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ABSTRACT 

 

 SYNTHESIS AND NITROGEN DOPING OF GRAPHENE BY 

CHEMICAL VAPOR DEPOSITION 

 
Controllable carrier transport due to charged impurities in the graphene lattice is 

still lacking. Doping of graphene by foreign atoms leads to modify its band structure 

and electro chemical properties. Among numerous potential dopants, nitrogen (N2) is 

considered to be an excellent candidate to form strong valence bonds with carbon 

atoms, which would provide n or p-doping according to bonding character of charged-

impurity atom. Exposure of graphene lattice to nitrogen gas leads to a change in the 

carrier concentration and opens a bandgap due to symmetry breaking. Furthermore, this 

seems to be an effective way to customize the properties of graphene and exploit its 

potential for various applications.  

 This thesis focuses on the growth of graphene by low pressure chemical vapor 

deposition (LPCVD) and doping it with N2 by using N2 plasma treatment. Here, copper 

foil  was used as the catalytic substrate to grow large area graphene at LPCVD system. 

The grown graphene was transferred onto SiO2, Au (111) and Sapphire substrates. The 

effect of different plasma time and power on doping process was investigated while 

keeping the N2 flow rates constant by using N2 plasma. The nitrogen doped graphene 

(N-graphene) was characterized via Raman Spectroscopy, X-ray photoelectron 

spectroscopy (XPS), scanning tunneling microscopy/spectroscopy (STM/STS), Kelvin 

probe force microscopy (KPFM). Raman mapping of N-graphene was also conducted to 

show the homogeneity of N2 incorporation into graphitic lattice. STM results were 

theoretically modelled by using density functional theory (DFT). Our results provide the 

opportunity to produce N-graphene with homogenous and effective doping which 

would be valuable in electronic and optoelectronic applications. 
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ÖZET 

 

 KİMYASAL BUHAR BİRİKTİRME İLE GRAFENİN 

SENTEZLENMESİ VE AZOT İLE KATKILANMASI 

 

Grafen örgüsünde yüklü safsızlıklar ile kontrol edilebilir elektriksel taşınım hala 

sağlanamamaktadır. Grafenin yabancı atomlar ile katkılanması bant yapısının ve 

elektrokimyasal özelliklerinin değişmesine neden olur. Karbon atomu ile aralarında 

güçlü valens bağı oluşturması ve bu yüklü safsızlıkların bağ karakterine göre grafeni 

hem n hem de p tipi katkılayabilmesi, nitrojenin birçok potansiyel katkılayıcı arasından 

mükemmel bir aday olmasını sağlamıştır. Bir grafen örgünün nitrojen gazına maruz 

kalması, taşıyıcı konsantrasyonunda değişikliğe ve simetrinin bozulmasından dolayı 

bant aralığının açılmasına neden olmaktadır. Ayrıca bu yöntem sayesinde, grafenin 

özelliklerini ihtiyaca göre uyarlamak ve potansiyelinden farklı şekilde yararlanmak 

mümkündür.  

 Bu tezde, grafenin kimyasal buhar biriktirme yöntemi ile büyütülmesine ve azot 

plazma ile katkılanmasına odaklanılmıştır. Düşük basınçlı kimyasal buhar biriktirme 

sisteminde geniş alanlı grafen üretmek için katalitik alt katman olarak bakır levha 

kullanılmıştır. Üretilen grafen, SiO2/Si, Au (111) ve Safir alt katmanlara transfer 

edilmiştir. Nitrojen plazma sistemi ile, nitrojen gazı akış oranı sabit tutularak farklı 

plazma gücü ve zamanının katkılama sürecine etkisi araştırılmıştır. Nitrojen ile 

katkılanan grafen (N-grafen) Raman spektroskopisi, X-ışını fotoelektron spektroskopisi 

(XPS), taramalı tünelleme mikroskopisi/spektroskopisi (STM/STS), Kelvin probe 

kuvvet mikroskopisi (KPFM) kullanılarak karakterize edilmiştir. Aynı zamanda N-

grafenin Raman haritalandırması ile grafitli örgüdeki nitrojen homojenliği de 

araştırılmıştır. STM sonuçları, yoğunluk fonksiyoneli teorisi kullanılarak kuramsal 

olarak da modellenmiştir. Elde edilen sonuçlar, etkili ve homojen bir şekilde katkılanan 

N-grafenin, elektronik ve optoelektronik uygulamalarda kullanılmasına olanak 

sağlamaktadır. 
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CHAPTER 1 

 INTRODUCTION 

1.1. What is Graphene ? 

Since its experimentally discovered by Geim and Novoselov in 2004 
1-2

 , 

graphene has become hot topic for researchers in material science and physics 
3-4

. The 

word graphene is derived from the word graphite and the suffix -ene which is used for 

polycyclic aromatic hydrocarbons like ferrocene, anthracene and benzene 
5
. Thus, 

graphene refers to one-atomic layer thick material that carbon (C) atoms are sp
2
 bonded 

and densely packed into two-dimensional (2D) honeycomb lattice, namely a single layer 

of graphite.  

Graphene sheets are comprised of C atoms connected in hexagonal shapes with 

each C atom covalently bonded to three other C atoms. Since C is an incredibly 

versatile element, depending on how atoms are arranged they can combine easier with 

themselves to form allotropes 
6
. Depending on nanoscale range (<100 nm), carbon 

materials can be examined as zero-dimensional (0D), one-dimensional (1D), two 

dimensional (2D) and three-dimensional (3D) 
7
. For instance, when graphene sheet is 

wrapped up; fullerenes (0D) and when it rolled into cylindrical shape carbon nanotubes 

(1D) are formed. The multilayered graphene sheets are also named as graphite (3D) 

(Figure 1). The separation of C atoms in graphene is 0.142 nm and in graphite, 

individual graphene layers are bounded weakly from one another with separation of 

0.335 nm.   
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Figure 1.  Representation of some carbon allotropes: (a) 3D graphite (side view), (b) 2D 

graphene,  (c) 1D carbon nanotubes, and (d) 0D carbon fullerenes (top view), 

respectively 
8
.  

 

Graphene has honeycomb lattice structure that can be thought of two equivalents 

triangular sub-lattices A and B with inversion symmetry and corresponding energy 

bands of them coincide at zero energy at Dirac points; K points of reciprocal lattice. The 

velocity of the electrons near K point is 10
6
 m/s and the dispersion relation near Dirac 

points is linear which is similar to a system of relativistic particles with zero effective 

mass. Thus, due to the zero band-gap, graphene is called as zero band gap 

semiconductor or semimetal. When the number of the graphene layers increase, the 

energy bands start to overlap and gap is occurred. For instance the overlap between 

energy bands is 1.6 eV for bilayer graphene 
9
. This consideration gives a very small 

band overlap but at larger energies the bilayer graphene can be treated as the gapless 

semiconductor 
10

. Due to its sp
2
 hybridization and one atom thickness, graphene breaks 

so many records in terms of electrical 
11

, optical 
12

, thermal  
13

 and mechanical 
14

 

properties. At room temperature graphene also has anomalous quantum Hall effect and 

charge carrier mobility (~230,000 cm
2
/Vs) in graphene is extremely high than in silicon 

15-16
.  
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Since it has such unique properties mentioned above, graphene is very 

convenient for especially in field-effect transistor, capacitor, energy storage, 

ultrafiltration, sensor and photovoltaic applications. Another use area of graphene is 

optical electronics. Since graphene has highest transparency and flexibility, it can be 

used instead of indium tin oxide (ITO) in photovoltaic, liquid crystal displays (LCDs) 

and organic light emitting diodes (OLEDs) 
17

.  

