between graphene 

and the chemical groups bounded to its surface is still lacking and highly desired. 

Furthermore, the variation in mobility and charge carrier concentration in CVD-graphene 

depends on the donor or acceptor nature of the chemical. Therefore, a controlled 

environment for graphene provides the opportunity to further tailor the electronic 

structure by altering the concentration of different dopants. 

2.6. Review of Intentional Graphene Doping and Interface Modification  

2.6.1. Graphene p-doping for transparent conductive electrode applications 

 The extremely high mobility of graphene suggests great potential to be exploited 

for applications in next-generation microelectronics. Control of the carrier density 

towards n- and p-type conductive channels is of importance in fabricating logic devices. 

The conventional ion implantation technique in silicon based FETs induces damage in the 

structure of graphene. In addition, graphene’s zero bandgap raises difficulties for 

controlling electrical conductivity as compared to conventional semiconductors [2]. 

Substituting carbon atoms with foreign molecules showed that it is possible to open the 

bandgap and modulate the carrier types and concentration to make p- and n-type FETs 

[92-95]. In general, doping adjusts the work function of the graphene, which is necessary 

to control charge injection and collection in devices such as solar cells and light emitting 

devices. Shi et al. [96] demonstrated that the work function of graphene synthesized by 

CVD method can be tuned up to 0.5 eV by immersing the films into AuCl3 solution. The 

photovoltaic device based on graphene as an electrode showed 40 times greater 

maximum power conversion efficiency (PCE) due to chemical doping of graphene film. 

A schematic of the graphene transfer, chemical doping, and device fabrication process is 

depicted in Figure 2.26. 
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Figure 2.26. Schematic of graphene transfer, chemical doping, and device fabrication 

process. Picture taken from [96]. 

  
 In addition, chemical doping can further increase the conductivity of graphene for 

transparent conductive electrode applications [11, 97-98]. Gunes et al. [97] proposed a 

new method of layer-by-layer doping of graphene films using AuCl3, as depicted in 

Figure 2.27. Using this method, the sheet resistance of the film decreased up to ~80% 

with little sacrifice in transmittance. This method also resulted in better environmental 

stability for the film due to presence of dominant Au atoms between layers of graphene. 

 The best transparent conductive electrode was obtained by Bae et al. [11] where 

they used HNO3 (70%) to dope CVD graphene films. However, this doping is not stable 

upon exposure to air, and the performance of the electrode will degrade over the time. 

Furthermore, graphene can be readily p-doped through adsorbents from air like oxygen 

and moisture [88-90, 99]. 
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Figure 2.27. The schematic of the layer-by-layer doping CVD graphene with AuCl3. 

Picture taken from [97]. 

 

2.6.2. Graphene n-doping for field effect transistor (FET) applications 

 For n-doping, nitrogen is considered to be an excellent element for the chemical 

doping of carbon materials because it is of comparable atomic size and contains five 

valence electrons available to form strong valence bonds with carbon atoms. Dai and 

coworkers [95] functionalized graphene nanoribbons (GNRs) by nitrogen species through 

high-power electrical joule heating in ammonia gas. The formation of carbon-nitrogen 

bonds confirmed the n-type electronic doping consistent with theory. An n-type field 

effect transistor (FET) device that operates at room temperature was fabricated using this 

method as shown in Figure 2.28.  
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Figure 2.28. FET device e-annealed under high current in NH3 atmosphere indicates 

reaction of GNRs with ammonia. Picture taken from [100]. 

 
 N-doped graphene has been created through chemical vapor deposition (CVD) 

using ammonia [92] and Pyride [101] as nitrogen-doping sources. In a typical CVD 

growth, NH3 (gas) was introduced into the flow as a nitrogen source. Nitrogen atoms 

substantially doped into the graphene lattice when recombination of carbon atoms 

occurred in the CVD process. X-ray photoelectron spectroscopy (XPS) was utilized to 

indicate the presence of nitrogen atoms in the graphene lattice and to establish their 

bonding state. As shown in Figure 2.29, appearance of an N1s peak in the core level 

spectra confirms the presence of nitrogen embedded in the graphene lattice. However, 

this method of n-doping graphene resulted in formation of defects in the lattice, as a 

significant D peak was observed in the measured Raman spectra, as shown in Figure 

2.30. Ammonia plasma [102] and N+ Ion irradiation followed by annealing in ammonia 

and nitrogen environments [94] have been used to modulate the doping concentration in 

graphene flakes.  
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Figure 2.29. (Left) XPS N 1s spectrum of the n-doped graphene. (Right) Schematic 

representation of the n-doped graphene. The blue, red, green, and yellow spheres 

represent the C, “graphitic” N, “pyridinic” N, and “pyrrolic” N atoms in the n-doped 

graphene, respectively. Picture taken from [92]. 

 
 Furthermore, a segregation phenomenon was utilized to turn the trace amounts of 

carbon and nitrogen dissolved in bulk materials to synthesize nitrogen doped graphene 

[103]. However, these processes were performed at high temperatures to "drive-in" the 

dopants. Moreover, doping through chemical treatments is unstable, as physically 

adsorbed molecules will be desorbed under heat or vacuum, as described in the previous 

section [104-105]. Therefore, a low-temperature, defect-free, and controllable method of 

doping of graphene is greatly needed. 

 
Figure 2.30. Raman spectra of graphene shows presence of defect. Picture taken from 

[92]. 
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2.6.3. Graphene interface modification 

 The ease of fabrication and optical contrast has made SiO2 a potential dielectric 

substrate for graphene-based FET devices. However, the performance of these devices is 

limited through charge transfer, adsorbates, and electron phonon scattering. A variety of 

scattering and trapping effects from the substrate can affect the carrier type and density in 

graphene. Therefore, further investigation of a graphene/dielectric interface that ensures 

stable electrical performance of graphene devices is needed [106-108]. In a recent study, 

a hexagonal boron nitride substrate has been used for high quality graphene electronics 

where mobilities as high as 37 000 cm2/Vs were observed which are an order of 

magnitude higher than those of devices based on SiO2 [109]. This suggests that the 

interface between the graphene layer and the substrate is a primary factor in the 

performance of devices made from graphene. Thus, interface modification through the 

use of self assembled monolayers (SAMs) may be a potential method to overcome these 

performance limits on a wider array of substrates and may result in p- and n- type 

graphene. SAMs have been extensively used to enhance the mobility of organic thin film 

transistors and to eliminate the Schottky barrier at the metal semiconductor interface 

[110-113]. It is believed that the ordering of SAMs molecules with molecular dipoles 

produces a built-in electric field on the thin film transistor device, which is superimposed 

on the externally applied gate field. SAMs with fluorine and amine groups have been 

shown to accumulate holes and electrons, respectively, in the transistor channel: These 

properties are understood in terms of the effects of electric dipoles of the SAMs 

molecules, and weak charge transfer between organic films and SAMs [110-113]. A 

buffer layer has been provided between graphene and SiO2 to reduce charged impurity 

scattering and environmentally adsorbed doping effects [114]. This was done by 

controlling the work function of graphene electrodes in the organic field effect transistors 

(OFETs) through functionalizing the surface of the SiO2 substrate with SAMs. NH2-

terminated SAMs induce n-doping while CH3-terminated SAMs neutralize the p-doping 
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affect of SiO2 substrate. Patternability of SAMs provides more flexibility in utilizing this 

idea. Figure 2.31 shows the schematic of patterned SAMs on the SiO2 substrate where a 

silane group is key in binding SAMs to the substrate.  

 

 
 

Figure 2.31. Schematic transfer process of monolayer graphene on patterned self-

assembled monolayer (SAM)-modified SiO2 substrate. (b) Molecular structure of amine 

(NH2)- functionalized SAMs on SiO2/Si substrate. (c) Optical microscope image of 

patterned NH2 SAMs on SiO2/Si substrate. Picture taken from [114]. 

 
 Liu et al. showed that phenyl-alkyl-terminated self-assembled monolayers (SAM) 

on SiO2 improves the CVD graphene FET mobility, hysteresis, and bias stress stability 

[115]. The field-effect mobility of graphene transistors on phenyl-SAM modified 

substrate is ~ 2500 cm2/Vs, which is considerably higher than that of transistors without 

SAM. Charge injection from graphene to the dielectric/graphene interface is the dominant 

reason for the observed hysteresis effect in graphene-based FETs. Applying a SAM 
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between the graphene and the dielectric modifies the interface in such a way that charge 

injection from graphene to the SAM interface will be mostly suppressed. Figure  2.32 

shows the schematic of modified SiO2 in graphene-based FET using phenyl-alkyl-SAM. 

The mechanism of charge injection is illustrated in the bottom left, through the enhanced 

dipole effect induced by SAMs.  

 
 

Figure 2.32. (Top) A general bottom-gated graphene FET structure with phenyl-SAM 

interface engineering. (Bottom) Illustration of the physical mechanisms for the hysteresis 

behavior of graphene FETs. Picture taken from [115]. 

 
 These methods illustrate that the chemical reactivity of a graphene surface can be 

easily tuned by attaching functional groups via SAMs through the formation of dipoles at 

the interface [116-119]. Wang et al. [120] modified the substrate of graphene to adjust its 

work function from -130 to 90 mV with respect to the Dirac point. This corresponds to a 

doped carrier concentration up to 1012 cm-2. Figure 2.33 shows a schematic of graphene 

on bare SiO2, PMMA, and SAMs and the corresponding change in the work function as 

the number of graphene layers changes. 
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Figure 2.33. (Left) Schematic illustration of the chemical modification of substrates. 

(Right) Work function of graphene on various substrates as a function of graphene 

thickness. Picture taken from [120]. 

 
 However, limited research has been done on controlling charge carrier and 

concentration towards n and p-type graphene FETs through functionalizing substrates 

with SAMs. This needs a systematic study to reveal the mechanism by which the 

electrical properties of graphene FETs are affected. Understanding this mechanism 

together with the unintentional doping will help us to propose an easy approach for the 

fabrication of graphene p-n junctions. 

2.7. Review of graphene p-n junctions 

 P-N junctions are the elementary building blocks of most semiconductor 

electronic devices such as diodes, transistors, solar cells, light emitting devices (LEDs), 

and integrated circuits; they are the active sites where the electronic action of the devices 

take place. Due to the zero-gap in single-layer graphene, both carrier type and 

concentration can be controlled through an electrostatic gate, making graphene a 

promising material for semiconductor applications [2, 108]. This electrostatic gating 

allows the development of graphene-based bipolar devices where a junction between 

hole-rich and electron-rich regions, or a p-n junction, can be formed [121-122]. Graphene 
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p-n junctions have already displayed new and exciting phenomena such as Klein 

tunneling [123], where electrons traveling perpendicular to the junction experience zero 

resistance and fractional quantum Hall transport [122]. Such junctions are predicted to 

produce lensing effects for coherent electrons, so called Veselago lensing, where 

diverging electron waves are refocused by the junction [124]. Most graphene junctions to 

date have been fabricated using multiple electrostatic gates, [122] electrical stress-

induced doping, [125] chemical treatment by gas exposure, [126] molecular 

modifications on top of the graphene, [127-128] and modification of the substrate by 

changing the local electrostatic potential in the vicinity of one of the contacts [34]. Yu et 

al. [125] demonstrated doping in graphene through electrical stressing. This doping was 

tunable from n-type to p-type as the electrical stressing level increases. They showed 

formation of p-n junctions on graphene through doping based on locally applied electrical 

stressing. Figure 2.34 shows the schematic structure of a graphene FET device. 

Resistance measurement as a function of gate voltage indicates superposition of two 

separate Dirac points that confirm an energy separation of neutrality points within the 

complementary regions.  

 Chakraborty et al. [129] showed simultaneous p- and n- type carrier concentration 

in a bilayer graphene by varying the longitudinal bias across the channel and the top-gate 

voltage. The gate was applied electrochemically using solid polymer electrolyte. Unlike 

single layer graphene, the drain-source current does not saturate on varying the drain-

source bias voltage. Figure 2.35 shows the schematic of the structure with both top- and 

back- gates. Raman spectra of the bilayer graphene shows characteristics of a 2D peak, as 

four lorentzian curves were fitted to the peak at ~ 2700 cm-1. 
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Figure 2.34. (Left) Schematic of graphene FET device. (Right) Resistance vs. gate 

voltage indicate formation of graphene p-n junction as two separate Dirac points were 

observed. Picture adapted from [125]. 

 
Figure 2.35. Schematic of the experimental set-up showing the top- and back-gate 

arrangement. Raman spectra of graphene showing its characteristic bilayer mode. Picture 

adapted from [129]. 

 However, current methods for electrostatic gating require a number of fabrication 

steps that are complex and not easily scalable. In addition, chemical/molecular doping of 

graphene can degrade the carrier mobility through the introduction of defects, and 

physisorbed molecules may not be stable and may desorb during annealing or 

environmental exposure. 
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2.8. RESEARCH OBJECTIVES 

 It can be concluded from the above literature review that the current methods for 

graphene synthesis have the shortcoming that the films need to be transferred onto an 

appropriate substrate for device applications. The transfer process can introduce defects 

into the graphene that result in a negative impact on its electrical conductivity. The 

reduction of these defects is a key issue that must be solved in order to further develop 

this technology for scaling to large areas with low sheet resistance and high carrier 

mobilities. Therefore, a simple, inexpensive, transfer-free method for graphene synthesis 

is much needed. Such a technique can potentially lead to a large area transfer free method 

to produce graphene on a wide range of dielectric substrates that mitigates the 

aforementioned challenges associated with the transfer of CVD graphene. 

 In addition, this transfer process involves attachment of chemical groups on 

graphene that can unintentionally tailor its electronic properties. A comprehensive 

thermal annealing study to understand the mechanism behind this doping is needed. In 

this proposal, we study the effects of vacuum annealing and re-exposure to air on CVD 

graphene grown on copper foils and subsequently transferred onto insulating substrates. 

This study will also elucidate the mechanism for intentional doping of graphene films. A 

number of studies have reported the control of carrier density towards n- and p-type 

conductive channels. However, current methods are not stable and lead to a decrease in 

the carrier mobility of graphene, as they introduce defects to graphene structure. Hence, a 

low temperature, scalable and defect-free technique of doping graphene is of great 

interest in order to pave the road towards graphene-based integrated circuits. A facile 

approach to p- and n-doped large area CVD graphene will be proposed through a thin 

layer of different SAMs. Upon heating under an inert atmosphere, the adsorbed 

molecules and atmospheric dopants will be removed; under these circumstances the 

electron rich SAM allows the carrier concentration to be controlled by varying the 

amount of molecules available in the surface. This can be observed though electrical 
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measurement data and various characterizations. A graphene p-n junction will be 

obtained by patterning both modifiers on the same dielectric and will be verified through 

the creation of a field effect transistor (FET). 

 This research aims to fill in the gaps in existing knowledge by: 1) Understanding 

the doping mechanism of CVD graphene through adsorbed oxygen and moisture, 2) 

Providing a defect-free, controllable, and stable p- and n- doping of CVD graphene 

through an interface modification, 3) Developing a new method for wafer scale, transfer-

free, and patterned synthesis of graphene on dielectric substrates. 
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CHAPTER 3  

SYNTHESIS, TRANSFER, AND CHARACERIZATION OF CVD 

GRAPHENE FILMS 

3.1. Introduction 

 Chapter 2 provided a review of graphene films that exhibited excellent electrical, 

thermal, and mechanical properties. These properties suggest graphene as a potential 

candidate for a number of electronic applications for example radio frequency (RF) 

transistors. Chapter 2 also provided a review on different routes for synthesis of 

graphene, the impact of heat treatment, and unintentional doping of the graphene films. In 

addition, it posited important questions remaining in the graphene research community 

regarding: (1) the impact of post-growth thermal annealing and environmental exposure 

on the unintentional doping of CVD graphene films, (2) the new techniques for defect-

free and stable doping of graphene films for transistor applications, and (3) the new 

routes for transfer-free large scale synthesis of graphene film. These questions will be 

addressed by the research contribution of this dissertation in Chapters 4 – 6. However, 

this chapter will first provide a technical basis upon which subsequent chapters can build. 

In particular, this chapter will present the methodology used to synthesize and transfer the 

CVD graphene films that will be investigated later. Also, the baseline characteristics and 

properties of graphene films will be evaluated, providing a general methodology to 

evaluate the performance of these films under the various heat and chemical treatments 

that will be discussed in further details in Chapters 4 –6. Section 3.2 explains how the 

large-area uniform graphene films are synthesized on thin Cu foils and describes some of 

their characteristics before their transfer.  

 As explained earlier, graphene films need to be transferred from their growth 

substrate to a targeted substrate for electronic device applications. Details of the transfer 
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process will be explained in section 3.3. Once transferred, graphene films need to be 

characterized to ensure the presence of large-scale, high quality films on the target 

substrate. Section 3.4 covers various characteristic studies performed on graphene and 

their experimental methods. In section 3.4.1, Raman spectroscopy will be used as a 

powerful technique to identify the number of graphene layers and their quality by 

examining graphitic peak positions. The transfer process typically leaves a number of 

chemical groups and other contamination on the surface of the graphene film. 

Understanding the extent of these chemical groups, their impact on the properties of 

graphene, and the methods to remove them is important for the application of graphene.  

 Additional treatments during transfer and post-transfer will be performed, and 

their effectiveness will be explored using X-ray photo electron spectroscopy, explained in 

section 3.4.2. In section 3.4.3, ellipsometery will be used to measure the overall thickness 

of the graphene film in large scales. It also will provide the refractive index of graphene 

as another parameter of interest. Imaging of graphene films is essential to understand the 

structure of the film and the presence of possible cracks and voids, particularly after 

transfer. To this end, atomic force microscopy (AFM), secondary electron microscopy 

(SEM), and transmission electron microscopy (TEM) will be utilized in section 3.4.3. UV 

Vis spectroscopy will be performed in section 3.4.5 as another method for understating 

the thickness of the film, as transmittance of a single-layer graphene is known.  

 The electrical properties of graphene are among the main interests in this miracle 

material. The mobility of graphene will be measured using a back-gated field effect 

transistor device in section 3.4.6. The same device structure will be used in the next 

chapters for study of unintentional and intentional doping of graphene in Chapters 4 and 

5, respectively. Graphene is a potential material for transparent conductive electrodes, as 

explained in Chapter 2. To this end the sheet resistance of the film will be measured 

using the four point probe method in section 3.4.7, and in conjunction with transmittance 

measurements in section 3.4.5, the figure of merit (FoM) for graphene films will be 
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calculated in section 3.4.8. These are essential steps in this thesis and will be referred to 

many times in the next chapters. 

3.2. Synthesis of CVD graphene films 

 The first step in this thesis is to synthesize graphene films. As explained in 

Chapter 2, various methods can be used for this purpose. Chemical vapor deposition 

(CVD) on Cu foil has been shown to be a promising method for large-area synthesis [29]. 

Similar to the method explained in [29] with some modifications graphene was grown on 

a 25 µm thick Cu foil (Alfa Aesar, item No. 14482, cut to pieces in arbitrary size) in a 

low pressure environment using chemical vapor deposition (CVD). Figure 3.1 shows a 

photo of a sample of Cu foil used for the synthesis of graphene. Care must be taken while 

cutting the Cu foil to avoid folding the foil and to have a smooth substrate for growth. In 

a typical synthesis process, the Cu foil was loaded into a quartz tube and heated in a 

furnace to 1000°C. The annealing process was carried out under 20 sccm H2 and 50 sccm 

Ar atmosphere at vacuum pressure ~800 mTorr for 30 minutes. This helps to remove 

oxide from the Cu foil and to increase the grain size of the Cu, as this is critical for large 

area and uniform synthesis of graphene films. In the growth step, 35 sccm CH4 was 

introduced for 20 minutes maintaining the same H2 and Ar gas flow rate. Then, the 

furnace was shut down and the quartz tube dragged out of the hot area to allow rapid cool 

down to room temperature under the same gas flow rate. It typically took 30 minutes to 

reach room temperature before taking the samples out. Figure 3.2 shows a photo of the 

CVD set up used for synthesis. The quartz tube in the set up was 45" long with a outer 

diameter of 1.5". Thermolyne 59300 high temperature tube furnace was used in this set 

up that can go to temperatures up to 1700°C. A DTC-531-115-BX, ditgital thermocouple 

readout and gauge tube was used to measure the pressure and was placed in the set up 

before the tube. Stainless steel tubing 1/4" diameter was used to direct the gases from 

mass the flow controllers to the tube. The distance between the mass flow controllers and 
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the tube is ~ 100". A Leybold D40BCS vacuum pump was used to lower the pressure 

during growth and was found to be critical for growing large area uniform graphene. 

Fomblin oil was used in the vacuum pump for safety issues, as graphene synthesis 

involves flowing hydrocarbons and hydrogen gases. A LNTA6150K 6" Right Angle 

liquid nitrogen (LN2) Trap, NW40, 2 Liter Reservoir was used to cool the hydrocarbons 

gases and trap them before they entered the vacuum pump. This is important for the life 

time of the pump and general safety of the system. 

 

Figure 3.1. Schematic of a 25 µm roll of Cu foil used for synthesis of CVD graphene. 

 

Figure 3.2. Photograph of low pressure graphene growth set up. 
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 Figure 3.3 (a) shows a photo of a Cu foil covered with graphene that has a shiny 

surface. It is important to note that graphene was synthesized on both sides of the foil. An 

optical image of the graphene shows a large area film covering the entire Cu foil 

uniformly as shown in Figure 3.3 (b). The sample was characterized using a variety of 

optical and surface science methods to quantify the quality and doping state of the 

graphene. For a baseline, Raman spectroscopy was performed with an excitation 

wavelength of 532 nm and collected in the backscattering configuration. Laser power was 

kept below 0.5 mW to avoid laser-induced heating. A 50X objective lens was used to 

focus the laser on the graphene samples during the Raman measurements.  

 

 

Figure 3.3. (a) Photo of Cu foil covered with graphene. (b) Optical image of graphene on 

Cu foil. (c) Micro Raman Spectroscopy (532-nm laser wavelength) data taken of CVD-

grown graphene films on a 25 µm Cu substrate at 1000˚C. Data show prominent graphitic 

(G) and 2D bands and the lack of any detectable defect peak (D).  These results indicate 

high quality graphene grown on Cu. The scale bare in A is 50 µm. 

(a) (b) 

(c) 
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 Figure 3.3 (c) shows a representative Raman spectroscopy measurement that 

shows prominent graphitic (G) and (2D) bands and the lack of any detectable defect peak 

(D) on synthesized graphene films. The background in the Raman spectra on which 

graphitic peaks were observed is due to presence of graphene on Cu foil, the so-called 

fluorescence effect. This background should not be observed after transfer of graphene 

off the Cu foil to another substrate. As explained in Chapter 2, the G-peak (~ 1585 cm-1) 

is due to first-order Raman scattering by the doubly degenerate zone center optical 

phonon mode, and the 2D-peak (2680-2700 cm-1) is associated with second-order 

scattering by zone-boundary phonons [38, 44-46]. In first-order Raman scattering, the 

observation of zone boundary phonons is inhibited by selection rules. However, in 

defective graphite, the so-called D-peak (1345-1350 cm-1) is due to first-order scattering 

by zone-boundary phonons. The Raman fingerprint for CVD graphene, however, was 

confirmed by using the 2D- and G-peaks’ intensity ratio (I2D/IG), [29, 45] and the width 

of the 2D-peak [38, 45, 130]. The 2D to G band intensity ratios, I2D/IG, of the samples 

synthesized were higher than 2.3, and the full width at half maximum (FWHM) of the 2D 

band was around 30 cm-1, which was typical of these films and is indicative of monolayer 

CVD graphene. 

3.3. Transfer of CVD graphene films 

 After synthesis, graphene needs to be transferred onto another substrate for device 

application. However, the transfer process can leave various chemical groups on 

graphene films that affect its electrical properties. In addition, the transfer process may 

result in the formation of cracks and voids in graphene films that are detrimental to the 

performance of such devices. Therefore, a defect-free method needs to be utilized to 

minimize the impact of the transfer process on the graphene film. To this end, the same 

process reported in [27] with some modifications will be utilized. First a layer of PMMA 

(9% volume dissolved in anisole) was deposited on the graphene by spin coating. It is 
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important to prevent any bending or folding of Cu foil during the spin-coating process; it 

must be smooth. A high vacuum in the spin-coating tool usually induces folding in the Cu 

foil. A reduced vacuum pressure was achieved to avoid folding by using a rubber support 

disc on the spin-coating stage. Depends on the sample size, droplets of PMMA used to 

cover the Cu foil. Spin coating was performed at 1500 rpm for 1 minute. After spin 

coating a razor blade was used to remove thin Cu foil from the stage of the spinner 

without leaving folds in the film. PMMA was cured at 150-180°C for ~ 5 minutes in a 

box furnace, and then the sample was cooled to room temperature gradually. The Cu foil 

was then etched with 30 vol. % FeCl3 aqueous solution overnight. (The Fe(NO3)3 

solution can be used for a faster etching rate as well ). Then the PMMA/graphene film 

was washed in DI water two times; it was then treated with 10 vol. % HCl solution for 10 

min to remove any FeCl3 residue. The sample was washed again in deionized (DI) water 

several times to remove residual HCl and any contaminants bound to the graphene. For 

all these washing and acid treatments, a piece of clean glass slide was used to transfer 

bilayer PMMA/graphene from one batch to another to reduce any folding or mechanical 

force on the film.  

 

Figure 3.4. Transfer process of CVD graphene films. 
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The bilayer PMMA/graphene sample was then placed on the desired substrate by 

scooping it out from the DI water on which it was floating. The substrate was cleaned 

with acetone, methanol, isopropanol (IPA), and DI water and dried with air or with a 

nitrogen gun before transfer of  the bilayer PMMA/graphene. The substrate was placed 

inside a petri dish and heated to 70°C gradually on a hotplate to evaporate water trapped 

between the film and the substrate. This helps better adhesion of the film to the substrate 

and improves the transfer quality. Usually 5-10 minutes of heating was enough for this 

step. Then, the sample was cooled down to room temperature. A droplet of diluted 

PMMA (4% volume dissolved in anisole) was placed on the bilayer PMMA/graphene 

and cured at room temperature for an hour. The sample inside the petri dish was placed 

on a hot plate at 50°C and the PMMA was removed using acetone. Washing in acetone 

can be repeated multiple times for better removal of PMMA. Without loss of generality, 

the films can be transferred onto any substrates compatible with this processing method 

(e.g., silicon dioxide, plastics, glass, quartz, etc.). Figure 3.4. shows the schematic for 

transfer of CVD graphene films. 

  

Figure 3.5. Photograph of a graphene film transferred onto a field effect transistor (FET) 

device with 300 nm thick oxide coated on a Si wafer.  
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 Monolayer graphene films transferred onto a SiO2 coated (300 nm) Si wafer can 

be observed by the color contrast (purple-to-violet in color) under the white light due to 

light interference effect. Figure 3.5 shows graphene transferred onto SiO2 (300 nm)/Si 

substrate that is visible under the white light. The dashed arrows in the figure are plotted 

at the border of the graphene film. Figure 3.6 shows a photo of bilayer PMMA/graphene 

transferred onto a flexible PET substrate.  

 

Figure 3.6. Bilayer PMMA/graphene transferred onto a flexible PET substrate.  

3.4. Characterization of the CVD Graphene Films 

3.4.1. Raman spectroscopy in Graphene 

 The quality and number of graphene layers were identified through various 

characterization methods. Raman spectroscopy was employed to ensure the presence of 

graphene films after the transfer process according to the method explained in section 

3.3. Figure 3.7 shows the Raman spectra of graphene transferred onto SiO2/Si substrate 

with dominant G and 2D peaks and lack of detectable D peak. This indicates that the 

transfer process did not induce any defects on the graphene films.  

 

Figure 3.7. Shows Raman spectra of graphene after transfer to SiO2/Si substrate. 
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Figure 3.8 shows Raman mapping of the 2D and G peaks over a 30 µm by 50 µm.  
  

  

Figure 3.8. (Left) Raman map of 2D peak from 2670 to 2710 cm-1. (Right) Raman map 

of G peak from 1580 to 1590 cm-1.  

 

 

Figure 3.9. I2D/IG (Top) and  IG/D (Bottom) collected from Raman mapping date over a 30 

µm by 30 µm area. 

  

 The intensity of D, G, and 2D peaks were collected from Raman mapping data, 

and I2D/IG and IG/ID were plotted over a 30 µm by 30 µm area as shown in Figure 3.9. 
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I2D/IG ~3 is indicative of monolayer graphene and IG/ID between 10-40 is indicative of 

less defects induced to the film due to transfer process. 

3.4.2. X-ray photo electron spectroscopy (XPS) 

 As explained earlier, the transfer of CVD graphene can leave a number of 

chemical groups on the surface of the film that impact its electrical properties. Some of 

these groups can unintentionally dope the film, as will be explained in further detail in 

Chapter 4. Intentional doping of graphene by chemical dopants and various self-

assembled monolayers can be confirmed through X-ray Photoelectron Spectroscopy  

(XPS) as well. Therefore, a XPS study of graphene films is of importance before utilizing 

it in device applications. XPS was employed to identify the elements present on the 

sample surface after the transfer process. XPS detection limits for most of the elements 

are in the parts per thousand range. Detection limits of parts per million (ppm) are 

possible, but require special conditions: concentration at top surface or very long 

collection time (overnight). 

 

Figure 3.10. XPS survey spectra of graphene without HCl treatment from 0-1300 eV 

indicates presence of Fe and Cl. 
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 XPS data were acquired using a spectrophotometer (VG Scientific ESCALAB 

210) with an Al X-ray source ( eV). XPS measurements were first 

conducted on a SiO2 substrate that had been taken through the same graphene transfer 

process. This initial test was designed to determine the baseline of any residual elements 

and chemical groups on the substrate. Next, CVD graphene films transferred onto SiO2 

substrates and measurements were repeated on graphene film. The survey scan spectra 

were collected randomly at several points at the binding energy (B.E.) of 0-1300 eV with 

a step size of 1 eV and a spot size of 400 µm as shown in Figure  3.10. 

 This scan showed the most prominent peaks to be C1s and O1s. Oxygen was 

abundant on the surface of the carbon as well as from the SiO2 substrate. However, there 

are two peaks at binding energy of 195 eV and 700 eV that are corresponding to Cl and 

Fe. Peak table analysis indicates the presence of 1.1% and 2.13% of Cl and Fe in the 

sample. As explained earlier, FeCl3 was used to etch the Cu foil in the transfer of CVD 

graphene.  

 

Figure 3.11. XPS survey spectra of graphene with HCl treatment from 0-1300 eV 

indicates lack of any peak associated with Fe or Cl. 

αΚ 68.1486=υh
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The presence of Fe and Cl in the XPS survey of transferred CVD graphene indicates that 

multiple washings in DI water does not clean the sample of FeCl3 completely. Therefore, 

another acid treatment step was utilized to treat the sample with HCl before transfer to 

the desired substrate; this assures complete removal of FeCl3. Figure  3.11 shows the XPS 

survey spectra of graphene films after HCl treatment. The survey spectra prominently 

showed the C1s and O1s peaks and the lack of any peak associated with Fe or Cl (Figure 

3.11). 

 A high resolution XPS spectrum of the Fe 2p peak was also acquired over 690-

730 eV with the same spot size and the step size of 0.1 eV (Figure  3.12). Comparison of 

the Fe 2p core level spectra before and after HCl treatment, shown in Figure  3.12, 

suggests that the acid treatment effectively removed all FeCl3 from the graphene film 

below the detection limit of Fe 2p in XPS (~0.008%). 

  

Figure  3.12. Fe 2p core level spectra of graphene with and without HCl treatment. 
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3.4.3. Thickness measurement and refractive index of graphene 

 The importance of graphene synthesis on Cu foil using CVD technique is that this 

produces large area films that are uniform. To investigate the thickness uniformity in the 

microscale range, Raman mapping was utilized, where the intensity ratio of the 2D over 

G peak was employed to confirm the presence of monolayer graphene. However, 

graphene films can be synthesized on the macroscale (from a centimeter to couple of 

meters scale) on Cu foil. To investigate the thickness uniformity over large scale, 

ellipsometry was used. The film thickness and refractive index were measured using an 

M-2000 Woollam spectroscopic ellipsometer over the wavelength range of 192-1698 nm. 

The M-2000 utilizes CCD array detection in which all wavelengths are simultaneously 

measured. This provides up to 700 wavelengths in a few seconds. It uses a rotating 

compensator ellipsometer (RCE) configuration for fast, accurate measurements. 

Ellipsometry uses polarized light to characterize thin film and bulk materials. A change in 

polarization is measured after reflecting light from the surface. This measurement is 

expressed as two values, Psi and Delta, which are related to the ratio of Fresnel reflection 

coefficients, RP and RS, for p- and s- polarized light, respectively.  

 

� = ��
�� = tan.Ψ0 �1∆                                                                                                        3-1 

  

The Psi-Delta data are analyzed using regression methods (see flowchart) to determine 

properties of the sample of interest. These properties can include film thickness and layer 

optical constants. 

 A high resolution, 18,000 point ellipsometric scan of a graphene coated sample 

was conducted. The data were analyzed and the graphene thickness was determined using 

recently published values of graphene’s optical properties [131]. Figures 3.13-3.16 on the 

next few pages will help describe the analysis. When modeling the thermal oxide and 
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graphing the fit quality over the entire sample, the mean square error (MSE) was found to 

be drastically higher in areas outside of the cracks in the graphene. This gives us 

confidence that the measurements are highly sensitive to the very thin layer of graphene. 

 

Figure 3.13. Optical image of graphene shows the presence of cracks in the transferred 

film on SiO2. 

 
 The ellipsometric data measured in the cracked region of the graphene film was 

found to be quite different than the data measured outside of the cracks. An example of 

the ellipsometric data for the graphene is shown in Figure 3.14 in comparison to the bare 

thermal oxide surface found within the cracks. The uniformity of the thermal oxide is 

unknown; therefore, the thermal oxide thickness was allowed to vary. Since the measurement 

was highly sensitive to the thin graphene layer, correlation was avoided.  
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Figure 3.14. Spectroscopic data for graphene and Silicon dioxide. 

 
 As previously discussed, an 18,000 point ellipsometric measurement was 

conducted. The refractive index of graphene was taken from published values and held 

fixed. The thickness of both the graphene and silicon thermal oxide were allowed to vary. 

Ellipsometric data from one of the many measured graphene locations is shown in Figure  

3.15. The optical constants are taken from Weber, et al. [131].  

 

Figure 3.15. Optical constants of graphene (n, k) at different wavelengths.  
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 The average thickness of the graphene layer was found to be 2.25Å (see Figure 

3.16). The typical thickness of a monolayer graphene film is about 3.35Å [132]. The 

slight difference should be mostly attributed to the discontinuities in the graphene film. 

The red areas in the figure indicate that graphene is not present. This is verified by the 

very noticeable ‘cracks’ in the graphene, due to the transfer process, that are even visible 

to the eye. The density of the red spots will lower the ‘average’ thickness of the graphene 

film. Visual inspection of the figure reveals that the dense graphene areas are about 3Å in 

thickness, which confirms the presence of monolayer graphene [133]. 

 

 

Figure 3.16. Graphene thickness contour plot over 4 mm by 4 mm area. 
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3.4.4. Imaging the graphene film 

 Cu foil as growth substrate for graphene has microscale nonuniformities in 

thickness. In addition, the grain size of the Cu foil is of importance for synthesis of large 

grain size graphene. Imaging of graphene on Cu foil before transfer is important to ensure 

the presence of high quality films, as cracks and voids might be introduced during the 

transfer process. Furthermore, some contamination on the graphene surface can be seen 

using various imaging techniques. These methods are key to assuring quality before 

utilizing graphene for any device applications; they are employed on the graphene 

samples used for various unintentional and intentional dopings that will be studied in 

Chapters 4 and 5.  

 Atomic force microscopy (AFM, Dimension 3100 MultiMode AFM, NanoScope 

III controller, Veeco) measurements were done on graphene on Cu substrates as shown in 

Figure 3.17. The image shows Cu grain covered with graphene film. The waviness on the 

Cu foil in microscale can results in formation of wrinkles on graphene after transfer to 

another substrate.  

 

Figure 3.17. AFM image shows graphene film covering grain boundaries of Cu. 
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 A Zeiss Ultra60 scanning electron microscope was also used to image graphene. 

Figure 3.18 presents a representative SEM image of the transferred graphene film on a 

SiO2 substrate that reveals wrinkles and a few small flakes. It is believed that these 

wrinkles are due to folding of graphene films in transfer and parts of the films that are 

grown on the grain boundaries of graphene. As explained earlier, graphene was grown on 

both sides of the Cu. In the transfer process the graphene on the bottom face of the Cu, 

which is not covered with PMMA, was detached from the Cu foil and floating in the 

etchant solution. Sometimes, small flakes of floating graphene became attached to the 

bilayer graphene/PMMA. These flakes can be observed in the SEM image as shown in 

Figure 3.18. 

 

Figure 3.18. SEM image of graphene transferred on SiO2 substrates shows the presence 

of wrinkles and small graphene flakes. 

Wrinkles 

Graphene flakes detached from the bottom face of Cu  
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 Transmission electron microscopy was also used to characterize the graphene 

film. To this end, graphene was transferred to a TEM grid using a procedure similar to 

the method explained in section 3.3. The only difference is that PMMA was removed by 

holding the TEM grid with bilayer graphene/PMMA above acetone vapor rather than 

placing it inside the acetone bath. This prevented any damage to the TEM grid and 

allowed better transfer quality. Figure 3.19 shows a TEM image of a graphene section 

that has a small crack. Diffraction pattern TEM indicates the presence of a monolayer 

film as shown in Figure 3.19 (Left). 

 

Figure 3.19. (Left) TEM image of graphene with a small crack. (Right) Diffraction 

pattern of graphene showing presence of monolayer film. 

 

3.4.5. Optical transmittance 

 As explained in Chapter 2, graphene is highly transparent with ~ 2.5 % adsorption 

of light in the visible range (550 nm wavelength) [132]. This is very important, as it 

makes graphene a potential material for transparent conductive electrode applications. In 

addition, with a well known transmittance of monolayer graphene, this is yet another 

technique to ensure the presence of monolayer graphene on large scale areas. For 

calculating the figure of merit (FoM) for graphene films, explained later in this chapter, 

optical transmittance measurement is required. 
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  The optical transmittance of the graphene was measured using a Cary 5E UV-

Vis-NIR dual-beam spectrophotometer. To this end, graphene was transferred onto a 

quartz substrate using a process similar to the method explained earlier. Pieces of the 

same quartz substrate were used as a baseline to obtain the transmittance of the 

monolayer graphene film. The graphene film has shown ~97.5% transmittance at 550 nm, 

averaging data taken for a minimum of three different points per sample (Figure 3.20) 

[132]. This indicate that graphene can be a potential material for transparent conductive 

electrode applications. 