 

1.2. Crystal Structure of Graphene 

As mentioned previously, graphene consists of sp
2
-bonded C atoms that are 

intensely packed in a hexagonal shaped crystal lattice. A neutral C atom has a total of 

six electrons, but not all six electrons are located in the same energy level. Two of them 

are located in the first (inner) shell, while the remaining four are located in the second 

(outer) shell with an electron configuration of 1s
2
 2s

2
 2p

2
. In outer shell, valence 

electrons are filling the s electrons and 3p states where 3p electrons can be specified as 

px, py and pz. In graphene, the sp
2
 bonding is occurred with the hybridization of s 

electron with two px and py electrons in 2D 
18

.  Bonding between the px and py electron 

is called σ bonding and pz electrons is called π bonding. The angle between sigma bonds 

is 120
o
 which takes the form of hexagonal structure. Due to the strong covalent bonding 

of sigma bonds, graphene has excellent mechanical stiffness (~130GPa) 
19

. 

 

 
 

Figure 2. Schematic illustration of sp
2
 hybridization in graphene unit cell. 

σ

Side View Top View

sp2

π

120o
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Figure 3. (a)  Unit cell and (b) Brillouin zone of graphene 
20

. 

1.3. Properties of Graphene 

1.3.1. Electronic Properties of Graphene  

Graphene’s unique electronic properties are explained by tight binding theory 
21

. 

According to this theory, the graphene lattice consists of two equivalent sub lattices of 

C atoms. The unit cell of the graphene has two atoms A and B. As shown in   Figure 3a, 

  ⃗⃗ ⃗⃗   and   ⃗⃗ ⃗⃗   are the basis vectors of the real space crystal structure where     ⃗⃗ ⃗⃗  

(  √ )    and   ⃗⃗ ⃗⃗  (   √ )   in which    is the lattice constant of 2.46 Å. 

Reciprocal space also has hexagonal structure with the vectors of   ⃗⃗ ⃗⃗  and   ⃗⃗ ⃗⃗ . Due to the 

relation of            ; 

                                      
  

  ⁄     
√   
⁄ (√   )                                           (1.1)  

                                       
  

  ⁄     
√   
⁄ ( √   )                                       (1.2) 

  

The first Brillouin zone is shown in Figure 3b. Center point is represented with 

Γ and corner points are shown as Κ and Κ'. M point represents the center of the edge of 

the hexagonal Brillouin zone (BZ). Corners of the first BZ are K and K' and their 

positions in reciprocal space are given by 

120o

1.42 Å
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⁄ (   

√ 
⁄ )             

⁄ (    
√ 
⁄ )                      (1.3) 

According to tight binding approximation, only the nearest neighbor atoms in 

primitive cell can contribute to the energy band. Therefore, electron hopping is directed 

from A to B and also from B to A. From the E-k relation, we can see that the valence 

band touch conduction band at K and K  positions. Consequently, the electronic 

structure of graphene can be solved nearly as a function of kx and ky. 

                 (     )     √      (
√     

 
)    

    

 
      (

    

 
)                (1.4) 

where γ (≈2.7eV) is the nearest neighbor hopping energy 
22

. This dispersion relation is 

linear at all the six corners of the Brillouin zone. Therefore, at K point overlapping in 

energy states and touching of bonding π and antibonding π
*
 states make graphene zero 

band gap semiconductor 
23

.  
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Figure 4. (a) 3D and (b) 2D display of energy band structure of graphene in the 1
st
 BZ 

24
.  The three most symmetrical points (Γ, K and M) are noted. 

 

Due to the linear dispersion relation of graphene, charge carriers (electrons and 

holes) in graphene lattice have zero effective mass and these charge carriers are 

regarded as Massless Dirac Fermions in analogy to relativistic massless particles like 

phonons and they move with Fermi velocity (~10
6
m/s) in hexagonal structure 

25
.  

Interlayer interactions between the layers of multilayer graphene or between the 

substrate and graphene layer can induce symmetry breaking. Energy band gap can be 

obtained with some perturbation or symmetry break such as inducing inequivalent 

atoms of A and B in the unit cell. It was observed in Ref. 
26

 that applying external 

electric field opens a gap in bilayer graphene. 

The outstanding electronic properties of graphene have been focal point in such 

electronic applications from its discovery. These properties can be mentioned in a 

comprehensive manner. For instance, at room temperature, graphene shows high 

(a)

(b)
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electron mobility that surpasses 2000 cm
2
/V.s 

27
. Such processes like  annealing process 

after the post-fabrication of graphene and oxidation of graphene enhances mobility 

value from 25,000 to 40,000 cm
2
/V.s due to the lattice vibrations of the substrate at 

room temperature 
28

 and this electron mobility value for suspended graphene can be 

achieved as ~230,000 cm
2
/V.s 

15-16
. This high mobility value makes graphene an 

important alternative to use in electrical devices such as field effect transistors.  

 
 1.3.2. Vibrational Properties of Graphene 

The vibrational modes of graphene are directly related with its phonon 

dispersion relation. As discussed in the previous section, the phonon dispersion relation 

has very assimilated shape with its electronic band structure. The two sub-lattices A and 

B atoms in unit cell could vibrate in all three dimensions. Due to the fact that graphene 

has 2 atoms in unit cell, there are six branches of phonon modes; three of them are 

acoustic and the other three are optical phonon branches. There are two out-of-plane 

modes (atomic vibrations are perpendicular to the plane) and four in-plane phonon 

vibration modes. Out-of-plane modes can be named as acoustic (ZA) and optical (ZO) 

and in-plane modes are denominated as transverse acoustic (TA), transverse optical 

(TO), longitudinal acoustic (LA) and longitudinal optical (LO). The modes represented 

as out-of-plane (Z), in-plane longitudinal (L), and in-plane transverse (T) atomic 

motions and phonon branches in graphene are shown Figure 5a and b.  
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Figure 5. (a) Atomic motions of C atoms in graphene can be along the out-of-plane (Z), 

in-plane transverse (T), and in-plane longitudinal (L) direction. (b) The 

phonon dispersion branches for a graphene sheet, plotted along high 

symmetry directions 
29

. The phonon frequency versus the momentum space 

representation of the dispersion relation of out-of-plane modes (c) and in-

plane modes (d) of graphene 
30

. 

 

Figure 5c shows the out-of-plane modes; gray surface corresponds to the ZO 

mode. The ZA mode is also shown as the pink surface. The dispersion is quadratic at 

the Γ point. The in-plane modes are indicated in the Figure 5d. The dispersion have 

cone shape at the K and K' points. The gray surface signifies the optical modes; TO and 

LO, whereas the pink surface infers the acoustic modes; TA and LA.   

 

 1.3.3. Other Properties of Graphene 

Besides having extraordinary electrical properties, graphene has unique optical 

properties. It exhibits very high transparency. The transparency of the graphene layer 

(a) (b)

(c) (d)
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increases with the decreasing in number of layer. For instance, five, two and one layer 

of graphene film absorbs 11.5, 4.6 and 2.3% white light,  respectively 
31

. Despite the 

fact that graphene is highly transparent it is also flexible material. Nowadays ITO 

materials are used in electronic and optical device technology but it has some 

drawbacks in production and use area. Especially, instead of ITO, graphene can be used 

for device technology owing to its high flexibility and transparency in electrodes 
32-33

.   

Another unique property of graphene is mechanical durability. Single layer 

graphene is the strongest material due to its C bonds with Young's modulus of 

∼1100 GPa and tensile strength of 130 GPa 
34

. On the other hand, graphene is very light 

(0.77 mg/m
2
). These extraordinary properties of graphene make it a suitable material for 

wide range of engineering applications.  

 

1.4. Graphene Production Methods 

In the use of practical applications designed for graphene, including 

microelectronics, optoelectronics, super-capacitors etc., uniform and high quality 

(which is defined by the lack of intrinsic defects) graphene is needed. In accordance 

with this purpose, numerous methods are developed to ensure the controllability of 

graphene production in order to achieve reproducible results. The most used graphene 

production methods are: mechanical exfoliation of atomic layers from highly oriented 

pyrolytic graphite (HOPG), thermal decomposition of silicon carbide (SiC) and 

chemical vapor deposition (CVD) growth of graphene on transition metals. General 

comparisons of these methods are shown in Table 1. 
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Table 1. Properties of graphene obtained by different methods 
35

. 

 

According to Table 1, high quality graphene based on crystallite size and 

mobility can be achieved by mechanical exfoliation method, however, sample size is 

limited. Although crystallite size is similar for thermal decomposition of SiC and 

chemical vapor deposition, in terms of transferring process of graphene on another 

substrate makes CVD method more practical and also CVD synthesized graphene has 

high quality and production of large area and defect free graphene is possible with this 

method.  

 

1.4.1. Mechanical Exfoliation 

Graphite is formed by overlapping graphene layers that are kept together by Van 

der Waals force. It is easy and feasible to separate graphene flakes from a graphite sheet 

by using mechanical or chemical energy thanks to these weak bonds 
36

. In this method, 

a fresh piece of Scotch tape is taken, and then adhesive side of Scotch tape is pressed 

onto the HOPG (Figure 6a). The tape is gently peeled away with thick shiny layers of 

graphite attached to it. The part of the tape with layers from the HOPG was refolded 

upon a clean adhesive section of the same piece of the tape and then the tape is unfolded 

(Figure 6b,c). This process is repeated several times until the end of the tape is no 

longer shiny but becomes dark/dull and grey. As seen in Figure 6d, graphite layers on 

the tape are transferred onto the desired substrates such as  Si/SiO2 wafers with the 

Method Crystallite 

Size (mm)

Sample Size

(mm)

Charge Carrier 

Mobility (cm2/V.s)

(at ambient temperature)

Applications

Mechanical 

Exfoliation

>1,000 <1 >2x105 and <106

(at low temperature)

Research

Thermal 

Decomposition of 

SiC

50 100 10,000 High-frequency transistors 

and other electronic 

devices

Chemical Vapor 

Deposition

1,000 ~1000 10,000 Nanoelectronics, 

transparent

conductive layers, sensors, 

bioapplications
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oxide thickness of 90 nm or 300 nm by gently pressing them onto the tape for some 

time and then peeling off 
37

. 

 

Figure 6. Schematic representation for the mechanical exfoliation of graphene 

from    graphite using Scotch tape 
37

. 

 

Although this method is very reliable and easy technique and graphene flakes 

can be distinguished under an optical microscope in visible range, exfoliated graphene 

has lots of defects and limited in small sizes. Another drawback of this method is that 

graphene flake control is also hard and graphene has irregular shape. For the use of 

graphene in commercial applications, large-area and defect-free graphene are needed. 

 

1.4.2. Thermal Decomposition of SiC 

The main concept behind the thermal decomposition of SiC method is that the 

vapor pressure of silicon is higher; as a result on heating the SiC wafer, the Si 

evaporates leaving behind the graphene layers on the SiC. This process occurs in 

ultrahigh vacuum (UHV) environment and ordinarily by going up to temperatures 

between 1000- 1500 
o
C for a short time ~1 to 20 minutes 

36
.  

(a) (b)

(c) (d)
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Figure 7.  Schematic illustration of the graphene growth by thermal decomposition of 

SiC 
38

. 
 

UHV technique hinders the uniform growth of multi-layer graphene (MLG) and 

favors to control C layers on the substrate. The SiC substrate is heated at a temperature 

(around 1200 °C) and the conditions of the chamber are set accordingly. The Si atoms 

evaporate due to thermionic emission leaving behind the C atoms on the remaining 

substrate (Figure 7). Layer controlled graphene can be grown on the SiC substrate by 

controlling various parameters such as SiC temperature and pressure 
39

. Since SiC has 

two polar faces to c-axis, graphene can be grown on these Si and C faces which shows 

different growth behaviors and electronic properties 
40

. 

Although this method produces graphene in larger scale with a high quality than 

exfoliation method does, high temperature, high cost of production and lacking of 

transferring graphene on another substrate are limited this method for applications.  

 

1.4.3. Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is the mostly favored method in graphene 

synthesis with the advantage of producing high quality mono-layer graphene. This 

method leans on the chemical reaction of a vapor on a heated surface. In CVD furnace, 

as seen in Figure 8,  gas phase C source precursor (CH4, C2H4 etc.) is decomposed on  a 

transition metal film like Cu 
41

,Ni 
42

, Pt 
43

 or Ir 
44

  under various temperatures (between 

800 
o
C and 1100 

o
C) and, then graphene layers are obtained by thermal cracking of C 

atoms on substrates.  
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Figure 8. Schematic illustration of CVD set up for the graphene synthesis 
45

. 

Since deposition of C on metals is easy due to the deposition mechanism, 

desired substrates are generally chosen as metallic substrates. Concordantly, for 

production of uniform graphene films, transition metals play an important role in CVD 

technique. Owing to the highest film quality and ease of processing in transfer, copper 

(Cu) and nickel (Ni) have become the most preferred transition metals for graphene 

growth process by CVD.  The mechanism for C deposition on these metals has been 

shown to depend on the C solubility, the electronic structure, and the crystal structure of 

the metal. However, graphitic films grown on Ni substrate are more quality of 

crystallinity with respect to Cu 
46

, Ni has higher dehydrogenation ability and C 

solubility 
47

. Owing to high C solubility, graphene layer control in large area is hard in 

growth process. Therefore, nearly zero C solubility, low cost and ease of graphene 

transfer compared to others 
48

 makes Cu an ideal catalyst to grow graphene. Surface 

catalysis and the lack of bulk-C help to achieve self-terminated reactions under desired 

growth conditions and finally, single layer graphene (SLG) can be grown in large area 

49
.  

Intrinsically, oxidation of Cu 
50

 is easy when compared with other transition 

metals used in graphene growth. For this reason, reduction process is done to remove 

native oxide, often using acetic or hydrochloric acid pretreatments 
51

. Another method 

to eliminate native oxide on Cu is high-temperature annealing at 900-1000 °C is the 

main furnace process before growth step.  Additional coatings or solvent impurities 

from substrate may lead the formation of nanometer-sized impurities during growth. 

These impurities are hard to remove from the surface and can be attached to graphene 

even after transferring to other substrates 
49

.  
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Figure 9. Different crystalline orientation of Cu surface after annealing procedure, 

as mapped by the EBSD 
52

.   

 

Graphene can be grown on single or polycrystalline Cu foils or thin films. 

Studies have shown that the grain size increment in Cu foils, sizing up to hundreds of 

nanometers, is more dramatic than Cu films by annealing at 900-1000 °C 
53-54

. As seen 

in Figure 9, this information is determined by using electron back-scattering detection 

(EBSD). With annealing process, crystalline orientation can also renew on the surface. 

It is reported that the dominant surface orientation becomes (200) for Cu foils; while for 

Cu films, annealing crystallizes the mostly amorphous film to have a (111) surface with 

EBSD mapping of Cu surface 
54

. This results indicate that low-index Cu facets is more 

likely to yield SLG with less defects 
52

.  

A typical growth on Cu starts with reducing the oxides on the surface by high-

temperature annealing, followed by exposure to the C precursor at the similar 

temperatures. The graphene nucleates and enlarges by consuming the reactants 

catalyzed on Cu from the C precursor. Generally, methane has become the most popular 

C precursor for the surface catalysis on Cu but it requires higher temperatures for 

pyrolysis. This temperature is very close to the melting point of Cu (~1085°C), and then 

creates intense Cu evaporation and then condensation fluxes upon cooling, which can 

influence the reproducibility of graphene growth and also reduce the quality of graphene 

and the reactor lifetime 
55

.  Being more reactive and able to synthesize carbon 

nanomaterials at much lower temperatures, acetylene and ethylene can easily lead to 
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deposition of undesired amorphous carbon and degradation of the nanomaterial quality. 

This amorphous carbon structures can be decomposed with the atomic hydrogen. 