 

Figure 3.20. Optical transmittance of graphene film as a function of wavelength. 

3.4.6. Mobility measurement 

 The electrical properties of graphene are of significant importance for transistor 

and transparent conductive electrode applications. Carrier mobilities in pristine graphene 

have been estimated to be as large as 200,000 cm2/Vs, which are several orders of 

magnitude larger than is the case of silicon. Silicon possesses maximum carrier mobilities 

of approximately 1450 cm2/Vs [134]. In comparison to other organic semiconductors, 

graphene’s mobility is far superior since the best organic semiconductors have mobilities 

that are only on the order of 1 to 15 cm2/Vs [135]. These electrical properties have 
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spurred research directed at developing graphene for use in a variety of electronic, 

optoelectronic, and sensor technologies [136-137].   

 To measure carrier mobilities in graphene, back-gated CVD graphene field effect 

transistors were fabricated using standard lithography and metallization techniques in 

conjunction with a solution based transfer of CVD grown graphene. A highly p-doped Si 

wafer was used as a gate, with a 300 nm thick thermally grown silicon dioxide layer as 

the gate dielectric. Au was used as source and drain contact. A schematic of a graphene 

FET device was shown in Figure 3.21.  

 

Figure 3.21. Schematic of a back-gated graphene field effect transistor fabricated using 

lithography for mobility measurement. 

 
 A photo of a graphene FET device is shown in Figure 3.22. The channel size used 

was 50 µm by 2 mm. The size of the channel affects the mobility of graphene as with an 

increase in the channel size the carrier mobility decreases. This is due to possibly 

increased presence of cracks and voids in the graphene film within the channel that 

present resistance to the flow of charge carriers.  

 A constant voltage applied between drain-to-source, VD/S, and current from drain-

to-source, ID/S, was measured with a change in the voltage across the gate, VG . Figure  

3.23 shows measurements of the ID/S vs VG of a graphene FET device. The gate voltage at 

which ID/S is minimum is called VNP or “voltage at neutrality point”. A VNP value close to 

zero is indicative of graphene with equal presence of electron and hole carriers. It is 
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important to note that as-made CVD graphene is intrinsically p-doped because the 

transfer process produces an excess amount of p-dopant, as VNP is a positive value. 

Figure 3.23 shows the I-V curve of an FET device after vacuum annealing that resulted in 

removal of atmospheric p-dopants resulting in VNP being close to zero.  

 

   
 

Figure 3.22. Photo of a graphene FET device shows source, drain, and the channel. 

 
 The field-effect mobility for both of the devices was ~ 600 ±100 cm2/Vs (hole and 

electron mobility); it was extracted using equation 3-2, [138]:  

 

µn/p= Lchgm/WchVDSCg                                                                                                                             3-2 

 

where µn is electron mobility and µp is hole mobility, Lch= 2 mm, gm=dID/dVG , Wch= 50 

µm , VDS= 0.1 V and  Cg=115 aF/µm2. For electron mobility, gm=dID/dVG is the slope of 

Source Drain 

Channel 
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the I-V curve at the right hand side of VNP, and for hole mobility it is the slope of the I-V 

curve at the left hand side of VNP. It is important to note that the calculated carrier 

mobilities will have two components: one is due to long-range disorder and another one 

due to short-range scatterers. Therefore, the values will be reported in this thesis for 

carrier mobilities are overall field effect mobilities and they are not intrinsic mobilities of 

graphene within a single domain. To this end, peak gm values are used for all of the 

mobility calculations.  

 

  
Figure 3.23. ID/S vs. VG of a graphene FET device shows presence of electrons and hole 

carriers. 

 

 The electron (n) and hole (p) concentrations of graphene can be calculated using 

following equation, [90, 139]: 

 

n/p = CgVNP/e                                                                                                        3-3 

VNP 
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where e is the charge of the electron, and VNP is the voltage at the charge neutrality point. 

3.4.7. Sheet resistance measurement 

The significance of the mobility of the electron carrier, µn, and the hole carrier, µp, 

is that they have a direct impact on the direct current conductivity, σDC , for graphene film 

as shown in equation 3-4. 

 

�~� = �%��� + ���'                                    3-4 

 

Therefore, the conductivity can be increased with an increase in the carriers 

(electrons/holes) mobilities or their concentration. The carrier mobilities are intrinsic 

properties of the material that depend on the grain size and the quality of the film. 

However, they can be enhanced through optimizing the substrate as well. The carrier 

concentration can be increased via doping of the films. These methods and their impact 

on the electrical properties of the graphene will be discussed in detail in Chapter 5. 

According to equation 3-4, the resistivity can be expressed as equation 3-5: 

 

� = �
=��                                                                                                      3-5 

 

The resistance of thin films that are nominally uniform in thickness, also called sheet 

resistance (Rsh), can be obtained from equation 3-5 as follows: 

 

� ¡ = ¢
t                    3-6 
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Therefore, the sheet resistance of graphene can be obtained from the mobility data 

measurements presented in the previous section. However, this is a very crude method of 

measuring the sheet resistance, as it utilizes two probes for applying voltage and 

measuring current. This method of measurements results in total resistance that includes 

both sheet resistance of the graphene and resistance of graphene and metallic contact as 

depicted in Figure  3.24. 

 
Figure 3.24. Schematic of circuit diagram for two point probe electrical measurements.  

  

 The four-point probe method avoids the issue of contact resistance in sheet 

resistance measurements and was first developed by Kelvin [140]. In this method a 

constant current source is applied to the outer probes and a voltmeter is connected to the 

inner probes to measure the voltage drop. A four-point probe schematic and electrical 

circuit diagram are shown below in Figure 3.25, where electrical probes S1, S2, S3 are 

equally spaced from one another, at a distance equal to S. 

 

 
  

Figure 3.25. Schematic of circuit diagram for four point probe measurements shows that 

resistance of graphene film can be measured without excluding contact measurements.  
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 Once the bulk resistance, R, is obtained, the resistivity of the thin film as shown in 

Figure 3.26 can be rewritten as: 

� = � £
¤¥                 3-7 

where Ac  is the cross-sectional area of the thin film and is defined in equation 3.3, and L 

is the length of the thin film.  

 

¦§ = ¨[                 3-8 

  

 

 

Figure 3.26. Geometry of a rectangular thin film with uniform thickness. 

 

 Substituting equation 3-8 in equation 3-7 and considering equation 3-6, the 

resistance of the film can be written as a function of sheet resistance:   
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«

¬
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Figure 3.27. Photo of a four point probe device for sheet resistance measurements of 

graphene. 
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 A four point-probe device was fabricated using a standard lithography and 

metallization technique similar to the method used for mobility measurements; this probe 

was used to obtain the bulk resistivity of graphene films without inclusion of contact 

resistance. A schematic of this device is shown in Figure  3.27 where L is 30 µm and W 

is 1 mm. The resistivity for several as-made graphene devices is 4.5 ± 0.5 Ω, and the 

calculated sheet resistance is 150 ± 16  Ω/sq. 

3.4.8. Figure of merit 

 As explained in Chapter 2, one of the applications of large-area graphene films is 

in transparent conductive electrodes devices like touch screens, flat panel displays, 

OLEDs, and OPVs. For enhanced performance both higher transparency and higher 

conductivity (lower sheet resistance) are desired for transparent conductive electrodes. 

The performance of thin films can be further understood by relating sheet resistance to 

optical transmittance. To do this, consider the definition of the two-dimensional sheet 

resistance, Rsh, as shown in equation 3-6. Recalling that the σDC , is simply 1/ρ from 

equation 3-5, the thickness of thin film t can be written as a function of  σDC. The 

transmittance, T, of a thin film can be related by the optical conductivity, σOp, as is shown 

in [141-142],  

 

Z = ¯1 + °±
��²³

�´�[µP�
  ¶· = e¸±

¹±           3-10 

 

where the impedance of free space, Z0, is related to the permeability of free space, µ0 , 

and the permittivity of free space, 0. Replacing t as a function of σDC in equation 3-10 

results in the conductivity ratio, σDC/σOp, which correlates the transmittance and the sheet 

resistance.  
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 As explained earlier, the transmittance of graphene films at 550 nm wave length is 

~ 97.5%. Substituting this transmittance and the sheet resistance values obtained in the 

previous section, FoM for monolayer CVD graphene will be 81 ± 7. To maximize the 

conductivity ratio it is desired to obtain a relatively large σDC and a relatively small σOp. 

To this end, a layer-by-layer approach was utilized to obtain improved conductivity in the 

films with a minimum sacrifice in the transmittance; the method is similar to that used in 

[11, 97]. The transfer process for each layer is similar to the transfer of CVD graphene 

film that was explained in detail earlier in section 3.3. After adding each layer of 

graphene, the resistance of the film and its transmittance were measured; Table 3-1 shows 

the measured transmittance and sheet resistance for layer-by-layer graphene and the 

corresponding FoM. 

 
Table 3.1. Shows transmittance, sheet resistance, and FoM for layer-by-layer graphene. 

 
 
 Transmittance of the film decreased ~ 2.5% by adding each layer of graphene, 

which is in accord with the previously reported value for absorption of light in monolayer 

graphene film [132]. The sheet resistance drops by adding each layer, as this process 

provides excess paths for travel of electrons and holes within the film. However, the FoM 

has the highest value for 2-layer graphene film. This means that the decrease in the sheet 

resistance is not enough to compensate the decrease in the transmittance that is obtained 

by adding layers 3 and 4. The FoM calculated from layer-by-layer CVD graphene is 

compared with other carbon based composite (graphene and carbon nano tube) and doped 
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graphene films. The layer-by-layer graphene film resulted in sheet resistance of 30 Ω/sq 

with 90% transmittance. However, these films were doped with HNO3 towards improved 

conductivity. It has been shown that the improvement by doping with HNO3 is not stable 

in the air, and the conductivity of these samples degrades. Therefore, FoM for our CVD 

graphene samples in this work is outstanding. 

 

 
 
Figure 3.28. FoM of layer-by-layer graphene compared with the data obtained from 

literature. 

 

3.5. Conclusion 

 This chapter describes the process used to synthesize, transfer, and characterize 

CVD graphene films. An optimized transfer process was employed towards a clean 
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graphene film with fewer defect sites. Different characteristic methods were applied to 

ensure the presence of high quality, large-scale monolayer graphene films. Field effect 

mobility measurements, in conjunction with sheet resistance data, are indicative of 

outstanding electrical properties for CVD graphene films that can be potentially used in 

next generation transistors. A figure of merit (FoM) ~ 103 obtained using layer-by-layer 

transfer of monolayer graphene suggests that our CVD graphene can be a potential 

candidate for transparent conductive electrode applications that are stable upon exposure 

to air. Therefore, the CVD graphene films discussed in this chapter provide a good 

reference point for subsequent chapters (Chapters 4 – 6) that will enhance the current 

understanding of graphene with regard to their application in FET devices. 
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CHAPTER 4  

THE IMPACT OF POST-GROWTH THERMAL ANNEALING AND 

ENVIRONMENTAL EXPOSURE ON THE UNINTENTIONAL 

DOPING OF CVD GRAPHENE FILMS 

 

4.1. Introduction 

  

 As explained in Chapter 3, CVD graphene must be removed from its metal 

growth substrate in order to be integrated into electronic devices. This process often 

involves exposure of the graphene to a range of aqueous solutions as well as the 

atmospheric environment, [71] resulting in a host of chemical groups that are attached to 

the graphene once it is transferred to the target substrate. The impact of these chemical 

species on single layer graphene is of significant importance in controlling the electronic 

properties, as molecules adsorbed on the surface may change the level and nature of 

doping in the graphene in a way that is often not the intent of the process (referred to as 

unintentional doping) [143]. Previous research has shown that the doping level in 

graphene can be modified through adsorption or desorption of gas/vapor molecules (e.g., 

H2O, CO, NH3, etc.) [82]. This effect has been explored in order to develop graphene for 

environmental and biological sensor applications [18, 20-21, 62, 144]. Other examples of 

such graphene-based devices include ultrafast sensors made using positively gated 

reduced graphene oxide field effect transistors (FETs) [145] and low cost, miniaturized 

graphene pH sensors [146]. 
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 Thermal annealing has been investigated as a method to change the interaction of 

graphene with molecules adsorbed from the environment, thereby affecting its electrical 

properties [88-91, 99]. However, it is still unclear as to which mechanisms or functional 

groups are responsible for this unintentional doping in graphene, and how the attachment 

of the functional groups correlates to shifts in the p-doping level and charge mobility of 

graphene. Therefore, additional work is needed to better understand this environmentally-

induced unintentional doping effect and the degree to which it can be controlled or 

manipulated.  

 In this chapter, we present a study of the effects on unintentional doping levels of 

graphene exposed to vacuum annealing followed by exposure to controlled 

environmental conditions. CVD graphene films were grown on copper foils and 

subsequently transferred onto insulating substrates using a process similar to the method 

explained in Chapter 3. The graphene films were characterized in an environmental 

chamber using in-situ Raman spectroscopy and ex-situ X-ray photoelectron spectroscopy, 

Kelvin probe measurements, and using back gated field effect transistor structures before 

and after annealing. The goal of this chapter is to indicate how the vacuum annealing 

process alters the electronic properties of CVD graphene films. Figure 4.1 shows a 

schematic of chemical desorption by vacuum annealing and adsorption upon subsequent 

exposure to air. Results demonstrated that the desorption process leaves active sites for 

the oxygen and water vapor molecules from the environment to be re-adsorbed on 

graphene resulting in a more highly p-doped film. This is a complex process and shows 

the importance of the thermal and environmental history on the unintentional doping of 

graphene films.  
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Figure 4.1. Schematic of chemical desorption by vacuum annealing and atmospheric 

adsorption upon exposure to air.  

 

 4.2. In-situ Raman study of CVD graphene films 

4.2.1. Measurement set up 

As explained in Chapter 2, Raman spectroscopy is a powerful tool for identifying 

the number of graphene layers by examining their graphitic peak (D, G, and 2D) intensity 

ratios/linewidth and their doping state through the position and linewidth of these peaks. 

To this end, graphene films were synthesized and transferred onto a SiO2 substrate as 

explained in Chapter 3 [29, 147]. After their transfer onto the SiO2 substrate, Raman 

spectroscopy was utilized to investigate the quality of the as-transferred graphene by 

examining the D, G, and 2D bands. All spectra were excited with visible (532 nm) laser 
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light and collected in the backscattering configuration with a laser power below 0.5 mW 

to avoid laser-induced heating [89]. A 50X objective lens was used to focus the laser on 

the graphene samples during the Raman measurements. The samples were placed inside 

an environmentally controlled microscope stage with heating, vacuum, and gas delivery 

capability (Linkam TS 1500) for in-situ Raman measurements. The thermal stage was 

mounted onto a X-Y-Z micropositioning stage to control focusing and the measurement 

position. A quartz window was used to allow optical access to the sample, while a 

vacuum pump was used to evacuate the pressure down to 1mTorr. The temperature was 

controlled between room temperature and 500°C. The drift of the laser spot on the 

graphene due to thermal expansion was minimized before all measurements.  

 

Figure 4.2. Photo of In-situ Raman measurement set up with heating, cooling, vacuum, 

and gas delivery capabilities. Thermal stage has gas inlet, vacuum outlet, and water 

cooling system. 
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The sample was heated up to each set point temperature and held for 15 min to 

ensure temperature stability and to allow for desorption of surface functional groups 

bonded to the sample. Raman measurements were performed at each temperature set 

point both on heat up and cool down at several different spots on the surface of the 

graphene to verify reproducibility. After cool down, the sample was exposed to N2, O2, 

and air while Raman measurements were repeated on the same measurement locations 

using the micropositioning stage. All Raman peaks were fitted with Gauss-Lorentzian 

lineshapes to determine the peak position, line width and intensity of the D, G, and 2D 

Raman peaks.  

4.2.2. Raman results and discussion 

 Figure 4.3 shows the graphitic peak position measured under controlled 

environmental conditions. Red and blue data indicate the measurement results during the 

heat up and cool down process of each graphene film, respectively. The G and 2D peak 

positions shifted to lower wave numbers as the temperature increased, as previously 

observed [148-149]. This is partially attributed both to a temperature effect and to 

thermal expansion of graphene at high temperatures. The intrinsic temperature effect 

depends on the anharmonic potential constant as well as on the phonon occupation 

number. As the Debye temperature of carbon materials is ~2800°K, the anharmonic 

contribution can be ignored [89]. Therefore, direct coupling of the phonon modes and 

thermal expansion induced volume change both contribute to the resulting temperature 

dependence of Raman spectra. In addition, vacuum annealing at elevated temperature can 

cause desorption of oxygen groups and moisture, which results in de-doping of graphene.  
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Figure 4.3. Graphitic peaks (G and 2D) positions under controlled environment 

conditions. (a) Temperature dependence of G peak with ~ 12 cm-1 blue shift due to 

vacuum annealing and re-exposure to air. (b) Temperature dependence of 2D peak with ~ 

9 cm-1 blue shift due to vacuum annealing and re-exposure to air. A hysteresis was 

observed during heat up and cool down cycles. 
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 A decrease in Raman graphitic peak position due to the de-doping process may 

also occur. A sudden drop in the G and 2D peak positions measured after vacuum 

annealing at 100°C indicates possible evaporation of moisture of the substrate. A 

hysteresis effect observed in the G and 2D peak positions measured during the heat up 

and cool down process confirms that the desorption of oxygen groups and moisture 

during vacuum annealing has some impact on the Raman peak position. This is in 

contrast with the previously observed temperature dependence of exfoliated graphene 

[89, 149-150], where the G and 2D peaks showed a red shift of ~5 cm-1 and ~3 cm-1 due 

to vacuum annealing, respectively. The temperature coefficient for the shift in the G and 

2D bands in CVD-grown graphene was measured as 0.024 cm-1°C-1and 0.044 cm-1°C-1, 

respectively. This indicates the higher sensitivity of the 2D peak to temperature change, 

as the 2D peak is a second-order phonon peak, and the shift is enhanced for the second 

harmonic.  

 After vacuum annealing and cool down, the sample was exposed to N2 gas in the 

Linkham stage and the Raman measurements were repeated after 30 minutes as a control. 

The peak positions did not experience a significant change, as expected. Next, O2 was 

introduced inside of the Linkham stage, and the samples were exposed to it for periods 

varying from 5-60 minutes. Under these conditions, in-situ Raman measurements showed 

a significant increase in the G and 2D peak positions. It is important to note that a 

saturation in the oxygen adsorption was observed, as further increase in exposure to O2 

gas did not result in an additional shift in the peak position [88]. Following oxygen 

exposure, the sample was exposed to air, resulting in a further increase in the Raman 

peak positions, indicative of additional doping through the adsoption of water vapor to 
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the edges and defect sites of the graphene [89]. Figure 4.3 shows the blue shift in the G 

peak position up to ~12 cm-1, which is in accordance with other reported doping effects 

by air exposure [151-152]. The 2D peak position is known to increase with hole doping 

and to decrease with electron doping [151]. In our analysis, the 2D peak position shifted 

~9 cm-1 through O2 exposure followed by air exposure. The observed shift in the 2D peak 

position induced by atmospheric p-dopants is similar to that reported after graphene p-

doping by electrostatic gating [89, 151].  

 Since it is believed that the oxygen containing groups responsible for the p-doping 

are physisorbed to the graphene, their attachment and detachment may be reversible, 

depending on changes in the environmental conditions. To explore this, another set of 

measurements was performed to investigate the reversibility of the doping process 

through O2 gas and air exposure. Figure 4.4 shows the in-situ Raman G peak position of 

graphene samples that have undergone various annealing and gas/air exposure steps. 