Additional H2 flow and  the catalytic activity of Cu surface and H2 also acts as etching 

reagent that controls the size and morphology of the graphene domains 
56

. Compared to 

acetylene and methane, ethylene can be a preferable carbon precursor because it is 

cheap and easy to handle. In addition, ethylene has a lower reactivity and promises an 

easier control for the lower temperature growth on Cu 
48, 57

. Owing to these benefits, 

ethylene was chosen as a C precursor in this study. Details of sample preparation and 

deposition were mentioned in experimental section.  

In CVD technique, such parameters like flow rates of inert gases, chamber 

temperature, heating and cooling rates and thickness and quality of the metal substrates 

play an important role to obtain large scale and defect free graphene.  After achieving 

these parameters, graphene can be synthesized easily and producing wafer scale 

graphene in economical way is possible. 

Since the production process is self-limiting, a highly uniform and 

predominantly single layer graphene film can be produced even at low temperature and 

transferring of graphene onto desired substrates such as silicon (Si), silicon oxide (SiO2) 

and glass for electronic or optic applications is possible, these benefits make CVD 

technique the most preferred technique when compared with previous graphene growth 

techniques. 

 

1.5. Doping of Graphene 

The most important feature of graphene is its linear energy dispersion relation 

with no energy gap 
1
. Due to the fact that graphene is a zero band-gap semiconductor 

for electrons (holes) in the conduction (valence) bands, it is not favorable for electronic 

applications. 

This result shows that its Fermi level lies on the top of its valance band, where it 

touches the conduction band. Although zero-gap feature makes graphene a unique 

material and gives the interesting perspectives to the graphene, for several applications 

including energy conversion and storage, sensors and electronics, graphene based 

materials can be effectively modified by doping in order to improve electronic 

properties 
58

.  
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These novel properties of graphene open a wide range of applications in 

nanodevices such as field effect transistors (FETs), transparent electrodes, transistors 

and supercapacitors. However, for some applications such as a high on/off ratio of 

FETs, and an increase in conductivity of transparent electrodes, semiconducting 

graphene is essential 
59-60

. Transport behavior of graphene is strongly relevant to the 

nature of disorder because of scattering mechanism 
4, 61-62

. Thus, doping of graphene by 

foreign atoms is of particular interest 
63-65

 because doping leads to modify the band 

structure and electro chemical properties of the graphene 
66-67

 further extending the 

potential applications including lithium batteries 
68-69

, bio applications 
70

, field-effect 

transistors 
71

, supercapacitors 
72

, and oxygen reduction reaction in fuel cells 
73-74

. 

Doping is an especially remarkable attitude to invent and control the 

semiconducting properties of graphene. This can be supported by the modulation of 

Fermi level of graphene through doping. Metal doping 
75

, electrochemical doping 
76

 and 

chemical doping 
77

 are simple ways to control electronic, structural and optical 

properties. The effect of chemical doping in terms of change in physical and chemical 

properties of carbon based materials has been proved effectively in the doping of carbon 

nanotubes (CNTs) 
78

. 

Chemical doping of graphene can be done in two ways: one is the adsorption of 

gas 
79

 or organic molecules 
80

 to the graphene surface and other is substitutional doping 

which means to introduce heteroatoms, such as boron (B) 
81

, sulfur (S) 
82

, potassium (K)  

83
 or nitrogen (N) 

84-85
 into the C lattice of graphene. These methods can alter the 

electronic, optical and chemical features of graphene.  

Among various potential dopants, N is considered to be an excellent candidate 

because of its similar atomic size and the presence of five valence electrons available to 

form strong valence bonds with C atoms, which would provide n- 
59, 86-87

 or p- 
88-89

 

doping according to bonding character of charged-impurity atom 
89-90

. According to 

theoretical studies, N doping to graphene improves electron density, and adjusts Fermi 

level (Ef) and chemical reaction properties 
66, 91

. 

When N atom is introduced to C lattice, it usually has three common bonding 

configurations, including quaternary N (or graphitic N), pyridinic N, and pyrrolic N. To 

be more precise, pyridinic N bonds with two C atoms at edges or defects of graphene 

and gives one p electron to the π system of graphene lattice. N atoms donated two p 

electrons to the π system and bonded with five-membered ring, as in pyrrole are named 
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as pyrrolic N.   N atoms that substitute for C atoms in the hexagonal ring refer to 

quaternary N.  Furthermore, there is sp
2
 hybridization in, pyridinic N and quaternary N, 

while sp
3
 hybridization is occurred in pyrrolic N configuration.  Additionally,  three 

usual N types, N oxides of pyridinic N have also been occasionally realized in the 

nitrogen-doped graphene (N-graphene) samples (Figure 10) 
74

. 

 

 

Figure 10. Schematic diagram of a N-graphene 
92

. 

1.5.1. The Production of N-doped Graphene 

A number of approaches have been reported to synthesize N-graphene. The 

production methods of N-graphene can be categorized as direct synthesis 
71, 84, 86-87, 93

 

and post treatment methods 
67, 70, 72, 74, 94

. Direct synthesis methods are chemical vapor 

deposition (CVD) or plasma enhanced chemical vapor deposition (PECVD) approach, 

segregation growth approach, solvothermal approach and arc-discharge approach with 

N content in graphitic lattice, ; 4−9 at.%, 0.3−2.9 at.%, 4.5 at.% and 0.5−1.5 at.%., 

respectively. Post treatment methods are thermal treatment, hydrazine hydrate (N2H4) 

treatment and plasma treatment. By using these methods, N doping in graphitic lattice 

can be reached up to 19.7 at.% 
74

. 

A widely used direct synthesis method is chemical vapor deposition (CVD) 

growth with solid 
73, 89

 or liquid 
68, 93

 C sources and doping precursors, and also with 

hydrocarbon and N containing gases 
84, 86, 89, 95

 (Figure 11a). Chemical doping is an 

efficient way to adjust the semiconducting features of carbon materials but it is reported 

that the environmental stability of chemically doped graphene is inadequate 
90

. 
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Additionally, these methods are limited by the N doping percentage and a lack of 

uniformity 
96

.  

Thermal treatment 
69, 97-98

 and plasma treatment 
67, 70, 99-100

 are some of the most 

outstanding post treatment methods to obtain semiconducting graphene. By thermal 

treatment methods N doping is more likely to occur at the defects and edge of graphene. 

Thus, N content is low in N-graphene by these methods 
74, 97

 due to the lack of defects 

in the high quality graphene and exposure to high temperatures break C-N bonds 
101

. 

Plasma treatment leads to defects and oxygen-containing groups in N-graphene 
70, 100

 

(Figure 11b). To easily bind N atoms to defects and edges of graphene 59
 and with a 

delicate optimization of plasma process conditions provide to avoid excess ion induced 

defects. 

 

Figure 11. Schematic representations of (a) direct synthesis 
102

 (b) post treatment   

methods 
72

 used in production of N-graphene.  
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CHAPTER 2 

CHARACTERIZATION TECHNIQUES 

2.1. Optical Microscopy 

Optical microscopy is a readily accessible and inexpensive tool for the 

microstructural analysis of a wide range of solid materials and it also offers the potential 

for rapid, non-destructive characterization of large-area samples. Although the use of 

optical microscopy is simple and easy in materials characterization, it can still provide 

valuable intellections into several materials such as metals, polymers and thin films 
103

.  

In this regard, characterization of graphene flakes at large scales is also possible 

by using optical microscopy.  It basically supplies information about the number of 

layer of graphene flakes by contrast difference in the presence of white light 
104

. As seen 

in Figure 12, in visible spectrum, thick graphene or graphite flakes can be seen more 

bluish; while few and single layer graphene are seen dark and light purple 
105

. 

 

 

Figure 12. Optical image of the exfoliated graphene layers on SiO2 (~290 nm)/Si 

substrate 
106

. 

 

As mentioned in Ref 
107

, graphene flakes can be visible on the top of SiO2 

substrates with a thickness of the ~300 nm oxide layer. This oxide layer is critical, 

because when the white light interacts with monolayer surface, there is a change in 

single layer

graphene
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interference color with respect to the empty surface due to changing in the optical path 

of reflected light. 

Optical microscope can also help to investigate the grains composed in during 

thermal annealing on Cu foil. In this work, Cu foil was used as a catalytic substrate for 

graphene growth. After graphene growth procedure, the change on surface of Cu foil 

was also examined by using optical microscopy technique and graphene layers can only 

be determined with the combination of Raman spectroscopy (Figure 13). This topic will 

be examined in Chapter 4.    

 

Figure 13. (a) Optical microscope images of graphene domains on Cu foil and (b) 

Raman spectra of graphene collected from different Cu faces. The 

fluorescence effect caused by Cu was subtracted from total spectra 
108

. 

 

2.2. Raman Spectroscopy 

Raman spectroscopy is the most preferred, handy, effective and non-destructive 

method to obtain information about solid, liquid and gaseous samples. The Raman 

effect was theoretically predicted in 1923 but the first experimental observation was 

made in 1928. Sir Chandrasekhara Venkata Raman, who has fulfilled the pioneering  

work in the field of light scattering 
109

, has won the Nobel Prize in Physics in 1930 for 

his work. After the introduction of the laser light, this method has started to be used 

(a)

(b)
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prevalently in materials research 
110

. Raman spectroscopy has developed into a powerful 

diagnostic technique which can provide information on the chemical structure, 

elemental composition and electronic states, namely rotational and vibrational modes of 

a sample. 

This method relies on the scattering of incident monochromatic light with an 

atom or molecule by interacting with the vibrational modes of the atoms in a crystal. 

According to Raman theory, scatterings in material can be occurred in three ways. One 

is Rayleigh scattering. In this scattering, most photons are elastically scattered which 

means that the kinetic energy of scattered and incoming photons is conserved.  Others 

contribute to Raman scatterings. These scatterings occur due to the inelastic scattered 

photons in material. Inelastic scatterings are divided into two as Stokes and anti-Stokes 

scattering. Stokes scattering process becomes when the frequency of the scattered 

photon is less than the frequency of the incident photon and the energy is added to the 

sample. In anti-Stokes, the frequency of the scattered photon is greater than the 

frequency of the incident photon and a phonon is annihilated from the sample (Figure 

14). Both shifts in the energy of incoming photon and this information help to examine 

the vibrational, rotational and the other transitions in materials. 

 
Figure 14. Schematic diagram of the energy transitions including Rayleigh, Stokes and 

Anti-Stokes scattering processes.  

 

Since the Raman Effect appears with the interactive relation between the light 

and material including both incoming photon-electron and electron-phonon interactions, 

this effect on graphene can be understood easily with electron–phonon coupling and 
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phonon dispersion of graphene. In this context, Raman spectroscopy is considered an 

essential tool for identification and characterization in graphene research 
111

. 

The dispersion relation of graphene gives information about phonon modes as a 

function of frequency (Figure 15a). Typical Raman spectrum of defect-free or pristine 

graphene flake with exhibiting three distinct modes; the G, 2D or G' and 2D' peak are 

shown in Figure 15b.  When defect or damage has been occurred in graphene flake, D, 

D', and their combination D+D' peaks appears in Raman spectra of graphene (Figure 

15c) 
112

. Despite Raman modes can be understood theoretically by using the dispersion 

relation curve, experimentally Raman spectroscopy is needed to show these phonon 

modes of graphene. In graphene, there are two different scattering modes; namely first 

and second order modes.  

 

Figure 15. (a) Phonon dispersion relation and main Raman peaks of graphene 

which are corresponding to these phonon modes. Raman spectra of (b) 

pristine and (c) damaged or defect induced graphene with Raman 

active bands 
112

.  

 

(b)

(a)

(c)
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The D, G, and 2D or G' peaks (bands) are dominant in the Raman spectra of N-

graphene as in pristine graphene. They are represented by the peaks at around 

1320−1350 cm
−1
, 1570−1585 cm

−1
, and 2640−2750 cm

−1
, respectively. The D' peak 

appears at ~1602−1640 cm
−1

 and 2D' (~3240 cm
−1

) is a two phonon process and the 

overtone of the D' peak. This peak positions can be shifted in accordance with different 

wavelength excitations 
113

. Figure 16 shows the diagram of these dominant Raman 

modes of doped graphene. Especially, the G peak signifies the doubly degenerate E2g 

phonons at the BZ. It arises from the first-order Raman scattering process. The G' and D 

peaks are all induced by the second-order, double-resonance process and related to 

zone-boundary phonons. Alternatively, the G' peak can also become a triple resonant 

process, in this circumstances, both carriers are scattered by iTO phonons from near the 

K to the K' point and reincorporate by emitting a photon 
112

. The scattering process 

contains two zone-boundary phonons for G' peak; it contains one phonon and one defect 

for the D peak. While the D peak needs defects to activate it, the G' peak does not need 

the activation of defects. Therefore, the G' peak is always sighted in the Raman spectra 

of graphene and N-graphene, even when the D peak cannot be observed. In addition the 

D' peak originates in the intra-valley, defect-induced, double-resonance process 
73, 114

. 

 

 

Figure 16. Illustration of the main Raman processes in defect induced graphene. 

(a) D band (peak) double resonant process containing a scattering from 

a defect (horizontal dotted line), (b) G band (d) G' band engendered 

through a second-order process that is either double resonant or triple 

resonant, (c) and (f) two intra-valley double resonance Raman bands, 

2D'and D' 
112

. Here ‘q and d’ stands for the magnitude of the phonon 

and defect wave vector, respectively. 

D band G band

G' band

Double Process Triple Process

(a) (b)

(d)

2D' band(c)

D' band(e)
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For pristine graphene, the intensity ratio of G' and G peak  is related with the 

number of layers in graphene flake 
115

 but in doped graphene, the intensity ratio of G' 

and G peaks (IG'/IG) indicates doping, the intensity ratio of D and D' peaks (ID/ID') 

probes the nature of defects and the intensity ratio of D and G peaks (ID/IG) gives 

information on the relationship between the crystallite size and N doping level owing to 

the defects 
74, 116

. The G and G' peaks are both exceedingly influenced by the carrier 

concentration.  

In literature, N doping introduced n-doping in graphene owing to the extra one 

electron in valence band and hence should induce a blueshift of G peak and redshift of 

G' peak. Raman shift for G and G' peaks can give information about doping when 

compared before and after plasma treatment. The intensity of G' peak of graphene was 

much higher than that of N-graphene due to the extra scattering effect from the N 

induced electron doping. The change in the Raman shift for G and G' peaks and also 

their positions can change not only the doping concentration but also the graphene-

substrate interaction induced by different thermal expansion coefficients of graphene 

and substrate 
117-118

.  

The surface mapping of Raman spectroscopy provides information about 

deformation in graphitic lattice after doping process with plasma treatment. This 

technique is also commonly used to observe the number of layers of graphene 
119-120

, the 

strain effect caused by graphene-substrate interaction 
121

, doping effect 
116, 120

 and 

surface defects 
122

 in graphene lattice. To conclude, Raman spectroscopy has been 

extensively studied for understanding changes in electronic structure of graphene after 

doping process. 

 

2.3. X-Ray Photoelectron Spectroscopy 

X-Ray photoelectron spectroscopy (XPS) utilizes the analysis of the kinetic 

energy distribution of the emitted photoelectrons to examine the composition and 

electronic state of the surface region of a sample. Besides, the surface chemistry of a 

material can be analyzed by using XPS. By this means, it is a standard technique to 

study the N doping effect in graphene lattice. 

In the XPS spectrum of N-graphene, as seen in Figure 17a and b,  the peaks at 

about 284 and 400 eV correspond to the C1s and N1s, respectively 
59, 70

. In the research 
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about N-graphene, the N1s spectrum usually can be deconvoluted to several individual 

peaks that are named as pyridinic N (398.1−399.3 eV), pyrrolic N (399.8−401.2 eV), 

and quaternary N (401.1− 402.7 eV). In literature, it is indicated that the peak position 

of these N types varies in a relatively wide range in different studies (Figure 17c) 
74

. 