First, sample #1 was placed inside of the Linkham stage and heated in vacuum to 500°C, 

resulting in a decrease in G peak position from 1587 cm-1 down to 1574 cm-1. Upon 

cooling to room temperature, the peak position increased, but remained at a reduced 

value of 1581 cm-1 corresponding to the de-doping of the graphene film.  

Next, an N2 exposure resulted in no significant change in the Raman peak 

position.  After the N2 exposure, a 5 minute O2 exposure resulted in a significant shift in 

the G peak position to 1585 cm-1, while further exposure from 30-60 minutes caused a 

slight change to 1587 cm-1. This indicates that the O2 absorption is a fast process and that 

it saturates before an hour of exposure [88]. Re-exposure of the sample to an N2 

environment for 30 minutes resulted in a decrease in the peak position back to 1581 cm-1, 
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showing the reversibility of the doping process by O2 absorption. Subsequent exposure to 

oxygen resulted in the G peak shifting back to its saturated O2 doped position of 1587 cm-

1. This is in accordance with the reversibility of doping with dry O2, reported for 

exfoliated graphene [88]. Subsequent exposure to air resulted in a significant increase in 

the G peak position to 1594 cm-1, as shown in Figure 4.4. In Figure 4.4 sample # 2 was 

subjected to a similar heating and cooling cycle, but was exposed to air directly rather 

than having an intermediate O2 exposure step.  

 As expected, a significant blue shift was observed in Raman G peak position, 

increasing from 1581 cm-1 after vacuum annealing to 1594 cm-1. However, in contrast to 

doping with dry O2, exposure of the sample to an N2 environment did not shift the peak 

position back to its initial position of 1581 cm-1, but 1589 cm-1. It should be noted that the 

sample exposed to air could be doped by water vapor as well as O2 and other oxygen 

containing molecules. The decrease in the doping level during the exposure to dry N2 

may be a result of the removal of molecules, such as O2, that are weakly absorbed to the 

graphene.  However, other molecules such as water have much stronger bonds to the 

graphene and do not readily desorb in the dry N2 environment.  Next, the sample was 

vacuum annealed in the Linkham stage at temperatures up to 500oC to determine if the 

adsorbed molecules could be removed.  The data show that after heating to 500oC and 

cooling back to room temperature, the Raman peak position returned to 1581 cm-1.  

Again, another exposure to air resulted in an increase in the Raman peak position to 1594 

cm-1 demonstrating the reversibility of the process. Additional O2 gas followed by air-

exposure did not result in a significant shift in the peak position.   
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Figure 4.4. Oxygen and water vapor doping reversibility study. (a) Variation in G peak 

position of sample #1 as it undergoes annealing and gas/air exposure steps. (a) Variation 

in G peak position of sample #2 as it undergoes annealing and gas/air exposure steps. (c) 

Variation in FWHM (G) peak of sample #3 as it undergoes annealing and gas/air 

exposure steps. (d) Variation in FWHM (G) peak of sample #3 as it undergoes annealing 

and gas/air exposure steps. 



 95

  Figure  4.4. illustrates the variation of the FWHM of G peak and the  intensity 

ratio of the 2D and G peak (I2D/IG) of sample #3 before and after vacuum annealing 

followed by controlled exposure to different gas/air environments. The significant 

difference of the intensity ratio while heating and cooling is an indication of a change in 

the electronic structure of CVD graphene due to annealing in vacuum and before 

exposure to air. A sharpening of ~3 cm-1 in the G peak with a 0.5 decrease in the I2D/IG  

observed. The change in the FWHM of the G peak and the I2D/IG ratio for both samples 

that underwent N2, O2, and air exposure cycles is consistent with the shift in the G and 

2D peak positions, indicative of de-doping and p-doping processes. However, the FWHM 

of the G peak experienced a temperature dependence which is in contrast with the 

previous report [149]. 

 

Figure 4.5. Raman spectra of graphene before and after annealing and re-exposure to air. 

There is a stronger dependence of the 2D mode intensity to annealing than for the G 

mode. 

It is important to note that this vacuum annealing and re-exposure to air process does not 

induce defects to the structure of the graphene. Figure 4.5 shows Raman spectra of 

graphene after undergoing vacuum annealing, cooling, and air/gas exposure cycles. 
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 4.3. X-ray photo electron spectroscopy (XPS) of CVD graphene films before 

and after vacuum annealing and re-exposure to air 

4.3.1. Methods 

To investigate the effect of the thermal annealing of CVD graphene and re-

exposure to air on its chemical composition, X-ray photoelectron spectroscopy was 

utilized.  XPS data were acquired using a spectrophotometer (VG Scientific ESCALAB 

210) with an Al  X-ray source ( eV) using a process similar to the 

method explained in Chapter 3. Each surface was examined in at least three spots. XPS 

measurements were first conducted on a SiO2 substrate that had been taken through the 

same graphene transfer process. This initial test was designed to determine the baseline of 

any residual elements and chemical groups on the substrate. Next, CVD graphene films 

that had been transferred onto SiO2 substrates were measured before as well as after 

vacuum annealing followed by re-exposure to air. The survey scan spectra were collected 

over the binding energy (B.E.) range of 0-1100 eV with a step size of 1 eV at a pass 

energy of 200 eV and a spot size of 400 µm.  This scan showed the most prominent peaks 

to be C1s and O1s, as explained in Chapter 3. Oxygen was abundant on the surface, as 

the graphene had been transferred to a substrate of SiO2. Consequently it was not easy to 

detect changes in the oxygen peak in samples that were evaluated before and after the 

heat treatment. Therefore, only high resolution XPS spectra of C1s B.E. acquired over 

282-293 eV with 400 µm spot size, 0.1 eV step size and 50 eV pass energy were used for 

analysis. Thermo Avantage v4.54 Build 02750 was utilized for analysis of the collected 

spectra, where a shirley-type background was subtracted and 70% Gaussian-30% 

αΚ 68.1486=υh
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Lorentzian curve fitting was performed. O1s was utilized for calibration purposes through 

charge shifting the O1s peak from SiO2 to B.E. of 533 eV [153]. 

4.3.2. XPS results and discussion 

Figure  4.6 shows O1s B.E. before and after vacuum annealing and re-exposure to 

air. A slight change in the shoulder of O 1s B. E. can be due to removal of oxygen 

containing groups by vacuum annealing. In order to deconvolute, the C1s B.E. 

corresponding to carbon was set at 284.6 eV, and the peak-fitting procedure was repeated 

until an acceptable peak was obtained. A line-shape analysis revealed four main 

components centered at binding energies of 284.6, 285.4, 286.1, and 287.8 eV. In 

agreement with results published elsewhere, the peak at 284.6 ev is assigned to the C-C 

(sp2) , while the 285.4, 286.1, and 287.8 eV are attributed to defect (sp3), C-OH, and 

C=O, respectively. These peaks verify the presence of surface functional groups on CVD 

graphene due to the process it undergoes in growth and in transfer onto insulator 

substrates.  

The atomic concentration of different peaks assigned to C1s was compared before 

and after vacuum annealing followed by exposure to air (Table 4-1). Hydroxyl (-OH) and 

carbonyl (C=O) groups are the most dominant groups that decrease after vacuum 

annealing and re-exposure to air. This decrease provides more room for oxygen and water 

vapor to be adsorbed on graphene upon exposure to dry gas or air, resulting in an 

additional p-doping of graphene. 
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Figure 4.6. O1s binding energy before and after annealing and re-exposure to air. O1 s 

BE was used for calibration purposes and the XPS scans were charge shifted to bring the 

O1s peak from SiO2 to B.E. of 533 eV.  

 

 

Figure 4.7. Core-level X-ray photoelectron spectroscopy (XPS) peaks showing typical 

shift and broadening caused by vacuum annealing and exposure to air. 
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The energy position of the C 1s core level peak shifts is indicated by the dashed 

line in Figure 4.7, and is in accordance with previous reports of graphene p-doping 

though chemical treatment [11]. As explained earlier, oxygen and water vapor are well-

known electron acceptors. Therefore, addition of these species on graphene makes 

electron ejection harder, which translates to higher C1s B.E. Table 4-1 summarizes those 

changes in the atomic percentages before and after annealing and re-exposure to air. 

 

Table 4.1. Atomic % of different peaks assigned to C1s before and after vacuum 

annealing followed by exposure to air. 

 Before 

Annealing 

(At. %)  

After 

Annealing 

(At. %)  

C (sp
2

)   284.6 eV  61.2  68.5  

C (sp
3

)   285.4 eV  12.5  14  

C-OH    286.1 eV  14.1  5.7  
C=O     287.8 eV  12.2  11.8  

 

4.4. Carrier concentration and mobility studies 

To further investigate the p-doping in graphene due to annealing followed by air 

exposure and to corroborate the results of XPS and Raman spectroscopy measurements, 

electrical characterization using field effect transistors was performed. A back-gated field 

effect transistor (FET) was fabricated by transferring CVD graphene onto heavily doped 

Si with a 300 nm thick thermal oxide layer; this step was followed by lithography, plasma 

etching, and Cr/Au metallization with a FET channel size of 50 µm wide and 2 mm 

length, as explained in detail in Chapter 3. Figure 4.8 shows a schematic of the change in 
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atmospheric dopants by vacuum annealing and re-exposure to air. As stated earlier, 

vacuum annealing removes contamination and provides more room for the atmospheric 

dopants to be adsorbed.  

 

Figure 4.8. Illustration of change in atmospheric dopants with vacuum annealing and re-

exposure to air on graphene FET device. 

 

Figure  4.9 shows source-drain current (IDS) vs gate voltage (Vg) of a graphene-

based FET device as transferred and then after annealing and re-exposure to air. A 

positive neutrality point voltage (VNP) on the order of 20V demonstrates p-doped 

characteristics, which are attributed to chemical groups bounded to graphene due the 

transfer process. The electron and hole mobility for the as-made device is ~108 ±50 

cm2/Vs and ~217±50 cm2/Vs. Annealing at 200 oC results in a decrease in VNP close to 

zero and an increase in electron and hole mobility up to ~217±50 cm2/Vs and ~434±50 

cm2/Vs, respectively. This is due to removal of p-dopants by annealing, which leads to 

graphene with higher mobilities. After annealing and re-exposure to air, an increase in the 

VNP to values higher than 60V was observed. This confirms an increase in accumulation 

of p-dopants due to annealing and re-exposure to air. A dopant concentration of 1 E 13 

cm -2 was calculated for the device after annealing and re exposure to air, with a hole 

mobility of 65 ±35 cm2/Vs. Figure  4.10 shows the IDS vs Vg measured on the same 
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sample after annealing. An increase in annealing time and temperature showed a decrease 

in VNP corresponding to the de-doping process. This confirm the removal of p-dopants 

due to annealing, as the VNP shifted to zero voltage after 3 hours annealing, indicative of 

very little doping in the graphene sample.  

 

 

Figure 4.9. IV curve showing p-doping of graphene after annealing and re-exposure to 

air. 

 

The stability and reversibility of atmospheric doping were also investigated. To 

this end, the sample was annealed at 200oC for 3 hours and then exposed to air for one 

hour. For this case VNP is shifted from zero to more than 10 V, indicative of p-doping, 

and electron and hole mobility decreased ca. 130±50 cm2/Vs and ca. 220±50 cm2/Vs, 
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respectively. The sample underwent the same heat treatment cycle, and as a result VNP 

shifted back to zero and electron and hole mobility shifted back to their initial values. 

(~217±50 cm2/Vs for electrons and ~434±50 cm2/Vs for holes).  However, the inert N2 

environment resulted in no change in the VNP. The observed atmospheric doping effect 

was reversible by heat treatment and irreversible by N2 environment, as is consistent with 

the Raman measurements. 

 

 

Figure 4.10. De-doping of graphene due to heating in vacuum over time.  
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4.5. Work function measurements 

 
 The work function of graphene before and after vacuum annealing and 

environmental exposure were measured by Kelvin Probe (Besocke Delta Phi) [154-155]. 

Kelvin Probe work function measurements were averaged over three locations on each 

substrate. A highly ordered pyrolytic graphite (HOPG) sample with a work function of 

4.5 eV was used as the reference sample. The measurement results are shown in Table 4-

1. The work function measured on as-transferred CVD graphene was ~5 eV, which is 

higher than the value obtained for pristine graphene, ~ 4.7 eV, and is indicative of an 

intrinsically p-doped sample. Kelvin probe measurements were repeated on transferred 

CVD graphene after vacuum annealing and re-exposure to air. An increase in the work 

function after annealing and re-exposure to air up to 0.2 eV was observed, indicative of 

further adsorption of atmospheric p-dopants. A higher annealing temperature results in 

heavier p-doping, which translates to more shift in the Fermi energy level. This increase 

is considered to provide direct evidence for chemical/molecular desorption/adsorption of 

O2, H2O, and chemical groups on the graphene surface. 

 
 

 
 
 
Figure 4.11. Schematic of a change in the work function of graphene due to annealing 

and re-exposure to air. Work function (WF) measurements were obtained using Kelvin 

Probe (Besocke Delta Phi). 
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4.6. Conclusions 

The goal of this chapter was to demonstrate that a change in the oxygen 

containing groups on the graphene film, induced by both annealing and re-exposure to 

air, results in a p-doping on graphene samples. CVD graphene samples were cycled 

between room temperature and 500°C in vacuum while in-situ Raman measurements 

were recorded. During the heating and cooling cycle, a hysteresis in the Raman response 

due to the desorption of p-dopants was observed. Upon exposure to O2 gas or air, a blue 

shift in the Raman response with respect to the as grown film was observed, which was 

due to increased adsorption of p-dopants on the sample.  Experiments showed that a 

water vapor and oxygen combination is more effective at p-doping the samples than 

oxygen alone, and that the doping effects are reversible in both cases.   

Electrical measurements performed on back-gated field effect graphene devices 

indicate that shifts in the Dirac point correlate well to the shift in the Raman peak 

positions. XPS measurements revealed the change in chemical species on graphene, 

resulting a p-doping. The change in the Fermi energy level was confirmed by work 

function measurements before and after annealing and exposure to air. The ability to use 

vacuum annealing to systematically tailor the surface potential of CVD graphene makes it 

a potential material for device applications.  

The results of this chapter suggest that vacuum annealing is an effective method 

to remove contaminants and other atmospheric dopants from a graphene surface. It also 

improves the mobility of graphene film, which is of importance for FET device 

applications. Controlled exposure to O2 and water vapor can result in a graphene film 
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with controlled work function, which is important for graphene application as transparent 

conductive electrodes. 

This chapter highlighted the impact of post-growth thermal annealing and 

environmental exposure on the unintentional doping of CVD graphene films. 

Understanding the mechanism of unintentional doping and its impact on the electrical 

properties of graphene provides a great foundation for intentional doping of such films. 

Therefore, this chapter provides essential knowledge about intentional doping of 

graphene films that will be discussed in Chapter 5.  
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CHAPTER 5  

GRAPHENE DOPING/INTERFACE MODIFICATION USING SELF 

ASSEMBLED MONOLAYERS (SAMS) 

  

 

5.1. Introduction 

 Graphene has many unique electrical properties, including its nearly linear energy 

dispersion relation, which results in electric field induced generation of electrons and 

holes in the material; these electrons theoretically travel as massless Dirac fermions with 

very high velocities [2, 108, 156]. Nevertheless, there are many challenges that must be 

overcome before viable graphene-based devices can be created. In its pristine state, 

graphene is metallic [2]. Although graphene may be useful as a conductor in electronic 

devices, much of the current interest is in utilizing it in a semiconducting form. 

Therefore, introduction and control of a bandgap in graphene is crucial. Methods to open 

a bandgap in graphene have been reviewed in Chapter 2. For example, substitution of 

carbon atoms in the graphene lattice with atoms such as nitrogen [157-158], substrate 

induced band-gap opening, [159] and lateral confinement of charge carriers to a quasi-

one-dimensional (1D) system through formation of graphene nanoribbons have been 

shown to create an energy gap near the charge neutrality point [160].   

 A second and equally important challenge is to develop methods for controllably 

doping graphene, since such methods potentially give access to both p-type and n-type 

materials and can allow for adjustment of the work function of graphene [35]. Graphene 

doping been performed  primarily through electrostatic gating, [161] chemical 

interactions, [162] and intercalation methods [35, 163-164]. However, most graphene 

samples obtained in these ways are composed of multilayer films with significant 



 107 

numbers of defects that reduce carrier mobilities significantly. Therefore, due to both the 

complexity and lack of control of some of these doping processes and the resulting high 

defect levels reported for many of these doping techniques, this chapter will focus on 

developing a low temperature, scalable technique for doping graphene with minimal 

introduction of defects. 

 Chapter 4 demonstrated the unintentional mechanism of graphene doping through 

adsorbates from the ambient environment. In this chapter, surface interactions of 

graphene monolayers with self assembled monolayers (SAMs) on SiO2 substrates will be 

explained to intentionally dope graphene films. As explained in Chapter 2, SAMs have 

been recently used to modify graphene and dielectric interfaces by reducing charged 

impurity scattering and the effects of environmentally induced doping on graphene; [114-

115] SAMs have also been used to control charge carrier and concentration in order to 

create n- and p-type graphene field effect transistors (FETs) [116-119]. Unlike chemical 

doping, this method uses SAMs that covalently bond to the substrate rather than to 

graphene; this results in thermally stable doping and, unlike electrostatic gating, it is 

independent of dielectric material and thickness. The unintentional doping described in 

Chapter 4 will assist in the development of methods for stable and intentional doping of 

the films using SAMs. First, p- and n-type doping through SAMs will be explained, 

where various characterization methods will be utilized to identify and validate the extent 

of achieved doping. Next, this method of doping will be extended to form controllable 

graphene p-n junctions. 
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5.2. Graphene doping/interface modification using SAMs 

5.2.1. Interface modification using SAMs containing silane group 

5.2.1.1. Introduction 

 In this section, a facile, defect-free, and low temperature approach was utilized to 

intentionally dope CVD grown graphene films. To this end, 3-

Aminopropyltriethoxysilane (APTES) and 1H,1H,2H,2H-Perfluorooctyltriethoxysilane 

(PFES) were used to modify the interface between transferred CVD graphene films and 

their supporting dielectric to create n-type and p-type graphene, respectively. APTES 

contains an amine functional group with a basic nitrogen atom having a lone electron 

pair. The electron-rich amine group donates an electron to the carbon atoms in graphene, 

causing n-doping. In contrast, fluorine is a well-known electron acceptor. Thus, adding a 

layer of PFES results in the transfer of an electron from the graphene creating p-type 

film. The purpose of the silane group is to create a strong covalent bond to the oxide 

dielectric support, such as SiO2, thereby anchoring the APTES and PFES; this induces 

thermal stability of the modified interface and the doped graphene layer. X-ray 

photoelectron spectroscopy (XPS) and micro-Raman spectroscopy will be utilized to 

confirm that the obtained graphene is defect-free and that the dopant concentrations are 

indeed modulated by the APTES concentration on the substrate as well as the 

concentration of the adsorbed molecules and atmospheric dopants on the graphene. 

Figure 5.1 shows a schematic of APTES and PFES that contain amine and fluorine 

functional groups, respectively.  

5.2.1.2 Methods 

 To functionalize the substrate with SAMs, a highly p-doped Si wafer with a 300 

nm thick thermally grown layer of silicon dioxide was used. The reason for this is that a 

similar substrate will be used for the fabrication of back-gated graphene FET device. 
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Figure 5.1. Schematic of APTES and PFES containing amine and fluorine groups, 

respectively. 