When N atoms are introduced into graphitic lattice, peaks at the C1s spectrum will shift 

accordingly.  In some cases,  it may be difficult to determine the N1s peak in selected 

region because of the lowest N doping concentration 
123-124

. 

 

Figure 17. The XPS measurements of (a) C1s peaks of N-graphene and pristine 

graphene, (b) N1s peak of N-graphene and (c) schematic structure of N-

graphene 
71

. 

 

 

(b)

(c)

(a)
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2.4. Scanning Tunneling Microscopy and Spectroscopy 

Scanning tunneling microscope (STM) is an effective technique to study the 

electronic properties of a sample. Due to the sharp tip used in STM, it is possible to get 

topographic images with atomic resolution and observe the local electronic structures 

near lattice defects such as vacancies and impurities on atomic scale 
125

. Since it probes 

the charge density, scanning tunneling microscopy is an efficient method to demonstrate 

the electronic properties of N-graphene.  

 

 

Figure 18. (a) Large–scale STM topographic image of graphitic N dominated 

graphene on Cu foil showing the presence of pointlike N dopants (Vbias 

= − 0.015 V, Iset = 0.3 nA), (b) High–resolution STM image of graphitic 

N dopant (Vbias = − 0.015 V, Iset = 0.3 nA), (c) Large–scale STM 

topographic image of pyrrolic N dominated graphene on Cu foil (Vbias 

= − 0.02 V, Iset = 0.3 nA) and (d) High–resolution STM image of 

pyrrolic N dopant  (Vbias = − 0.02 V, Iset = 0.3 nA) 
126

. 
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STM is also used to investigate the possibility of dopant clustering with the 

dopant distribution in the N-N and C-N distance.  In some studies, it is strongly 

recommended that theoretical simulations of different doping configurations allow 

catching the main features of the STM images and STS spectra to specify experimental 

results (Figure 18) 
127-128

. Furthermore, the charge-carrier type of N-graphene can be 

determined from a scanning tunneling spectroscopy (STS) study 
129

. From the dI/dV 

(derivative of current with respect to the voltage) curves, the Dirac point of N-graphene 

can be measured  and charge carrier type can be determined locally with the change in 

Dirac point of doped graphene 
120

. 

 

2.5. Kelvin Probe Force Microscopy 

Kelvin probe force microscopy (KPFM), also named as surface potential 

microscopy, has been used in various applications for metals, semiconductors and 

insulators. While KPFM measures the work function in conducting materials, this 

method is used for non-conducting materials to measure the surface potential. KPFM 

has been used to provide information about charge distribution and surface potential of 

semiconducting materials.  

Since KPFM was derived from existing atomic force microscopy, there is an 

electrostatic interaction between conducting tip and the surface of material. If this 

surface is metal, there becomes an interaction between two metals, namely two different 

Fermi levels. In the touching condition of these two metals, electron transfer starts to 

balance these Fermi levels. This electron flow situation between these surfaces is named 

as the contact potential difference (CPD). With applying bias voltage or external 

potential to the system, these electron flows can be finished and CPD balance is 

supplied. This process is called as Kelvin method. By the way, from the amount of 

applied external voltage, work function or surface potential of sample can be found 

(Figure 19) 
130

.  
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Figure 19. Band diagram of tip and sample in KPFM, V.L. represents the vacuum 

level.  

 

 Hence graphene is semi-metallic material; it is possible to measure the work 

function of graphene on different substrates. In literature, there are lots of study about 

work function of functionalized graphene layers by KPFM 
131-132

. Since the work 

function is related to the Fermi level of substrate, with the comparing of pristine 

graphene and doped graphene, shift in Fermi level can be measured. This difference 

gives an idea about the carrier type after doping process 
88, 133

.  
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CHAPTER 3  

EXPERIMENTAL 

3.1. Materials 

Graphene samples were grown on the Cu foil (25 μm thick, 99.8 purity, Alfa 

Aesar). Desired substrates used for graphene transfer were purchased: SiO2 (300 nm)/n-

Si (University Wafer, USA), Au (111) /mica (200 nm thick, Phasis, Switzerland) and 

sapphire (C plane（0001), Semiconductor wafer, Taiwan). The STM tip (Goodfellow, 

UK) was prepared from Pt/Ir wire cut under ambient conditions. All chemicals were 

used as received: Acetone (>99.9%, Sigma Aldrich), 2-Propanol (≥99.5%, Sigma 

Aldrich), Microposit S1813 (Micro Resist Technology), Iron(III) Chloride (FeCl3, 

0.2M, Norateks). 

 

3.2. Sample Preparation 

3.2.1 Synthesis of Large Area Graphene by CVD 

Large area graphene samples were grown on 25 μm thick unpolished Cu foil by 

Low Pressure Chemical Vapor Deposition (LPCVD). 

.  
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Figure 20. A picture of LPCVD setup at the department of Physics, IZTECH. 

 

In this study, an oven (Lindberg/Blue TF55035C Split Mini tube Furnace) 

including a horizontally placed quartz tube with an outer diameter of 2.54 cm and length 

of 60 cm, equipped with various gas lines, mass flow controllers and roughing pump 

were used to grow  graphene samples on Cu foil (Figure 20). 

 

Figure 21. Heating (1), annealing (2), growth (3) and cooling (4) stages of 

graphene growth process on Cu foil with schematic representations 

by LPCVD.  
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Figure 21 shows the process of graphene growth in four stages. The process is 

started at room temperature and during all processes Ar and H2 were utilized to reduce 

the native oxide layer on the Cu foil. Here, Ar was used as an inert gas to clean the 

impurities which stick onto the Cu foil and to increase the chamber pressure to unload 

the sample. The heating rate was always kept constant at 28 
o
C/min from room 

temperature (RT) to desired growth temperature. For increasing the grain size on Cu 

foil, the chamber was evacuated to a pressure of 10
-3

 Torr and annealing temperature of 

990 °C for a duration of 80 min.  For the growth stage, C2H4 decompose into C and H2 

with the help of growth temperature, H2 flow and  the catalytic activity of Cu surface. 

Besides, H2 acts as etching reagent that controls the size and morphology of the 

graphene domains. After the growth was completed, the furnace is opened to the air for 

rapid cooling.  

 

Figure 22. Graphene growth scheme under ethylene atmosphere and its associated 

formation mechanisms 
49

. 

 

Formation of graphene on Cu foil was depicted in Figure 22. Different gas flow 

rates and growth temperatures were attempted to maintain the formation of graphene 

films on polycrystalline Cu foil by LPCVD. All the studied parameters are given in 

Table 2. All samples were labeled as GRP with number after the growth process. 
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Table 2. Graphene growth parameters on Cu foil by LPCVD.

 

 

Sample 

Name

Growth

Pressure 

(Torr)

Growth

Temperature

(oC)

Ar

(sccm)

H2 

(sccm)

C2H4

(sccm)

Growth Time

(min.)