 

For the APTES layer deposition, the substrate was first cleaned and pre-treated by UV 

ozone for 15 min in order to produce a hydroxyl-terminated substrate, known to react 

efficiently with silane-coupling agents such as APTES. Immediately after cleaning, the 

substrate was immersed in a 1%(v/v) solution of anhydrous toluene and APTES for three 

hours. The substrate was removed from solution, sonicated for 15 min in pure toluene, 

and dried under flowing nitrogen or argon. For PFES deposition, another device was used 

with a similar procedure. The only difference is that the treatment was performed for one 

hour with 10 microliters of PFES dissolved in 10 ml of toluene 1 %(v/v). The deposition 

of the SAMs was confirmed by contact angle measurements using a VCA 2000 

goniometry system similar to the one explained in Chapter 3. The APTES coated surface 

had a measured contact angle with deionized (DI) water of ~ 60° [165] as compared to 

<10° contact angle measured immediately after the UV ozone cleaning treatment, 

indicative of coupling of the APTES monolayer to the surface.  
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Figure 5.2. Schematic of (Left) APTES treated (Right) PFES treated SiO2 substrate on 

highly doped Si for graphene FET device applications. 

  

 The measured contact angle for the PFES-treated substrate was c.a. 110°, 

indicative of a hydrophobic surface. Finally, CVD grown graphene was transferred on top 

of the pre-treated substrates containing SAMs (APTES or PFES) using a method similar 

to that explained in Chapter 3. In addition to SAMs treated substrates, control samples 

were also fabricated, consisting of CVD graphene transferred onto the cleaned SiO2 

coated silicon substrate. These control samples were utilized for collection of reference 

XPS and Raman spectra. Figure 5.2 shows a schematic of a highly p-doped Si/SiO2 

functionalized with APTES and PFES.   
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5.2.1.3 Verification of SAMs contain silane group on the substrate 

 X-ray photoelectron spectroscopy was employed to identify the surface 

functionalization  present on graphene, graphene on the APTES treated substrate, and 

graphene on the PFES treated substrate, using a method similar to that explained in 

Chapter 3.  

 
Figure 5.3. Survey XPS spectra for graphene (black), graphene/PFES (red) and 

graphene/APTES (green). 

  
 XPS data were acquired using a Thermo K-Alpha XPS (Thermoscientific) 

operating under ultra-high vacuum conditions with an Al Kα micro-focused 

monochromator. The survey scan spectra were collected at the binding energy (B.E.) of 

0-1300 eV, with a step size of 1 eV and a spot size of 400 µm. Figure 5.3 shows survey 

scan spectra randomly collected from as-transferred graphene, functionalized with 

APTES, and with PFES. The scan showed the most prominent peaks to be C1s and O1s 

on all spectra. The appearance of a N1s peak centered at 399 eV and a F1s peak centered 

at 689 eV in the survey spectra confirms the presence of APTES and PFES underneath 
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the graphene, respectively. Lack of these peaks considering detection limit of F 1s 

(0.025%) and N 1s (0.06%) in XPS in the graphene without SAMs supports the 

conclusion that the APTES and PFES SAMs were successfully deposited onto the SiO2 

substrate.  
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Figure 5.4. XPS spectra representing N 1s binding energy for graphene/ SiO2 (black) and 

graphene /SAMs (red). 

  

 The N1s high resolution spectrum (see Figure 5.4) for regions containing APTES 

can be deconvoluted and fit with two peaks centered at 400 eV (representing 77% of the 

total N1s peak area) and 401.9 eV (representing 23% of the total N1s peak area), which 

can be assigned to free amine (-NH2) and either a protonated (-NH3
+) or hydrogen bonded 

amine, respectively [166-167]. The small amount of the nitrogen XPS signal assigned to 

the peak at 401.9 eV is likely due to protonated amine that results from the graphene 
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transfer process (e.g. from exposure to acid). According to N/Si peak intesity, surface 

coverage of APTES is ~ 95% with ~ 80% of the surface covered with free amine and the 

rest with protonated amine.   

 
Figure 5.5. C 1s core level XPS spectra for graphene (black), graphene/PFES (red) and 

graphene/APTES (green). 

  

 High resolution XPS spectra of the C1s binding energy was also acquired over 

282-293 eV with a step size of 0.1 eV. Figure 5.5 shows the chemical shifts in the high 

resolution C1s spectra for graphene (black), APTES (dark blue), and PFES (light blue) on 

bare SiO2 as well as graphene on APTES (green) and PFES (red) treated SiO2 substrates. 

We observe that for the APTES control sample the C1s peak maximum is found to be at a 

binding energy of 285.3eV.  The shift in the C1s peak binding energy in the case of the 



 114 

APTES layer away from that for simple hydrocarbons (i.e. simple hydrocarbon C1s peak 

locations are approximately 284.5 eV is attributed to the inductive effect of nitrogen 

atoms present in the APTES layer [168] and is in accord with previously reported data 

[169]. The C1s peak location for graphene on the oxide surface is at a binding energy of 

284.5 eV and is typical of graphene measurements. The C1s peak in the graphene 

samples deposited onto the APTES coated oxide films (Graphene/APTES) is observed to 

reach its maximum at a binding energy of 285.1 eV, and appears to simply be the result 

of the superposition of the graphene and APTES C1s XPS spectra. Overall, the 

appearance of a shoulder and a shift in the C1s peak position of functionalized graphene 

also verified the presence of APTES and PFES on the substrate. 

5.2.1.4 Doping verification using In-situ Raman spectra  

As explained in Chapter 3, environmentally-induced water vapor and oxygen 

bound to the graphene are electron acceptors [82] that play an important role in the 

unintentional p-doping of graphene films. This unintentional doping of the graphene had 

to be removed in order to fully reveal the effects of the APTES and PFES on the 

graphene.  To remove this unintentional doping effect, the samples were heat treated 

under vacuum or inert atmosphere to unmask the intentional doping effects of the APTES 

and the PFES underlying layer [89]. To this end, the samples were heated up to 200°C 

under nitrogen atmosphere between 5 and 180 minutes. In-situ Raman spectroscopy was 

utilized to investigate the quality of the graphene and its doping state by examining the D, 

G, and 2D bands and their positions. All spectra were excited with visible (532 nm) laser 

light and collected in the backscattering configuration with a laser power below 0.5 mW 

to avoid laser-induced heating [89]. A 50X objective lens was used to focus the laser on 

the graphene samples during the Raman measurements. The samples were placed inside 
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an environmentally controlled microscope stage with heating, vacuum, and gas delivery 

capability (Linkam TS 1500) for in-situ Raman measurements. The sample was heated up 

to 200°C under nitrogen atmosphere and held between 5-180 min to allow for desorption 

of atmospheric p-dopants bonded to the sample. Raman measurements were performed 

before and after the vacuum annealing step. Figure 5.6 (a) shows the Raman spectra of as 

transferred, APTES treated, and PFES treated graphene after 3 hours of vacuum 

annealing at 200°C. The difference in the G and 2D peak width, position, and intensity 

ratio for each sample is indicative of various doping states. A critical observation is that 

no increase on the D band was observed during any of the annealing steps; hence 

successful doping of the graphene monolayer without significant damage to the lattice 

structure was achieved [19, 169]. Monitoring of the G peak position with increase in 

heating time, its full width at half maximum FWHM(G), and intensity ratio of 2D over G 

peak (I2D/IG) reveal the changes in electronic state of various devices. A decrease in the G 

peak position of as-transferred graphene was observed after annealing for only 5 minutes. 

Further annealing resulted in a greater decrease in the peak position, leading to 1588 cm-1 

after 3 hours of annealing. This indicates the de-doping process induced by the removal 

of the environmentally induced dopants through annealing [151]. An increase in 

FWHM(G) from 17 to 23 and I2D/IG from 1.685 to 1.7 confirms the removal of 

atmospheric p-dopant, leading to de-doped graphene after 3 hours of heat treatment. The 

G peak position of as-transferred graphene functionalized with APTES was 1590 cm-1, 

and FWHM (G) was 14 cm-1. FWHM(G) and I2D/IG values for graphene functionalized 

with APTES are lower than the corresponding values for graphene and this is indicative 
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of a reduction in p-doping state. The change in the G peak position is due to competing 

effects between n-doping induced by APTES and p-doping by water vapor and oxygen. 

 

Figure 5.6. (a) Raman spectra of graphene (black), graphene/APTES (green), and 

graphene/PFES (red) after annealing at 200oC under nitrogen atmosphere for 3 hours. (b) 

G peaks position (c) FWHM (G) (d) I2D/G as a function of annealing time under nitrogen 

atmosphere for graphene (black), graphene/APTES (green), and graphene/PFES (red). 

 

Similar to as-transferred graphene, heat treatment for 5 minutes resulted in the removal of 

p-dopants, leading to a decrease in G peak position down to 1585.5 cm-1, and an increase 

in FWHM (G) to 21 and I2D/IG to 2.65. These values are similar to those measured for de-

doped graphene. However, further heat treatment resulted in the removal of additional p-
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dopants, causing the n-doping effect to become dominant.  This led to an increase in the 

G peak position to 1586.5 cm-1 and a decrease in FWHM (Γ) to 20 and I2D/IG to 2.3, 

which is in accord with observed Raman characteristics for n-doped graphene.  

The trend in Raman characteristics for PFES functionalized graphene is similar to 

that obtained with as-transferred graphene. A heavily p-doped characteristic before heat 

treatment is due to the presence of both PFES and atmospheric dopants from water vapor 

and oxygen. However, removal of atmospheric dopants by heat treatment for 3 hours 

results in lowering the p-doping level in the graphene with a 7 cm-1 decrease in the G 

peak position, 6 cm-1 increase in FWHM (G), and 0.7 increase in I2D/IG. The shift in the 

position of the G peak is indicative of induced doping by SAMs without a change in the 

structure of graphene.  

5.2.1.5 Graphene FET device using SAMs contain silane group 

 To further demonstrate the n-type and p-type characteristics induced by APTES 

and PFES respectively in graphene, back-gated FET devices were fabricated on SAM 

treated SiO2/highly doped Si as shown in Figure 5.2. Back-gated CVD graphene field 

effect transistors were fabricated using standard lithography and metallization techniques 

in conjunction with a solution-based self-assembled monolayer coating technique and a 

solution based transfer of CVD grown graphene. Another set of devices was fabricated 

without SAMs as control devices. Transport in the APTES- and PFES-treated graphene 

devices as well as the devices without SAMs was measured using a probe station 

equipped with an HP 4156 semiconductor parameter analyzer under a nitrogen 

atmosphere. The measurements were performed, on as-made devices and again after heat 

treatment in the inert atmosphere, to verify the de-doping through removal of 
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atmospheric dopants and n- and p-doping through APTES and PFES modifications. 

Figure 5.8 and Figure 5.9 show the schematic of de-doping by heat treatment and 

unmasking the n- and p- doping effect induced by APTES and PFES, respectively. All as-

made devices demonstrated p-type characteristics, due to the dominant p-doping effect 

caused by unintentional p-dopants from air exposure. A gradual decrease in the charge 

neutrality point was observed in the device without SAMs modification, due to heat 

treatment up to 200°C under the nitrogen atmosphere. After 3 hours of annealing, the 

charge neutrality was around zero volts, indicative of de-doped graphene.  

  

Figure 5.7. Schematic of back-gated APTES and PFES-treated devices. 

 
 For the APTES treated device, n-doping characteristics were observed with the 

charge neutrality point (CNP) stably forming at c.a. -20 V after 3 hours of heat treatment 

at 200°C (see Figure 5.10). On the other hand, for the PFES treated device, p-type 

behavior was observed with the charge neutrality point stabilizing at c.a. 22 V after 3 

hours of annealing at the same environment (see Figure 5.11) 
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Figure 5.8. Schematic of atmospheric p-dopants removal shows unmasking of n-doped 

graphene FET device induced by APTES. 

  

Several APTES and PFES-treated devices were fabricated, and similar results were 

obtained for each set of devices. Unlike the sample without SAMs, intentional doping by 

APTES and PFES was shown to be thermally stable, as there was no change in the 

neutrality point after removal of the atmospheric dopants via thermal annealing in 

nitrogen. The electron and hole concentration of the APTES and PFES-treated graphene 

after annealing was approximately 2x1012 cm-2 for both devices. These values were 

calculated using a method similar to that explained in Chapter 4 using the equation, n = 

CgVNP/e [90, 139], where Cg = 115 aF/µm2,  [139] e is the charge of the electron and VNP 

is the voltage at the charge neutrality point. 
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Figure  5.9. Schematic of atmospheric p-dopants removal shows unmasking of p-doped 

graphene FET device induced by PFES. 

 

 Both electron and hole field-effect mobilities for the APTES and PFES-treated 

graphene after annealing were approximately 217 cm2/Vs and 412 cm2/Vs, respectively. 

The electron and hole mobilities for graphene devices without SAMs are of the same 

order of magnitude. These values are extracted using the relation µFE =Lchgm/WchVD/sCg, 

where Lch= 2000µm, gm=dID/dVGS , Wch= 50µm , VD/S= .1V and Cg=115 aF/µm2, [89] 

indicating that the SAMs  has no effect on the mobility of graphene devices [117, 162, 

170]. The slight difference in the mobility and the minimum current of APTES and 

PFES-treated devices can be due to the differences in the transferred graphene that 

originate in varying grain size or in the transfer process of CVD graphene.   
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Figure 5.10. Source-drain current versus gate voltage for different device heating times 

at 200°C for simple graphene FET devices fabricated using an APTES coated gate 

dielectric. 

 
Figure 5.11. Source-drain current versus gate voltage for different device heating times 

at 200°C for simple graphene FET devices fabricated using a PFES coated gate dielectric. 
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Figure 5.12. Source-drain current versus gate voltage for different device heating times 

at 200°C for simple graphene FET devices fabricated using a simple SiO2 gate dielectric. 

 
 It is noteworthy that further annealing for up to 7 days did not cause a change in 

the neutrality point. This is in contrast with the observed n-type characteristic of graphene 

due to annealing in a nitrogen atmosphere, as we saw no evidence of n-type doping in 

these samples [171]. In addition to using this strategy of depositing the amine layer to 

introduce controlled modulation of the doping profile in the device channel, it is also of 

course possible to modulate the amount of free amine on the substrate by changing the 

time or solution concentration conditions used to deposit the amine. This modulation of 

the amount of APTES on the dielectric surface can in turn be used to modulate the doping 

level in the devices. 
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Figure 5.13. Shows source-drain current versus gate voltage as a function of heat 

treatment and pump down time; this indicates no significant change in the neutrality point 

even after 7 days without having SAMs. 

  
 To demonstrate this, the APTES deposition time was varied between 1 and 7 

hours for devices made with the unpatterend APTES layer covering the entire device 

channel. Figure 5.14 shows the carrier concentration measured in the graphene devices 

along with the nitrogen to silicon ratio (N/Si) obtained by XPS in each of these samples 

as a function of APTES deposition time.   
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Figure 5.14. Dopant concentration and Nitrogen/silicon (N/Si) ratio versus APTES 

deposition time. 

  
Clearly the carrier concentration is observed to scale roughly with APTES deposition 

time over the range of APTES deposition times measured.  One would expect this 

behavior to saturate at some point once a sufficiently dense and thick enough APTES 

layer is formed such that no further electronic influence on the graphene film is observed 

by further deposition of APTES. Carrier concentrations in excess of 4.5×1012 cm-2 were 

observed in the devices measured, corresponding to a CNP change above -60 V (see 

Figure 5.15).   
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Figure 5.15. Drain-source current versus gate voltage as function of different APTES 

treatment times. 

5.2.2. Interface modification using phosphonic acids (PAs) 

5.2.2.1. Introduction 

 A variety of applications of SAMs to electronic devices have been investigated 

[172-173]. Of particular interest among their findings is that the dipoles of SAMs 

molecules change the Schottky barriers between metals and organic semiconductors 

[174-175]. The dipole alignment of the SAM molecules is thought to produce a built-in 

electric field and thereby modify the carrier [110, 112]. Kobayashi et al. demonstrated 

that by changing the SAMs molecules, the channel carrier density in the organic field-
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effect transistors can be controlled by effects of molecular dipoles and weak charge 

transfer. In this section, we attempt to utilize phosphonic acids (PAs) with a different 

dipole alignment as interface layer between graphene and the substrate to modulate the 

work function of the film. The existence of a large dipole in the phosphonic acids (PAs) 

should result in a p- and n- type graphene FET. 2,6-difluorobenzylphosphonic acid 

(oF2BPA) and 4-trifluoromethylbenzylphosphonic acid (pCF3BPA) were used for this 

purpose. The fluorination pattern is a key in the expected dipole effect on the substrate. 

Both pCF3BPA and oF2BPA have fluorine as electronegative groups that result in an 

overall charge on the phosphonic acids. The fluorine groups are away from the substrate 

in pCF3BPA; this creates a positive charge close to the substrate and a negative charge 

away from the substrate. Therefore, it will be hard to inject the electrons from the 

substrate. However, in oF2BPA fluorine groups are close to the surface and result in 

negative charge on the surface, leading to an easier injection of electrons off the 

substrate. Figure 5.21 shows the schematic of various PAs with different dipole 

alignments. 

5.2.2.2. Methods 

 Treatment of the surface with PAs was performed in a fashion similar to the 

methods explained in the literature [176]. Briefly, 1.0 mM phosphonic acid solution was 

prepared freshly in ethanol, and stored in amber bottles. The substrates were immersed in 

the solutions at room temperature. After couple of hours, the samples were removed, 

immediately rinsed with ethanol and were then sonicated for 10 min in triethylamine 

5%v/v in ethanol. Then, samples were rinsed with ethanol and blown dry with nitrogen as 

the last step. The process of functionalizing the substrate with PAs was characterized 

with XPS similar to the method explained earlier in section 5.2.1.3. 
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.   
Figure 5.16. Schematic of (Left) 4-trifluoromethylbenzylphosphonic acid (pCF3BPA) 

phosphonic acids (PAs) with fluorine orientation looking up and (Right) 2,6-

difluorobenzylphosphonic acid (oF2BPA) with fluorine orientation looking down.  

 

 Similar to APTES and PFES treatment, a graphene-based back-gated FET device 

was fabricated to test for a p- and n-type behavior. Unlike APTES and PFES, Al2O3 was 

used as a dielectric for back-gated FET device. This is because PAs bond better to the 

phosphonic acids (PAs). To this end, highly doped Si wafer was coated with 2 nm thick 

layer of Aluminum using E-Beam evaporation at vacuum pressure of 10 -6 Torr. This thin 

layer of Al oxidized upon exposure to air, which enhances bonding sites on the substrate 

for improved quality of Al2O3 deposition using Atomic Layer Deposition (ALD) tool. 

The Cambridge Fiji Plasma Thermal ALD system was used for this purpose to deposit 

pin-hole free films in ultra-high aspect ratio features. Film thickness was c.a. 200 nm and 

deposition was performed at 250°C. Figure 5.17 shows a schematic of the back-gated 

FET device functionalized with PAs, where a 200 nm thick layer of Al2O3 was used as 

the gate dielectric.  

oF2BPA pCF3BPA 
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Figure 5.17. Schematic of a back-gated graphene FET device functionalized by (Left) 

oF2BPA and (Right) pCF3BPA before transfer of CVD graphene.  