GRP406-421

GRP422

GRP423-495

GRP496

GRP497-499

GRP500

GRP501-505

GRP506

GRP507

GRP508

GRP509-511

GRP512

GRP513-520

GRP521

GRP522, 523

GRP524

GRP525

GRP526

GRP527

GRP528-534

GRP535

GRP536

GRP537

GRP538

GRP539-542

GRP543

GRP544

GRP545-591

GRP592-595

GRP596-599

GRP600-616

GRP617-649

1

1

1

1

1

1

1

1

1.5

1.5

1

1.5

1

2

1

2.4

1

2.4

2.4

1

2.4

2.4

2.4

2.4

1

2.6

2.6

2.6

2.6

2.4

2.6

2.4

990

990

990

700

990

700

990

700

700

800

990

850

990

850

990

850

990

850

850

900

850

800

800

850

900

850

850

850

850

850

850

850

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

200

100

200

200

100

200

200

200

200

100

200

200

200

200

150

200

150

10

20

10

10

10

10

10

10

20

20

10

20

10

30

10

30

10

30

30

10

30

30

30

30

10

30

30

30

30

30

30

30

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

8

8

10

15

15

15

10

10

10

10

10

10

10

10

10

15

10

10

10

10

10

10

10

10

10

10

10

15

5

10

7

15

15

15

10

10

15

20

20

20

20

20
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3.2.2 Graphene Transfer Procedure 

Substrate selection is of crucial importance for Raman, XPS and STM-STS 

measurements. After the growth, graphene films were transferred onto various 

substrates such as SiO2, Au (111) and sapphire. Graphene was transferred onto desired 

substrates by using photoresist (PR) drop casting method (Figure 23). Thick droplets of 

S1813 photoresist was drop-casted on graphene holding Cu surfaces overnight in the 

oven at 70 °C to gently harden the PR. Then hardened PR on graphene holding Cu was 

put into the FeCl3 solution for etching of Cu foils. When the Cu foil was completely 

etched away, graphene holding PR was put into DI water for 30 min. to remove the 

FeCl3 residues. Next the sample was exposed to 70 °C for 30 sec and 120 °C for 2 min. 

to reflow the PR on graphene. During the reflow process, PR liquefies and releases the 

graphene layers on target substrate. Removing PR with acetone yields large area 

graphene on the desired substrate. 

 

 

Figure 23. Schematic illustration of the graphene transfer procedure. 
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3.2.3 Nitrogen Plasma Treatment of Graphene 

The graphene samples were treated by radio frequency (RF)-discharge plasma in 

N2 gas. N doping processes were applied in a plasma chamber (PDC-002 (230V), 

Harrick Plasma Cleaner) shown in Figure 24. The process chamber was pumped down 

to a pressure of ~30 mTorr and then filled with N2. After the pressure stabilization in the 

chamber at the desired value, the capacity coupled RF-discharge plasma was generated 

using the RF frequency generator. The RF generator was operated at the standard 

industrial frequency of 13.56 MHz and the controllable nominal power up to 30 W. The 

graphene sample was placed into the chamber using a high purity N2 gas (99.999%) and 

a flow rate of 10 sccm to set the chamber pressure nearly 1060 mTorr. Finally, N2 was 

introduced into the chamber to create plasma by applying a radio-frequency forward 

power of 7W, 10W and 30W.  

Table 3. Growth parameters of N-graphene. 
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Figure 24. (a) Representation of N2 plasma process, (b and c) schematic 

illustrations of N doping on graphene lattice.  

 

The duration of plasma doping was varied between 5 and 79 min. All N2 plasma 

treatment parameters are given in Table 3. Doping of graphene was realized on different 

substrates (samples given in the same row). After N2 plasma process all samples were 

labeled as NGRP and corresponding graphene growth number. 

 

 

 



 

36 
 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Characterization of CVD grown Graphene 

4.1.1. Optical Microscopy and Raman Spectroscopy Results 

 As seen in Table 2, the parameters including growth temperature, growth time 

and different gas ratios (Ar: H2: C2H4) were studied at low pressure. The aim was to 

obtain homogenous and large area single layer (SLG) or few layer graphene (FLG) on 

Cu foil. In this regard, different annealing temperature was tried first while annealing 

time was kept constant. Annealing temperatures of 700, 850 and 990 
o
C were studied 

for constant annealing time. Grains on Cu foil becomes larger nearly at the melting 

point of the sample (~1085°C), however this temperature may lead nonuniform 

graphene growth on the edge sides of the Cu foil.  Due to this fact, annealing 

temperature was determined as 990
o
C for a duration of 80 min to obtain largest grains 

(see Figure 25). 
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Figure 25. Change in grain size and formation based on different annealing 

temperatures; (a) 700
 o

C, (b) 850
 o

C and (c) 990
 o

C viewed by using 

10x optical microscope.  

 

In this study, Raman spectrometer Monovista (Princeton Instruments) was used 

in all the measurements. Raman signals were recorded in a spectral range between  1000 

– 3100 cm
-1

 using Ar
+
 ion laser 488 nm (2.54 eV) excitation (600 grooves/mm grating) 

to observe all D, G and G' peaks of graphene. The measurements were taken in 

combination with a 100X microscope objective. Each spectrum was analyzed using 

TriVista software.  

As mentioned in Chapter 2, Raman spectroscopy technique was used to 

determine the number of graphene layers, the size and quality of graphene grown on the 

metal substrate by using the shift in the wavelength of scattered light from the substrate. 

Signal point Raman spectroscopy measurements were carried out on all the surface area 

of Cu substrate. The predominant peaks of pristine graphene are D, G, and G'. These 

peaks become apparent in the wavenumber range between 1320−1350 cm
−1
, 1570−1610 

cm
−1
, and 2640−2710 cm

−1
, respectively.  
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The number of layers for CVD grown graphene was determined only via Raman 

spectrum results. SLG on Cu foil can also be identified by analyzing the peak intensity 

ratio of the G' and G peaks (IG /IG'). The intensity ratio of these peaks is greater than, or 

equal to 0.5 for high-quality SLG. This ratio is also used to approve a defect-free 

graphene. The G' peak in the SLG is much more intense as compared in multi-layer 

graphene and this peak in SLG has a sharp line width on the order of ∼30 cm
-1 134

.  The 

number of layer of graphene is more than two layers with Full Width at Half Maximum 

(FWHM) ˃50 cm
-1

 when the IG/IG' ˃1. On the other hand, for CVD grown graphene G' 

peak can be fitted well with a single Lorentzian, which induces a confusion to 

distinguish turbostratic graphene and SLG or bilayer graphene. This problem has been 

solved theoretically  and experimental  studies on this subject  
135

 . In short, IG/IG' was 

used to identify the graphene layers.  

The G' peak of the graphene layers were fitted by the least squares (R
2
) method 

with the minimum number of peak components to get a coefficient of determination 

~0.99 
46

. Only one Lorentzian peak is sufficient for SLG or bilayer graphene, but four or 

more peaks are necessary to fit the G' peak for more than bilayer graphene. The 

FWHMs of G' peaks were widen and up-shifted with the increment in the layer number 

from SLG to graphite. Depending on the line shape, the G' peak is analyzed with the 

shift in layer number 
136

.  

After the growth process, graphene samples on Cu foil were characterized by 

using Raman spectroscopy. All collected data were processed with Origin Lab program. 

The aim of the study was to obtain large area and homogenous SLG or FLG on 

unpolished, Cu foil by LPCVD. For that purpose, the effect of different growth 

parameters was investigated and the results are discussed as follows.   
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Figure 26. (a) and (b) Raman Spectra of graphene samples which  were grown at  

different temperatures on Cu foil, (c-e) represents the center positions 

and FWHM values of fitted G' peaks of samples. 

 

Graphene samples were grown on Cu foil with the parameters presented in 

Table 2. Raman spectrum of the samples were collected for random regions on Cu foil 

and the results were shown in Figure 26a. The fluorescence effect caused by Cu was 

eliminated and the spectra were reacquired as seen in Figure 26b. For optimizing large 

area and high quality graphene growth at low temperature (700-850
o
C), gas flow rates  

and growth time were kept constant and only growth temperature was changed for 

samples. Gas flow rates were Ar: H2: C2H4 (100 sccm: 20 sccm: 10 sccm) and the 
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growth time was set to 10 min. According to the measurement results, graphene grown 

at 850
o
C; D, G and G' peak positions were defined as 1354.6, 1590.1 and 2688.4 cm

-1
 

while graphene grown at 800
o
C and 700

o
C these positions were found to be 1359.1, 

1357.9, 1598.9, 1604.7 and 2699.3, 2704.9 cm
-1

, respectively. Furthermore, FWHMs of 

G' peaks were determined to be 37.6, 47.5 and 61.5 cm
-1

 (Figure 26c-e). Obtained 

results showed that C deposition on Cu foil was achieved for the samples grown at 

700
o
C. However with increasing temperature up to 850

o
C, the number of graphene 

layers was decreased gradually and SLG was obtained. 