 

5.2.2.3. Verification of PAs on the substrate 

 To verify the presence of phosphonic acids on the substrate, X-ray photoelectron 

spectroscopy (XPS) was utilized. XPS data were acquired using a spectrophotometer (VG 

Scientific ESCALAB 210) with an Al αΚ  X-ray source ( 68.1486=υh eV). The 

measurements were examined on multiple spots on each sample. XPS measurements 

were conducted on a bare Al2O3 substrate that had been taken through the graphene 

transfer process and on Al2O3 substrates that were treated with PCF3BPA and OF2BPA. 

The survey scan spectra were collected over the binding energy (B.E.) range of 0-750 eV 

with a step size of 1 eV at a pass energy of 200 eV and a spot size of 400 µm. Figure  

5.18 shows survey scan spectra of the PAs treated Al2O3 substrate. The major peaks are 

corresponding to C1s and O1s that are indicative of graphene and oxide substrate. A clear 

presence of F 1s peak on OF2BPA and PCF3BPA is indicative of successful treatment 

with these groups. 
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Figure 5.18. XPS survey spectra that show the presence of F 1s indicative of successful 

treatment with OF2BPA and PCF3BPA. 

  
 Core level spectra were acquired to further analyze various chemical groups on 

the substrate. Figure 5.19 (Top) shows a core level C1s peak acquired on bare Al2O3, and 

oF2BPA and pCF3BPA treated Al2O3. The appearance of a shoulder in the C1s peak for 

core oF2BPA and for pCF3BPA treated Al2O3 is indicative of the presence of fluorine on 

the substrate. Comparison of the core level F1s peak on oF2BPA and pCF3BPA treated 

Al2O3 with bare Al2O3 confirm the presence of fluorine on the functionalized substrates. 
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Figure 5.19. Core level (Top) C 1s spectra and (Bottom) F 1s spectra acquired on bare 

Al2O3, and oF2BPA and pCF3BPA treated Al2O3. 
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5.2.2.4. Electrical data measurements on back-gated FET functionalized with PAs  

 To understand the effect of surface treatment with phosphonic acids on the 

electronic properties of graphene, back-gated field effect transistors devices were 

fabricated as explained in section 5.2.2.2. Figure  5.17 shows a schematic of these 

devices. Electrical measurements were performed similar to back-gated devices with 

SiO2 as gate dielectric. Figure  5.20 shows source-drain current vs. gate voltage graphene, 

graphene/oF2BPA, and graphene/pCF3BPA FET. All devices are significantly p-doped 

before annealing, due to the presence of atmospheric dopants as explained in Chapter 4. 

After annealing at 200°C for 12 hours, the Dirac point for the graphene device had gone 

to almost zero. This is indicative of p-dopant removals by annealing as explained in 

Chapter 4. However, unlike devices with SiO2 as gate dielectric, Al2O3 devices require an 

excess amount of annealing for atmospheric dopant removal. It is believed that the 

bonding mechanism/adsorption nature of atmospheric dopants on SiO2 might be different 

than Al2O3.  

 

Figure 5.20. Source-drain current versus gate voltage heated at 200°C for 12 hours as a 

function of gate voltage for graphene, graphene/oF2BPA, and graphene/pCF3BPA FET. 
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 As expected, the Dirac point for the graphene/oF2BPA sample was around -5 V 

and that for a sample of graphene/pCF3BPA was around 5 V. This is indicative of n- and 

p- doping induced by oF2BPA and pCF3BPA on graphene film. The enhanced shift in 

APTES and PFES treated devices is partially due to low dielectric capacitance in SiO2 

compared to Al2O3. In addition, oF2BPA and pCF3BPA are monolayers, in contrast to 

APTES and PFES, which contain multi layers of those chemicals.   

5.3. Graphene p-n junction using SAMs 

5.3.1. Introduction 

 Most graphene junctions to date have been fabricated using multiple electrostatic 

gates, [122] electrical stress-induced doping, [125, 177] chemical treatment by gas 

exposure, [126] chemical modifications on top of the graphene, [127, 171, 178] and 

modification of the substrate by changing the local electrostatic potential in the vicinity 

of one of the contacts [34]. However, current methods for electrostatic gating require a 

number of fabrication steps that may not be easily scalable to industrial levels, and that 

are usually expensive. In addition, chemical doping on top of graphene can degrade the 

carrier mobility in the device by introducing defects and impurities in the graphene. In 

addition, physisorbed dopant molecules are not stable and may desorb, resulting in 

changes in the electronic properties of the graphene.    

 In this section, we utilize the approach explained in section 5.3.1 to pattern a 

graphene FET channel containing a thin layer of SAMs in selected regions for formation 

of p-n junctions. Section 5.3.2 will utilize APTES as n-dopant and PFES as p-dopant, 

while section 5.3.3 will utilize APTES as n-dopant with intrinsically p-doped CVD 

graphene. 
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5.3.2. P-N junction through intentionally n- and p-doped graphene 

 As explained earlier in this chapter, interface modification with APTES and PFES 

can result in formation of n- and p- type graphene FET devices. A graphene p-n junction 

will be obtained by patterning both modifiers on the same dielectric and will be verified 

through the creation of a field effect transistor (FET). Characteristic I-V curves will be 

utilized to indicate the superposition of two separate Dirac points, which confirms an 

energy separation of neutrality points within the complementary regions. This method 

will minimize doping-induced defects and will result in thermally stable graphene p-n 

junctions for temperatures up to 200°C.  

5.3.2.1 Fabrication method 

 The fabrication of the graphene p-n junction is schematically illustrated in Figure 

5.21. First, the source and drain contacts (gold 50 nm thick) were defined using 

conventional electron-beam lithography and lift-off processes on a highly p-doped Si 

substrate with a 300 nm thick SiO2 layer to create back gated field effect transistor 

structures, using a method similar to that explained in section 5.2. The resulting channel 

size is 50 µm by 1 mm. APTES was deposited on half of the channel using the solution 

processing sequence described in section 5.2. Next, half of the channel in the FET device 

was patterned with photoresist. After development, the other half of the channel was 

treated with UV-Ozone for 15 minutes to remove the exposed APTES and produce a 

hydroxyl-terminated surface. PFES treatment of the other half of the channel was 

performed using the solution processing sequence described in section 5.2. Finally, the 

resist was removed to expose the APTES coated region prior to transfer of graphene on 

top of the SAMs coated SiO2. 
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Figure 5.21. Schematic of the graphene p-n junction fabrication steps using APTES and 

PFES. 

5.3.2.2 Characterization 

 Contact angle measurements and X-ray photoelectron spectroscopy were 

performed on both the APTES and the PFES-treated sides of the channel, and results 

similar to those explained in section 5.2 were obtained. To ensure the presence and 

formation of the patterned SAMs on the channel, XPS mapping was utilized [see Figure 

5.22]. XPS mapping was performed using a 30 micron spot size with a step size of 28 

microns, and a Gaussian smoothing algorithm (Thermo scientific) was applied to the raw 

data.  

 
Figure 5.22. (Left) N1s binding energy centered at 400.1 eV and (Middle) F1s binding 

energy centered at 689.3 eV. (Right) C1s binding energy centered at 285.3 eV. 
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Figure  5.22 (Right) shows the intensity of the N1s map with a well-defined boundary 

that indicates the presence of amine only on half of the channel. Similarly, the F1s map 

indicates the presence of fluorine in the other half of the channel. For the core level C1s 

mapping, a binding energy centered at 285 eV was selected. 

5.3.2.3 Electrical data measurements 

Electrical data measurements were performed on fabricated p-n junctions in a 

nitrogen atmosphere using a method similar to that explained earlier. As-fabricated 

devices indicated p-type characteristics due to excess amount of atmospheric dopants.  

 
Figure 5.23. Drain-source current versus gate voltage for a graphene p-n junction 

measured after different annealing time. Both APES and PFES were used for surface 

modification. 
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After annealing at 200°C for 5 minutes a shift in the charge neutrality point to lower 

values was observed that indicated  removal of atmospheric dopants. Further annealing 

provided control of the position of the junction until the neutrality point for the p- side of 

the channel was reached. When the annealing time increased to 3 hours, two Dirac points 

(peaks) were seen in the I-V curve: one located at VNP = 20 V and the other at VNP = −5 

V. Figure 5.23 shows an I-V characteristic curve of the device, showing the superposition 

of these two separate Dirac points, which indicates an energy separation of neutrality 

points within the complementary regions. Annealing overnight resulted in a sharp p-n 

junction behavior with two neutrality points located at VNP = 10 V and VNP = -18 V. 

The amount of free amine and fluorine available on the substrate can be tuned by varying 

the APTES and PFES deposition time to fully control the transport behavior of the 

fabricated p-n junction. 

5.3.3. p-n junction with intentionally n-doped and intrinsically p-doped graphene 

 In the process presented in this section, intrinsically p-doped CVD graphene that 

is obtained as a result of the particular transfer process, as explained in Chapter 4, [179] 

and that is utilized to deposit graphene onto the FET devices provides the basis for the 

opposite doping required to form a p-n junction in combination with the use of the 

APTES layers. Upon heating the fabricated device under an inert atmosphere, the 

intrinsically p-doped graphene is de-doped in a controllable manner, resulting in a dopant 

concentration profile that leads to formation of a p-n junction. 

5.3.3.1 Fabrication method 

 Back-gated graphene-based p-n junctions with patterned p-n regions in the FET 

channel were fabricated and measured following the same basic process described in 

section 5.3.2. The difference here is that only one half of the channel was modified with 

APTES.  
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 Figure 5.24 illustrates the fabrication steps involved in making the patterned p-n 

junctions in the FET channel devices using this method. Considering the similarity 

between this fabrication process and the one described in the previous section, we 

mention the important fabrication steps for the clarity purpose. The lithography and 

deposition processes (i.e. typical lift-off procedures) were used to form the gold 

electrodes on the 300 nm thick SiO2 gate dielectric films on highly p-doped silicon 

wafers. Then, half of each of the channels in the FET devices were patterned with 

photoresist and hard baked. The device samples were then treated with APTES using the 

same solution processing sequence described earlier to deposit APTES in the half of each 

device channel that was not protected by hard-baked photoresist. The photoresist was 

removed by placing the devices in N-methylpyrrolidone (NMP) for 1 hour, followed by 

further sonication in acetone and inspection by optical microscopy to ensure removal of 

all photoresist. 

 

Figure 5.24. Schematic showing the process used to fabricate the graphene p-n junction 

using only APTES without PFES modification. 

 

5.3.3.2 Characterization 

 As was done in section 5.3.2, contact angle measurements and XPS were utilized 

to ensure the presence of APTES in one half of the channel and of intrinsically p-doped 

graphene on the other half. The resulting patterned APTES layers were verified by XPS 

mapping, as illustrated in Figure 5.25. XPS mapping was performed using a 30 µm spot 

size with a step size of 28 µm, and a Gaussian smoothing algorithm was applied to the 

raw data similar to the one explained in section 5.3.2.2. The signal associated with 399.5 
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eV binding energy was used for mapping the N1s spectra. Figure 5.25 shows a well 

defined boundary between areas of the substrate coated with the APTES layer and those 

without.   

 
Figure 5.25. XPS mapping of the graphene p-n junction using APTES and intrinsically 

p-doped graphene for the (Left) C1s intensity at a binding energy of ~ 285 eV (Right) N 

1s intensity at a binding energy of 399.9 eV. 

 
 Further analysis of the position of these boundaries with respect to the location 

and intensity of those peaks in the XPS that originated from the gold source and drain 

contacts confirms that the lithographic alignment was sufficient to locate these p-n 

junctions in the FET channels. C1s mapping using a binding energy centered at 285 eV 

was also performed. Again, a well defined boundary was observed in the patterned 

APTES samples, with the strongest C1s signal corresponding to regions containing the 

strongest N1s signal as well, consistent with the formation of a well defined patterned 

APTES layer. 

5.3.3.3 Electrical data measurements 

 Electrical measurements were performed on the fabricated CVD graphene devices 

that contained the patterned APTES layers in the device channels; the devices were 

probed under inert atmosphere using a method similar to that explained earlier. As 

expected, as-made devices exhibited a heavily doped p-type characteristic, due 
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presumably to doping from adsorbed species. The two expected current minima region 

for the devices in the as-made state are located at sufficiently large positive gate 

potentials that they are difficult to measure without experiencing breakdown of the device 

dielectric.  

 After annealing the devices at 200°C for only 5 min, two minima in the I-V curve 

were clearly observed, corresponding to two Dirac points, as a result of desorption of p-

dopants.  

 

Figure 5.26. Source-drain current versus gate voltage as a function of heating times at 

200°C for a graphene p-n junction using APTES and intrinsically p-doped film. 

 

For Vg larger than approximately +35 V in this device, the device channel is effectively 

in an N/N+ doping configuration where both regions of the channel are p-doped, but the 

region of the channel that does not contain the APTES layer is more heavily p-doped. For 

Vg in the range of approximately 0 V to +35 V, the formation of a p-n junction in the 
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device channel occurs. For Vg less than 0 V, the device channel exists in a p+/p doping 

configuration where the regions of the channel containing the APTES layer are more 

heavily n-doped. After 30 min of annealing at 200°C, the device channel is N/N+ doped 

for Vg larger than +15 V, p-n doped for Vg between -10 V and +15V, and p/p+ doped for 

Vg less than -10V. The nice feature of the devices annealed for 30 min is that they 

behave roughly symmetrically in terms of the electrical response around Vg=0 V.  

Further annealing leads to additional shifts of the Vg range over which a p-n junction 

doping profile exists in the device channel to more negative Vg. It is also possible during 

these measurements to demonstrate the unique ambipolar character of the devices.  

Switching of the source-drain bias voltage from positive to negative values shows no 

rectifying behavior, as would be characteristic of an ambipolar device [128, 161]. 

 

 5.4 Conclusion 

 This ability to control the n-doping characteristics of the device surface, i.e. 

through modulation of the density of APTES deposited (e.g. by controlling deposition 

time or solution concentration) on the gate dielectric, can be easily combined with the 

patterned p-n junction fabrication techniques to allow for full control of the position of 

the charge neutrality points in the I-V characteristics of the resulting FET devices. This 

unique p-n junction behavior of graphene, in contrast with the traditional rectifying 

behavior of conventional semiconductors, allows the development of graphene-based 

bipolar devices. Our simple method for producing patterned doping profiles in graphene 

films and devices facilitates the study of such phenomena, since it allows very  fine  and 

independent control over the characteristics of the FET I-V curves as compared to the 

more limited control possible with electrostatic substrate engineering, [161] and other 

fabrication techniques [126, 171, 178, 180-181].    
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 In summary, this chapter has shown that it is possible to utilize APTES layers to 

n-dope graphene, to control the resulting doping level in graphene FET devices through 

control of the amount of APTES deposited onto the FET gate dielectric surface, to 

produce FET devices with patterned p- and n-doped regions through lithographic 

patterning of such APTES layers, and to use the combination of control of APTES 

deposition and patterning to tune the I-V characteristics of graphene FET devices. It has 

also been shown that use of such APTES doping schemes does not degrade the resulting 

graphene electronic properties as has been problematic in previously reported doping 

procedures, due to introduction of defects into the graphene layer.  Overall, the methods 

described here allow for facile, controllable, and low temperature fabrication of graphene 

p-n junctions.    

 Furthermore, APTES and PFES were utilized simultaneously in a single FET 

device to induce n- and p-type characteristics in graphene without altering its structure. 

These SAMs bond to the substrate and are thermally stable. Formation of two separate 

Dirac points in the I-V characteristic curve is indicative of a graphene p-n junction. 

Variation in the duration of fictionalizing graphene with these SAMs and heat treatment 

period results in p-n junctions with controlled position and height.     
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CHAPTER 6  

TRANSFER-FREE SYNTHESIS OF GRAPHENE ON DIELECTRIC 

SUBSTRATES 

  

6.1. Introduction 

 As described in detail in Chapter 2, the deposition or synthesis of large-area, high 

quality graphene [2, 53] is important for developing electronic, optoelectronic, and sensor 

technologies. To this end, several techniques have been developed, including epitaxial 

growth from expensive single crystal SiC to yield high quality graphene films, [23, 55, 

58] chemical reduction of solution deposited graphite oxide (GO), [25, 60-63] liquid 

phase exfoliation and solution deposition of graphite, [24, 26, 56] and chemical vapor 

deposition (CVD) on transition metals followed by transfer [28-30, 39, 71]. Among these, 

CVD is the most viable for fabricating large area graphene sheets with high quality, [29, 

71] with the key feature of this method being the solubility of carbon in transition metals 

such as nickel at the typical synthesis temperature for graphene (900-1000°C) [28, 30]. 

CVD graphene has been explored extensively where the source of carbon atoms can be a 

hydrocarbon gas, [28-30, 39, 71] or it can be supplied by the decomposition of a carbon 

containing solid [74, 182] such as a polymer, [78-79, 183] diamond, [75] C60  [76] or 

HOPG [77] in contact with the transitional metal catalyst film. These methods have been 

explained in detail in Chapter 2. 

 However, using these methods, a graphene film must be transferred onto a second 

substrate after synthesis, because the metal layer used for growth is not compatible with 

device fabrication or operation [80]. In practice, it is difficult to transfer a pristine sheet 
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of large area graphene without leaving significant wrinkles, cracks, and voids. Such 

defect sites reduce charge transport and negatively impact the graphene electrical 

conductivity. Figure 6.1 shows AFM, SEM, and optical images of transferred CVD 

graphene where damage has been introduced to the film in the transfer process. 

 

 

Figure 6.1. Different images showing the presence of cracks, voids, and contamination in 

transferred CVD graphene when care was not taken during the transfer. (Top left) AFM 

image (Top right) SEM image of transferred graphene with cracks. (Bottom) Optical 

image with contamination. 

 

 The goal of this chapter is to develop a process for transfer-free, large scale 

synthesis of graphene on dielectric substrates. Transfer-free synthesis is important as 
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most of transistor technology uses complementary metal-oxide semiconductor (CMOS) 

in which an oxide layer insulates the transistor gate from the channel. In addition, the 

possibility to pattern solid carbon source or thin film metals enables direct synthesis of 

patterned graphene on dielectric substrates. materials. Furthermore, well-organized and 

thin aromatic layers can be utilized as solid carbon source for low temperature synthesis 

since there is no need for high temperature to break chemical bonds in order to provide 

the carbon required for graphene synthesis. To this end, solid carbon source will be 

utilized to develop large area films. Then, trace carbon dissolved in metals will be used 

through a segregation process to form graphene layers [184].   

 6.2. Synthesis of graphene using solid carbon source 

6.2.1. Introduction 

 Direct synthesis of graphene on dielectric substrates through surface catalytic 

decomposition of hydrocarbon precursors on thin copper films has been previously 

demonstrated and does not require a transfer step [81]. However, this method resulted in 

the partial coverage of the surface with graphene. The extension of this approach to 

include solid carbon sources can lead to a scalable method for full coverage or patterned 

graphene on dielectric substrates. In this section, an approach will be given to fabricate 

large area graphene directly on dielectric substrates by using solid carbon sources and 

without a need for transfer process. The carbon source, Poly(methyl methacrylate) 

(PMMA), was deposited on Cu-coated dielectric substrates to facilitate the graphene 

synthesis. During graphene growth, the sacrificial copper partially evaporated away 

similar to the method explained in [81] leaving graphene on the substrate. A wet etch step 

removed the residual Cu leaving a continuous coverage of graphene on the dielectric 
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surfaces. In the next sections, we will analyze how growth parameters affect graphene 

quality. 

6.2.2. Methods 

 Copper films 300 nm thick were evaporated on a dielectric substrate using E-

beam evaporation. The dielectric substrates (35 mm by 23 mm) were either silicon wafers 

coated with 300 nm thick thermal oxide films (SiO2/Si), quartz, AlN, or sapphire. The 

solid carbon source used was PMMA (Sigma Aldrich Mw=950000). The PMMA was 

dissolved in anisole (Sigma Aldrich) at 4 wt%, after which it was spin-coated on the 

copper at 3000 rpm for 1 minute yielding 100 nm thick polymer films. The PMMA was 

cured at 180°C for 1 min on a hotplate and then annealed in a vacuum oven at 70°C for 2 

hours to remove solvents [78]. The sample was placed inside a quartz tube and pushed 

into the hot zone of a growth furnace once the temperature reached 900-1000°C.  It is 

important to note that earlier exposure of the samples to hot zone before the temperature 

reaches to growth temperature will not results in formation of graphene. The growth 

furnace is the same one that used for synthesis of CVD graphene films described in 

section 3.2 in Chapter 3.  

The growth was performed under vacuum pressure in an H2/Ar environment. The 

synthesis time varied from one minute to more than an hour. First, the sample was 

outside of the hot area in the furnace. Once the growth temperature was reached, the 

quartz tube was inserted into the hot area, and it remained there during the growth time. 

After growth, the sample was rapidly cooled to room temperature under hydrogen and 

argon gas flow prior to sample removal. Figure 6.2 shows schematic of graphene growth 

on a dielectric substrate using solid carbon sources. As illustrated, upon heating PMMA 
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was dissolved and provided a carbon source to the growth catalyst, Cu. Further heat 

treatment, resulted in moving carbon atoms inside the Cu. Depending on the growth 

temperature, Cu evaporated partially, leaving graphene both on top and underneath. After 

synthesis, the graphene was characterized using micro-Raman spectroscopy, scanning 

electron microscopy (SEM), XPS, and UV Vis spectroscopy. 

 
Figure 6.2. Schematic of graphene synthesis using solid carbon source on dielectric 

substrate.  

   

6.2.3. Graphene synthesis on quartz 

 Figure 6.3 shows optical and scanning electron microscopy images of graphene 

grown on quartz after 40 minutes of synthesis. Large regions of graphene were found in 
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direct contact with the quartz substrate, while residual copper covered ~60% of the 

surface. Raman spectroscopy characterization of the graphene was performed by 

analyzing the intensities of the D, G, and 2D Raman peaks [130]. The G-peak (~ 1585 

cm-1) is due to first-order Raman scattering by the doubly degenerate zone center optical 

phonon mode, and the 2D-peak (2680-2700 cm-1) is associated with second-order 

scattering by zone-boundary phonons [38, 44-46]. In defective graphite, the D-peak 

(1345-1350 cm-1) is due to first-order scattering by zone-boundary phonons.  Graphene 

peaks have been explained in further details in Chapters 2 and 3. The Raman fingerprint 

for CVD graphene was confirmed by using the 2D- and G-peaks’ intensity ratio (I2D/IG) 

[29, 38, 44-46] and the width of the 2D-peak [38, 44-46, 130]. The graphene was 

identified in all spectra measured on samples both in the regions with and without Cu; 

this contrasts with reports from other projects that used hydrocarbon sources, in which 

graphene was found only in metal-free areas [38, 44-46]. The Raman spectra (Figure 

6.3(b)) suggest that the sample consists of 1-3 graphene layers [29]. Monolayer and 

bilayer graphene was detected in metal-free areas and few-layer graphene was primarily 

found in regions with residual copper. The D-peak intensity was higher near the edge of 

the sample, suggesting the presence of intrinsic defects in the grains or of high density 

graphene domains [45].  

To obtain further insight into the nature of our films, Raman mapping was 

performed. Figure 6.3(c) and (d) show a typical color map of the I2D/IG intensity ratio 

over a 15 µm by 5 µm region and over the full sample with a half maximum (FWHM) of 

the 2D peak which ranges from 35 cm-1 (dark color) to 55 cm-1(light color), respectively. 

Overall, Raman mapping confirmed graphene coverage everywhere on the sample. 
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Figure 6.3. (a) Optical microscope image and (e) SEM image of a graphene sample 

grown on quartz after 40 min. The images reveal the incomplete removal of Cu through 

evaporation during the growth process. (b) Raman spectra from metal-free areas (red and 

blue lines) and Cu regions (black line) showing full coverage of graphene on the sample. 

Mapping of I2D/IG and FWHM(2D) of the same area in (a), respectively. 

6.2.4. Graphene synthesis on SiO2 

 Figure 6.4 shows an optical image of graphene on SiO2/Si and the representative 

Raman spectra after 20 minutes of growth. Less than 15% of surface area was still Cu. 

Raman spectra again showed the presence of graphene in all regions.  
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Figure 6.4. (a) Optical microscope image of a graphene sample grown on SiO2/Si after 

20 min of growth. The image shows graphene directly on the SiO2 surface as well as 

residual copper with less than 15% surface coverage. (b) Raman spectra from metal-free 

regions (red and blue lines) and Cu regions (black line) show the presence of graphene 

everywhere on the sample. 

 

6.2.5. Substrate effect 

 Figure 6.5 shows the optical microscope images of the graphene directly grown 

on SiO2, quartz, AlN, and sapphire. Representative Raman spectra measured in metal-

free areas show prominent graphitic peaks for all substrates [Figure 6.5(e)]. For the AlN 

and sapphire substrates, a high intensity defect peak and a low I2D/IG ratio indicate 

oxidized or highly defective multi-layer graphene. The highest quality graphene was 

synthesized on quartz and SiO2 substrates, which may be a result of the potential for 

some oxides to graphitize carbon [16, 63]. 
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Figure 6.5. (a-d) Optical microscope images of graphene samples grown on quartz, SiO2, 

AlN, and sapphire, respectively. (e) Representative Raman spectra from the metal-free 

regions on each substrate showing the presence of graphitic peaks. 

6.2.6. Growth condition/evolution effect 

6.2.6.1. Growth evolution on SiO2 

 We studied how process parameters affect graphene growth on quartz and SiO2 by 

varying growth time, growth pressure, and H2/Ar gas flow rate. Figure 6.6 shows the 

evolution of growth on SiO2/Si substrates.  
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Figure  6.6. (a-f) Optical microscope images showing the residual copper coverage on 

SiO2/Si substrates as a function of synthesis time for 1.5, 3, 10, 20, 40, and 60 minutes, 

respectively. (g) The dependence of the Raman spectra (I2D/IG and ID/IG) collected from 

samples shown in (a-f). The data suggests a maximum in the layer thickness (highest 

I2D/IG ratio) and a minimum in the defects in the graphene (lowest ID/IG ratio) after 20 

minutes of growth. 

 

 Growth times as short as 90 seconds resulted in little removal of copper [Figure  

6.6 (a)] while Raman spectroscopy showed the presence of graphitic peaks indicating 

graphene formation. Increasing the growth time to 180 seconds caused an increase in Cu 
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removal with a residual coverage area of 60% [Figure 6.6 (b)]. Further increase in the 

synthesis time resulted in more Cu removal, leaving residual particles of 1 µm in 

diameter with 5% surface coverage after 1 hour of processing. Figure 6.6 (g) shows 

Raman spectra from each sample in metal-free areas. The increasing I2D/IG ratio 

represents a decreasing number of graphene layers; a low ratio of the D- and G-peaks 

(ID/IG) can be interpreted as a larger grain size or a higher degree of graphitization [45]. 

An optimum growth time of 20 minutes was determined based upon minimizing the 

number of growth layers (I2D/IG =1.4), the level of defects (ID/IG = 0.25), and the residual 

copper coverage, which is held to less than 15%.  

6.2.6.2. Growth evolution on quartz 

In contrast to SiO2, copper evaporation was less pronounced on the quartz 

substrate [Figure 6.7]. The amount of Cu evaporation increased after 20 minutes of 

growth time on quartz with approximately 50% residual Cu coverage [Figure 6.7(c)]. 

Increasing the growth time to around 90 minutes resulted in almost 70% removal of 

copper as shown in Figure 6.7 (f). Extended synthesis time up to (2 hours) was not 

effective in further removal of the residual Cu from the quartz substrate. However, the 

quality of synthesized graphene decreased drastically with an increase in growth time, as 

seen previously. It is believed that this changes can be due to etching of the graphene by 

H2/Ar and was identified by an increase in the ID/IG from 0.14 to 0.7 between 40 and 90 

minutes of growth time [Figure 6.7 (g)]. The best ID/IG ratio in the metal-free areas was ~ 

0.25 and ~ 0.6 in Cu regions for samples grown on SiO2./Si. A reduction in these values 

was seen for samples grown on quartz with ID/IG being ~0.14 in metal free areas and ~0.3 

in Cu regions [compare Figure 6.7  (g) and Figure 6.7  (g)].. 
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Figure 6.7. (a-f) Optical microscope images of the residual copper coverage on quartz 

substrates after 1, 10, 20, 40, 60, and 90 minutes growth, respectively. (g) Raman spectra 

collected from the samples in (a-f). The data suggests a maximum in the layer thickness 

(highest I2D/IG ratio) and a minimum in the defects in the graphene (lowest ID/IG ratio) 

after 40 minutes of growth. 
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This indicates improved quality in graphene synthesized on quartz. At present it is not 

clear if this is a result of the crystalline nature of the quartz or if it is due to the lower 

evaporation rate of the Cu films during synthesis 

6.2.6.3. Effect of growth parameters 

 The extent of copper evaporation and the number of graphene layers synthesized 

also depended on the flow rate of hydrogen/argon and the vacuum pressure inside the 

quartz tube. Figure 6.8  shows the optical microscope image of the synthesized graphene 

on SiO2/Si for different H2/Ar flow rates and growth pressures. I2D/IG and ID/IG ratios 

from metal-free regions are plotted as a function of H2/Ar flow rate and growth pressure 

[Figure 6.8  (g,h)]. As the H2 flow rate increased from 3 sccm to 50 sccm, the I2D/IG ratio 

increased to more than 1.3 while ID/IG decreased to less than 0.25. This indicates a 

decrease in the number of layers and an improvement in the quality of the synthesized 

graphene. Hydrogen helps to remove excess carbon in the furnace, leading to a lower 

number of graphene layers. Further increase in the H2 flow rate up to 100 sccm resulted 

in a slight decrease in the I2D/IG ratio and an increase in the ID/IG ratio up to 0.8, as too 

much hydrogen can result in defect formation in the graphene. The best quality graphene 

films were synthesized with a H2/Ar flow rate of 50/500 sccm, while the measured 

growth pressure was ~ 1000 mTorr. The amount of Cu removal also depended on the 

growth pressure. Variation in the H2 flow rate had a direct effect on the measured 

pressure inside the reaction chamber based on the pumping speed and conductance of the 

vacuum system. Lower pressures were useful for increasing Cu removal, as shown in 

Figure 6.8 . In contrast, higher gas flow rates resulting in higher pressures were useful for 

increased carbon removal [Figure 6.8  (e) and (f) vs. (b)]. Cu coverage was decreased to 

less than 10% with H2/Ar flow rate of 50/50 sccm and a measured growth pressure of 450 

mTorr [Figure 6.8  (e)].   

 



 155 

 

Figure 6.8. Optical microscope images showing the residual copper coverage after 20 

minutes of growth on SiO2/Si with H2 flow rate (sccm)/Ar flow rate (sccm)/pressure 

(mTorr) as (a) 100/500/1500, (b) 3/50/9, (c)50/500/1000, (d)100/50/1350, (e)50/50/450, 

and (f) 20/50/220. (g,h) Average I2D/IG and ID/IG collected from the samples in (a-f).  
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These data indicate a maximum in the layer thickness (highest I2D/IG ratio) and a 

minimum in the defects in the graphene (lowest ID/IG ratio) for the flow rate conditions of 

H2 = 50 sccm, Ar = 500 sccm, and P = 1000 mTorr. Residual Cu coverage decreased to 

less than 10% under these conditions. 

6.2.7. Removing residual Cu 

To remove residual Cu, samples were placed in a 30% Fe(NO3)3 aqueous solution 

for two hours. Afterwards, the graphene was treated with 10% HCl solution for 10 min 

followed by washing in deionized (DI) water similar to the method explained in section 

3.3. in Chapter 3 for transfer of CVD graphene films. Figure 6.9 shows optical images of 

the sample before and after acid treatment. Raman spectroscopy was performed and 

confirmed the presence of graphene in regions where the Cu once existed [Figure 6.9 

(d)]. Figure 6.9 also shows some wrinkles in the SEM image of the graphene grown on 

quartz after acid treatment. However, no cracks were observed and the level of wrinkles 

was far less than that observed by post growth and transfer methods. 

XPS was employed to identify the elements present on the sample surface after 

acid treatment. XPS data were acquired using a spectrophotometer (VG Scientific 

ESCALAB 210) with an Al αΚ  X-ray source ( 68.1486=υh eV). XPS was utilized on 

several samples synthesized on SiO2/Si after acid treatment. The survey scan spectra 

were collected at the binding energy (B.E.) of 0-1300 eV with a step size of 1 eV and a 

spot size of 400 µm, which prominently showed the C1s and O1s peaks and the lack of 

any peak associated with copper beyond the detection limit of Cu in XPS (0.004%) 

[Figure 6.9 (e)]. These data suggest that the acid treatment effectively removes all metal 

contaminants from the graphene film.  
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Figure 6.9. (a,b) Optical microscope images of graphene before and after acid treatment. 

(c) SEM image of the sample grown on quartz after acid treatment. (d) Raman spectra 

from two different points on the sample in (b) after acid treatment. (e) X-ray photo 

electron spectroscopy of the sample after acid treatment indicates the presence of C1s 

binding energy without any peaks for copper or Fe. 
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Finally, the optical transparency of an acid-treated graphene film synthesized on quartz 

was obtained using UV-Vis spectroscopy. To this end, a Cary 5E UV-Vis-NIR dual-beam 

spectrophotometer was used to measure the optical transmittance, from 400-2500 nm, of 

the samples directly grown on the quartz substrate. An average transmittance above 95% 

was observed at 550 nm wavelength, suggesting that the sample synthesized through our 

technique consists of primarily bilayer graphene, as each layer absorbs between 2-2.5% at 

room temperature [132]. 

6.3. Synthesis of graphene using trace carbon dissolved in metals 

6.3.1. Introduction 

A segregation phenomenon has been utilized to turn the trace amounts of carbon 

dissolved in bulk metals into graphene [39, 72]. Recently, research has shown that 

graphene films can be produced using this segregation method by allowing trace C found 

in Ni to diffuse through an outer Cu layer to form graphene. However, the graphene films 

found on the Cu film required a subsequent transfer to a second substrate after synthesis 

in order to remove the metal layers. In this section, we will describe an extension of the 

segregation approach to form graphene both on top and underneath a Ni/Cu bilayer film 

without the need for a transfer step. This is a fast, easy, transfer-free, and scalable method 

for full coverage and can lead to patterned graphene on dielectric substrates.  

6.3.2. Methods 

 A copper film 150 nm thick and nickel film 10 nm thick were evaporated on a Si 

wafer coated with 300 nm of thermal oxide. The key to this process is that the 

evaporation utilized graphite crucibles for holding the metal sources and it diffuses into 
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the metal to leave trace amounts of carbon contamination. This trace carbon was utilized 

as the source for the graphene growth.  

 

Figure 6.10. Schematic of graphene synthesis using trace carbon dissolved in metals. 

 

To grow graphene, the sample was placed inside a quartz tube and pushed into the 

hot zone of a growth furnace operating at 1000°C. The same furnace that was used for 
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CVD growth and growth with solid carbon source was used for this task. The growth was 

performed for 30 minutes under flow rates of 50 sccm H2 and 500 sccm Ar atmosphere at 

a pressure around 870 mTorr. Next, the sample was rapidly cooled to room temperature 

under the same gas flow rate. Similar to growth with a solid carbon source, the sacrificial 

copper evaporated away during the growth due to the high homologous temperature 

(>0.9) and the low pressure inside the chamber, [81] leaving graphene both on top and 

underneath the nickel film. A schematic of synthesis is shown in Figure 6.10. 

 

 
Figure 6.11. Graphene on SiO2/Si (100 mm wafer) after 30 minutes of growth. 
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During synthesis, much of the Cu film evaporated away, leaving behind a 

discontinuous residual layer of Cu on the Ni. To remove the metals, the samples were 

treated post-growth with a 30% FeCl3 acid solution for an hour, followed by a 10% HCl 

aqueous solution for 10 min prior to washing in deionized (DI) water similar to the 

methods explained in section 6.2. This process left the graphene directly on the SiO2 

substrate. Figure 6.11 shows a typical 100 mm diameter SiO2/Si wafer coated with a 

Ni/Cu bilayer before and after synthesis. Layers of graphene can be observed by the color 

contrast on the wafer due to light interference effects. The lightest regions in the middle 

of the wafer correspond to monolayer or bilayer graphene, where the darker regions near 

the edges of the wafer are mostly few-layer graphene. 

6.3.3. Characterization of metal sources 

Secondary ion mass spectroscopy (SIMS) was utilized to chemically image the 

substrate. Sputtering by oxygen ions allows depth profiling where atomic masses from 1 

up to >5000 amu (i.e. hydrogen up to large molecules) can be detected with a high mass 

resolution. SIMS is the most sensitive surface analysis technique, being able to detect 

elements present in the parts per billion range with a vertical resolution of ~ 2nm and 

lateral resolution as small as ~300 nm [see Figure 6.12  (top)]. Figure 6.12 (bottom) 

shows the intensity of detected ions versus sputtering time. A high intensity of Cu- ions 

was first detected which formed the outer layer of the Cu/Ni bilayer film. During the 

depth profile analysis, the carbon to copper ion intensity ratio (IC-/ICu-) in this region was 

~ 3.5 x10-4. Further sputtering results in diminished Cu intensity and the appearance of 

Ni. This is indicative of reaching Cu/Ni interface. Simultaneously, an increase in the 

intensity of C was observed. The carbon to nickel ion intensity ratio (IC-/INi-) was ~ 7 x10-
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2. Comparing the ratio of IC-/INi- with the ratio of IC-/ICu- indicates that the C solubility in 

bulk Ni is 2 orders of magnitude higher than in Cu. This is in accord with reported 

maximum solubility of C in Ni and Cu (2.7 % vs 0.04 %) [72].  

 

 

Figure 6.12. (Top) Schematic shows SIMS operation. (Bottom) SIMS results show the 

intensity of detected ions versus sputtering time, indicative of 2 orders of magnitude 

higher C solubility in Ni compared to Cu. 
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The distinct difference in the carbon solubilities of Ni and Cu suggests that the carbon in 

the Ni can act as a source for the formation of graphene. In general when these films are 

heated, Cu can diffuse into the Ni, and due to its lower solubility, it displaces excess 

carbon that acts as the source for the formation of the graphene layer. No additional 

carbon source is necessary for this to occur. 

Another set of samples prepared through sputtering of Ni and Cu with similar 

thicknesses on SiO2 did not result in formation of graphene through the same growth 

process. It is believed that the C atoms diffuse into the metal in the e-beam evaporator 

from the graphite crucibles used to hold the metal sources. Thus, while the differences in 

the solubility of C in each of the metals is important, the trace carbon appears to be an 

artifact of the method used to deposit the metals and the combination of these features 

allows for the synthesis of graphene without any additional carbon sources. 

6.3.4. Characterization of synthesized graphene 

 Figure 6.13 (a) and (b) show optical microscope images of graphene grown on a 

SiO2 substrate with Ni and Cu films before and after etching. Large regions of graphene 

were found on top of the Ni layer, while the residual copper covered less than ~5% of the 

surface. Raman spectroscopy characterization of the top-layer graphene was performed 

by analyzing the intensities of the D, G, and 2D Raman peaks [130] using a Jobin-Yvon 

micro-Raman system similar to the method explained in Chapter 2 and 3. The Raman 

fingerprint for CVD graphene was confirmed by using the 2D- and G-peaks intensity 

ratio (I2D/IG) [29, 45] and the width of the 2D-peak [38, 45, 130]. The graphene was 

identified in all spectra measured on samples both in the regions with and without 

residual Cu. Graphene on Ni had a I2D/IG ratio of 1.56 ± 0.06 and a full width at half 

maximum (FWHM) of ~ 40 ± 2, suggesting a monolayer or bilayer film.  
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Figure 6.13. (a) and (b) Optical microscope image of graphene before and after acid 

treatment. (c) Raman spectra from Ni (black line) and Cu regions (blue line) showing full 

coverage of graphene on the sample. (d) Raman spectra from SiO2 showing the presence 

of graphene after etching metals. (e) Secondary-electron SEM image of a graphene 

sample grown on Ni before etching. (f) In-lens SEM image of graphene on SiO2 after 

etching Ni and residual Cu showing presence of wrinkles. (g) and (h) EDX pattern of the 

same area in (e). 
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In regions with residual copper, the ratio I2D/IG is ~ 0.84 ± 0.05 and the FWHM of 2D is 

~ 50 ± 3.5, indicative of few-layer graphene [29]. The high D-peak intensity in copper-

free areas is due to copper evaporation, suggesting the presence of intrinsic defects in the 

grains or a high density graphene domains [45]. 

 After etching, both residual Cu and Ni films with graphene on top were removed, 

leaving the lower layer of graphene in direct contact with SiO2. An I2D/IG ratio of 1.48 ± 

0.05 and a full width at half maximum (FWHM) of ~ 41 ± 2 were measured, suggesting a 

monolayer or bilayer graphene on SiO2 substrate. A typical sample was treated with 

oxygen plasma, prior to the etching step, to destroy the top layer graphene. After metal 

dissolution, Raman spectroscopy was performed and showed the presence of graphene. 

This excludes the possibility that graphene from the top of the nickel dropped to the 

bottom during the etching process. A Zeiss Ultra60 scanning electron microscope (SEM) 

was used to image the graphene before and after etching. Figure 6.13 (e) shows an SEM 

image of the graphene layer before etching. Visible regions of residual copper confirm 

the dewetting and evaporation of Cu. The SEM image, using an in-lens detector, in 

Figure 6.13 (f) clearly shows that there are wrinkle-like contrasts in the continuous 

graphene film after etching. However, no cracks were observed, and the level of wrinkles 

was less than that observed by post growth and transfer methods. It is believed that the 

difference between thermal expansion coefficients of graphene and Ni induces a thermal 

stress during growth that leads to formation of wrinkles [72].  

By combining the distinct segregation performances of Ni and Cu, we were able 

to modulate the thickness and quality of synthesized graphene. A Cu layer was employed 

as a segregation controller, and a Ni layer with trace levels of C was used as the carbon 
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source. In comparison, a sample with a 10 nm Ni layer and no Cu was used in the same 

synthesis process. The Ni only layer resulted in a highly defective few-layer graphene 

film with ID/IG ratio of 1.8 ± 0.2 and I2D/IG ratio of 1.1 ± 0.15 [see Figure 6.14]. In 

addition, this method was tried using different thicknesses of Cu without any Ni film, and 

no evidence of graphene formation was observed. This is in accord with the previous 

report and is due to very low solubility of carbon in Cu [72]. 

 
Figure 6.14. I2D/IG and ID/IG ratios as functions of Ni thickness. 

 

6.3.5. Etching residual metal 

 X-ray Photoelectron Spectroscopy was employed to identify the elements present 

on the sample surface before and after acid treatment. XPS data were acquired using a 

spectrophotometer (VG Scientific ESCALAB 210) with an Al αΚ  X-ray source (

68.1486=υh eV). The survey scan spectra were collected randomly at several points at 
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the binding energy (B.E.) of 0-1300 eV with a step size of 1 eV and a spot size of 400 

µm.  

 

Figure 6.15. (a) Core level Ni XPS spectra shows removal of Ni after acid treatment. (b) 

Survey spectra collected randomly indicate the presence of C1s binding energy without 

any peaks for copper or Ni after acid treatment. (c) Average UV Vis spectra indicates the 

synthesized graphene in primarily bilayer showing ~95 % transmittance at 550 nm. 
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 The same spot size with a step size of 0.5 eV was used for a core level scan. 

Comparison of Ni core level spectra before and after etching, shown in Figure 6.15 (a), 

suggests that the acid treatment effectively removed all metals from the graphene film as 

no Ni was observed beyond the detection limit of Ni in XPS (0.0055%). The survey 

spectra prominently showed the C1s and O1s peaks and the lack of any peak associated 

with copper or nickel [Figure 6.15 (b)]. Finally, graphene was grown on a quartz 

substrate with similar method.  

 A Cary 5E UV-Vis-NIR dual-beam spectrophotometer was used to measure the 

optical transmittance from 400-2500 nm of the samples directly grown on the quartz 

substrate after acid treatment. An average transmittance ~95% at 550 nm wavelength was 

observed in Figure 6.15 (c), suggesting that the sample synthesized through our technique 

consists of primarily bilayer graphene, as each layer absorbs between 2-2.5% at room 

temperature [132]. 

 

6.3.6. Patterned synthesis 

  To demonstrate the ability to perform patterned synthesis, a shadow mask was 

used to selectively evaporate Ni and Cu on the substrate with a channel size down to 30 

µm wide [Figure 6.16 (a)]. Then, the samples underwent the synthesis process described 

previously. Figure 6.16 (b) and (d) show SEM images of the channel before and after 

metal etching. A zoomed image of the graphene is shown in Figure 6.16 (c). Raman 

spectroscopy was performed within the channel and on the areas believed to have 

graphene. No evidence of graphene formation was seen in the channels where the metals 

were not present. This indicates the ability to control and confine the synthesis of 

graphene layers to specific regions on the wafer surface without any post treatment 

patterning steps. 
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Figure 6.16. (a) Photograph of a typical patterned sample. (b) and (d) SEM images of a 

channel before and after acid treatment. (c) SEM image of a graphene sample showing 

wrinkles. (e) Optical image of a channel after growth, showing presence of Cu dots. (f) 

Representative Raman spectra show the presence of graphene on the areas where Ni and 

Cu were patterned. No graphitic peaks were observed at other areas (in the channel). 

 

6.4. Conclusion 

 
 In this chapter, we report a new technique for producing large area, transfer-free 

graphene films on dielectric substrates. In the first section, our results demonstrate that 

the growth quality and Cu removal depend strongly on the type of growth substrate 
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utilized as well as the growth pressure and time. Quartz substrates were found to yield the 

highest quality films, although amorphous SiO2 surfaces were better in terms of Cu 

removal during growth.  

 Synthesis using trace carbon dissolved in metals was tried in a totally different 

furnace for wafer-scale synthesis purposes, and the same quality graphene was 

synthesized. This indicates that this method is reproducible, unlike CVD graphene where 

the flow hydrodynamic of gaseous carbon is highly dependent on the furnace size and the 

gas flow rates. Our results demonstrate that the Ni provides the carbon source while the 

Cu film with significantly lower carbon solubility provides a medium extent of carbon in 

the bulk Ni/Cu after being heated at growth temperature. A controlled growth condition 

leads to formation of graphene both on top and underneath the Ni film.  

 Acid treatment post growth effectively removed the residual Cu after the 

synthesis step without liftoff of the graphene layer. Raman spectroscopy measurements 

after acid-treatment revealed the presence of continuous graphene layers across the 

substrate, while XPS confirmed the removal of all Cu and metal contaminants in the 

graphene film. This method, based on a solid carbon source, shows great potential for the 

direct synthesis of graphene on dielectric substrates including low cost SiO2/Si substrates 

where the integration with other microelectronics may be possible.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE OUTLOOK 

  

7.1. Conclusions 

 The research in this thesis has been conducted to advance the goal of developing 

graphene films for electronic device applications. To this end, graphene films were 

synthesized using CVD and transferred onto a variety of substrates for unintentional and 

intentional doping. In addition, issues with the transfer of CVD graphene were 

highlighted and overcome by developing new routes for transfer-free (direct) synthesis of 

graphene on dielectric substrates. The insight gained from investigating the impact of 

atmospheric dopants on graphene films was effectively leveraged to expand the present 

understanding of unintentional mechanisms for doping graphene films and to facilitate 

the development of stable and defect-free methods for intentional doping of these films. 

Transfer-free synthesis through trace carbon dissolved in metals opens a new pathway for 

patterned graphene where the carbon source is embedded in the growth substrate.  

  

 Important findings of this dissertation are as follows: 

 

• Chapter 4 expanded the understanding of the impact that vacuum annealing, 

followed by exposure to oxygen and water vapor, has on the unintentional doping 

of CVD-grown graphene films.  This chapter also presented the first known study to 

corroborate X-ray photoelectron spectroscopy analysis, work function 

measurements, in-situ Raman spectroscopy measurements, and mobility/carrier 

concentration measurements in order to clearly elucidate the effect of atmospheric 

dopants on the unintentional doping of graphene films. Observations of excess p-



 172 

dopant concentration on vacuum annealed graphene after re-exposure to air indicate 

that the removal of some intrinsic p-dopants creates room for water vapor and 

oxygen to be physically adsorbed on the graphene, which causes an increased 

concentration of p-type carrier. In-situ Raman measurements in a controlled 

environment (temperature/gas exposure) were performed for the first time on 

graphene samples; a hysteresis was observed in the position of graphitic peaks 

during heat up/cool down cycles. A hole doping concentration close to 1 × 1013 cm-

2 on annealed and air-exposed graphene was obtained, and this correlates well with 

a 0.2 eV increase in the work function of graphene obtained from Kelvin Probe 

measurements. This chapter helps to utilize proper annealing of graphene FET 

devices for an optimum performance (increase in mobility and adjust carrier 

concentrations).   

 

• Chapter 5 investigated the effect of self assembled monolayers (SAMs) on the 

electronic properties of graphene films. Monolithic and patterned SAMs were used 

to create n- and p-doped graphene, graphene p-n junctions, and FET devices 

containing p-n junctions in the device channels; these were created through transfer 

of CVD graphene onto SAMs coated substrates. X-ray photoelectron spectroscopy 

(XPS) mapping was also used to determine and present the first summarized report 

of the substrate treatment that was used to create n- and p-doping with a well 

defined boundary between areas of the substrate coated with the n- and p-type 

dopants. In-situ Raman spectroscopy was utilized in a controlled gas/temperature 

environment to investigate the doping of graphene film functionalized with SAMs. 

Simultaneous de-doping, through desorption of atmospheric dopants, and 

intentional p- and n- doping were observed by tracking the change in position of the 

graphitic peaks. Through examining defect peaks in Raman spectra before and after 

treatment, SAMs doping was shown not to result in introduction of defects in 
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graphene films. I-V measurements of FET devices containing patterned APTES 

layers show that it is possible to control the position of the two current minima (two 

separate Dirac points) in the ambipolar p-n junction.  

 

• Chapter 6 provided the first report of the transfer-free synthesis of graphene films 

on dielectric substrates using solid carbon sources. Graphene films were 

synthesized through the thermal decomposition of poly(methyl methacrylate) on 

copper coated sapphire, quartz, Si/SiO2, and AlN substrates in a low pressure H2/Ar 

environment. This is the first report to indicate the formation of graphene both on 

top and underneath the transition metals, where a wet chemical etching process 

yielded graphene layers directly on the dielectric substrates. A similar approach was 

utilized to form graphene using trace carbon intrinsically dissolved in metals. The 

technique reported in this thesis could be scaled to large areas and is compatible 

with standard device fabrication technologies. Therefore, the research contribution 

of this dissertation can be leveraged with the present state-of-the-art in graphene 

films to advance the goal of manufacturing graphene-based field effect transistor 

(FET) devices. However, issues remain in the performance of these devices, and 

these must be addressed before graphene films can address commercial market 

needs. These primarily include further improving the carrier mobilities in these 

devices, improving the on/off ratio, and opening the bandgap through various 

chemical or electrostatic gating methods. These goals constitute future work and are 

discussed in the section to follow. 
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7.2. Future work 

7.2.1. Improvement in the electrical properties of CVD graphene films 

 As explained earlier, CVD graphene films synthesized on Cu foil have undergone 

an annealing process under an H2 environment in order to increase the grain size of the 

Cu. An increased grain size for Cu dictates an increased grain size for synthesized 

graphene. However, recent reports have shown that large grain size graphene can be 

obtained through two phase CVD growth, where the synthesis is stopped before super 

saturation of the catalyst Cu with C atoms dissolved from gas sources [73]. These 

graphene films have shown superior performance in FET devices where carrier mobilities 

have shown a significant increase.  

 In addition, the substrate has a significant impact on the performance of graphene 

based devices. Electron-substrate scattering and electron-impurity scattering have been 

shown as major issues with the performance of graphene FET devices. Recently, a group 

at Berkeley has shown that substituting SiO2 with hexagonal boron nitride (hBN) can 

result in an order of magnitude increase in the carrier mobilities of CVD graphene films 

[109]. Therefore, another attempt towards higher carrier mobility is to utilize different 

substrates for graphene devices.  

 As explained in detail in Chapter 4, vacuum annealing has shown promise for 

removing contaminants and atmospheric dopants from graphene substrates. However, 

ultra high vacuum annealing at pressures as low as 10 -8 Torr can result in complete 

removal of these groups. Furthermore, graphene films are washed with DI water many 

times during the transfer process, and this washing leaves significant dopants and 

impurities on transferred film. This process can be replaced by treating samples with 

solvents, such as methanol, that are less detergent in terms of induced impurities.  

 However, a comprehensive study that utilizes the impact of increased grain size 

graphene on modified substrate in conjunction with modified transfer process and proper 
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post transfer treatment is still lacking. An attempt to synthesize large grain size graphene 

followed by transfer onto hBN without using DI water, and utilizing instead ultra high 

vacuum annealing can result in a significant improvement in the carrier mobilities of 

CVD graphene films. This can open new pathways for CVD graphene applications on 

electronic devices. 

7.2.2. Integration of CVD graphene films in OPV and OLED devices 

  The use of amine terminated SAMs were shown as an effective molecule to 

control the doping in graphene films in Chapter 5 of this work. More recently, an 

ultrathin layer of a polymer containing simple aliphatic amine groups, polyethylenimine 

ethoxylated (PEIE), was deposited on graphene and shown to lower its work function 

from 4.7±0.05 eV down to 3.8±0.1 eV indicating a large level of doping of the graphene 

with a simply polymer. Polyethylenimine, 80% ethoxylated (PEIE) (Mw = 70,000 

g/mol), was dissolved in H2O with a concentration of 35-40 wt.% when received from 

Aldrich. It was further diluted with 2-methoxyethanol (here after referred to as 

methoxyethanol) to a weight concentration of 0.4%. The solution was spin coated on top 

of the substrates at a speed of 5000 rpm for 1 min and with an acceleration of 1000 rpm/s. 

Spin-coated PEIE films were annealed at 100ºC for 10 min on a hotplate in ambient air. 

The thickness of these PEIE layers was determined to be around 10 nm by spectroscopic 

ellipsometry measurements (J. A. Woollam Co.) by considering a single-layer model 

(without surface roughness) and Cauchy refractive index dispersion characteristics.  

 Scanning Kelvin probe microscope (SKPM) techniques, similar to that explained 

in Chapter 4, were applied on the graphene before and after PEIE deposition and 

demonstrated that the work function can be lowered by over 1 eV. Figure 7.1 shows a 

schematic of the decrease in the work function of graphene after PEIE deposition. In 

contrast to the π-conjugated amine-containing small molecules and polymers considered 

earlier, for example APTES, PEIE is a band-gap insulator; it should not be regarded as a 
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charge-injection layer but rather as a surface modifier. The intrinsic molecular dipole 

moments associated with the neutral amine groups contained in such an insulating 

polymer layer, and the charge-transfer character of their interaction with the conductor 

surface, together reduce the WF of graphene. 

 

Figure 7.1. Schematic of decrease in work function of graphene after PEIE deposition. 

  

  Electrical measurements were performed on back-gated field effect graphene 

devices with a PEIE layer deposited on top, using a method similar to that explained in 

Chapter 3. Figure 7.2 shows ID/S vs. Vg for back-gated graphene with a layer of PEIE 

deposited on top using the method explained above. Unlike the graphene devices 

functionalized with APTES and PFES explained in Chapter 5, the Dirac point can be 

observed in these devices even without annealing. This indicates the significant impact of 

PEIE on the n-doping of graphene; it is dominant compared to the p-doping effect 

induced by atmospheric dopants. After annealing for only 30 minutes at 180oC, the Dirac 

point experienced a large shift to lower values, indicative of significant n-doping. The 

shifts in the Dirac point correlate well to the shift in the Kelvin Probe measurements, 
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verifying the changes in graphene doping. This method can be easily processed in air, 

from dilute solutions in environmentally friendly solvents such as water or 

methoxyethanol, and it does not suffer any change until a temperature of 190°C, making 

it compatible with the processing of printed electronic circuitry. 

 

  

  

Figure 7.2. I-V characteristic curve for PEIE/graphene before and after heat treatment. 

Inset shows schematic of a back-gated graphene device with a thin layer of PEIE 

deposited on top. 

 
  

 PEIE 
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Figure 7.3. Schematic of an organic inverted-structure solar cell using graphene as 

electrode functionalized with PEIE for improved electron collection.  

 
 In the future, PEIE graphene films should be explored for application to organic 

electronics and photonics. In addition, the nature of the doping via PEIE should be 

studied in a more fundamental manner to understand the mechanism for substantial 

doping. Figure 7.3 shows a schematic of an inverted-solar cell in which graphene can be 

utilized as the cathode electrode. This chemical treatment, along with a layer-by-layer 

transfer of CVD graphene films for an increase in electrical conductivity, can be utilized 

to fabricate a solar cell or organic light emitting diode, where graphene can be utilized as 

a transparent conductive film. To collect electrons at the cathode effectively, the 

graphene work function can be lowered using a thin layer of PEIE deposited on top. This 

should increase the performance of this device due to increased electron collections by 

modified graphene film. 

7.2.3. Low temperature and transfer-free synthesis of graphene on dielectric 

substrates 

 In Chapter 5 of this thesis we demonstrated the formation of graphene films 

directly on dielectric substrates where there is no need for a transfer process. This is 

attractive because most of today’s transistor technology uses complementary metal-oxide 
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semiconductor (CMOS) technology in which an oxide layer insulates the transistor gate 

from the channel. However, in order for the technique to be easily adapted for use in Si 

based technology, low-temperature reactions (400-450°C) are required to maintain the 

mechanical integrity of low dielectric constant (K) intermetal dielectrics. Such graphene 

nano ribbons (GNR) were synthesized on dielectric substrates in low temperatures [80]. 

To this end, there is a need to develop a technique to self assemble an aromatic 

monolayer on the surface and to further perform the consolidation towards graphitic like 

materials. Therefore, the solid carbon sources utilized in Chapter 5 can be replaced by 

well-organized, thin aromatic layers, where there is no need for high temperature to break 

chemical bonds in order to provide the carbon sources required for graphene synthesis. 

Some of these compounds could be bianthracene or polyanthracene, as these are building 

blocks for graphitization and graphene synthesis. These compounds, along with a thin 

catalyst layer such as Cu, can be utilized towards low-temperature formation of graphene 

films.  
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