 

Figure 27. (a) and (b) Raman Spectra of graphene samples which  were grown for  

different growth time on Cu foil, (c-e) represents the center positions 

and FWHM values of fitted G' peaks of samples. 
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After the optimization of growth temperature, we have changed the growth time 

for optimizing the number of graphene layer and homogeneity in large area on Cu foil. 

Three different growth times were applied while the other parameters (e.g., Growth 

Temperature: 850
o
C, Gas Flow rates: H2 (30 sccm) and Ar (200 sccm) and C2H4 (10 

sccm)) were kept constant. As seen in Figure 27a and b, the Raman spectra of the 

samples were collected in random region on Cu foil same as before. Moreover, G' peaks 

of the samples are broadened and upshifted than expected for the peak position of SLG. 

According to literature 
134

, this prediction shows the growth of turbostratic graphene. 

Turbostratic graphene is comprised of graphene layers which are stacked uncoupled. 

This type of stacking has single Lorentzian owing to the lack of an interaction between 

the graphene layers and it has a broaden G' linewidth (FWHM of ~45-60 cm
-1

) in 

corporation with SLG.  

 Although disorder in graphene lattice (D peak) was not observed for the 

samples grown in a duration of 15 min., more than SLG was grown on Cu foil. The 

characteristic peaks (G and G' peaks), were seen at 1600.1 and 2722.5 cm
-1

.  The 

FWHM value of G' peak was 43.4 cm
-1 

(Figure 27e). With decreasing growth time, 

disorder peak was also appeared and turbostratic graphene was attained as seen in the 

total spectra (Figure 27b). D, G and G' peaks of the samples, grown for 10 and 5 min, 

were observed at the peak positions of 1355.9, 1362.2, 1591.7,1597,7 and 2697.2, 

2716.2 cm
-1

, respectively.  The FWHM values of G' peaks were not narrow (46.3, 61.9 

cm
-1

) (Figure 27c and e). However, the intensity ratios of G and G' peaks (IG /IG') are 

similar to each other. Because of the fact that, considering the fitted G' peaks and 

FWHM values, turbostratic graphene seemed to be grown on Cu foil with these growth 

parameters 
137

. 
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Figure 28. (a) and (b) Raman Spectrum of graphene samples which were grown 

for  different growth time on Cu foil, (c-e) represents the center 

positions and FWHM values of fitted G' peaks of samples. 

 

Up to now, growth temperature and growth time were studied to optimize the 

graphene growth parameters. Growth time and gas flow rates were altered to get defect-

free, homogeneous and large area graphene. Three different growth times (10, 15 and 20 

min.) were applied and gas flow rates were increased with respect to previous 

parameters; Ar: H2: C2H4 (150 sccm: 30 sccm: 10 sccm). Similar to that applied 

previously, Raman spectra of the samples were collected in random regions on Cu foil 

Figure 28a. Fluorescence effect caused by Cu was again eliminated and the spectra were 
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acquired as seen in Figure 28b. After the subtraction of fluorescence effect, the peak 

positions were found to be as D (1352.4, 1363.3, 1363.1 cm
-1

), G (1590.4, 1592.8, 

1607.9 cm
-1

) and G' (2686.4, 2713.2, 2711.2 cm
-1

). G' peaks were fitted by Lorentzian 

with one, four and three components and the FWHM values of G' peaks were 

determined as 42.2, 36.7 and 51.4 cm
-1

, respectively. Raman results showed that the 

growth in duration of 10 and 15 min. was not sufficient enough to decrease the 

graphene layer number at 850
o
C. When the growth time was increased to 20 min., 

defect-free and SLG was obtained on Cu foil.  

 

 

Figure 29.  (a) Optical image and (b-c) Raman spectra of pristine graphene on Cu 

foil after optimizing of the growth parameters. Circles indicate where 

the Raman spectra were collected.  

 

Figure 29 shows both the optical image taken in 100x magnification and Raman 

spectra of graphene. Large area graphene samples were grown on 25 µm thick 

unpolished Cu foil by LPCVD. For increasing the grain size on Cu foil, the chamber 

was pumped to a pressure of 10
-5 
Torr and an annealing temperature of 990 °C was 

applied for a duration of 80 min. The process was started at room temperature and 

during the process; H2 was utilized to reduce the native oxide layer on the Cu foil. The 

1000 1250 1500 1750 2000 2250 2500 2750 3000

 

 

In
te

n
s
it
y
 (

a
.u

.)

Raman Shift (cm
-1
)

 1

 2

 3

 4

1000 1250 1500 1750 2000 2250 2500 2750 3000

IG/IG' = 0,4  

IG/IG' = 0,5  

IG/IG' = 0,5  

IG/IG' = 0,4  

 

 

In
te

n
s
it
y
 (

a
.u

.)

Raman Shift (cm
-1
)

 1

 2

 3

 4

3 um

(a)

1

4

2

3

(b) (c)



 

44 
 

graphene growth reaction was achieved in 20 min at 850 °C by introducing ethylene 

(C2H4), H2 and Ar at a total pressure of about 1 Torr. The samples were grown with 

C2H4, H2 and Ar  flow rates of 10 sccm, 30 sccm and 150 sccm, respectively. Raman 

measurements were done in four different regions of the sample (Figure 29a). The 

Raman spectra which were taken in these regions show that 1L-graphene was obtained 

as large areas on Cu foil by using these growth parameters (Figure 29c).  To sum up, 

repeatability of these optimized parameters to obtain large area, homogeneuos and high 

quality graphene growth was ensured with these  Raman spectra measurements.  

 

4.2. Characterization of N-doped Graphene 

4.2.1. Raman Spectroscopy Results 

After the growth processes, graphene films were transferred onto different 

substrates such as SiO2, Au (111) and sapphire to characterize the properties of 

graphene by different characterization techniques. Graphene was transferred onto 

desired substrates by using PR drop casting method. Details of the transfer procedure is 

presented in chapter 3. The most important step in the transfer procedure is to remove 

the polymer residues. Traditionally, PR drop casting method and other polymer-based 

methods 
138

 often produce residues on the graphene layer after the transfer. To remove 

PR residues, various strategies have been suggested in the literature, from using acetone 

or acetic acid 
139

 as a solvent to thermal annealing 
140

 in the presence of gas environment 

such as Ar 
141

, N2 
142

 or Ar/H2 
143

 under vacuum conditions. In addition to remaining 

polymer residues, some Cu particles may also be in contact to graphene after the 

transfer process.  Although it is easy to remove the Cu particles by FeCl3, it becomes 

difficult to separate these polymer residues from graphene. Despite intensive efforts 

involving high temperature treatment and extended annealing times, it turns out to be a 

great challenge to entirely remove the residues from the graphene layer 
144

. It has been 

shown that these residues could cause weak p- type doping of the graphene 
49

.  
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Figure 30. (a) Optical image and (b) Raman spectra of pristine graphene on SiO2 

substrate. As shown with black circle, greeny particles represent FeCl3 

residues and white circles indicate where the Raman spectra were 

collected.  

 

The FeCl3 residues were imaged by optical microscope as seen in Figure 30a 

and randomly collected Raman spectra of pristine graphene on SiO2 substrate was 

shown in Figure 30b. 

 The Raman spectroscopy measurements were carried out to characterize the 

structural and electronic properties of pristine graphene and N-graphene. As mentioned 

previously, the D, G, and G' peaks are dominant in the Raman spectrum of N-graphene 

as in pristine graphene. The intensity ratio of G' and G peaks (IG'/IG) gives the 

information about doping, the intensity ratio of D and D' peaks (ID/ID') corresponds to 

the defects and the intensity ratio of D and G peaks (ID/IG) give information about the 

relationship between the crystallite size and N doping level. These peaks are found at 

1320−1350 cm
−1
, 1570−1585 cm

−1
, and 2640−2750 cm

−1
, respectively. The D' peak 

appears at 1602−1640 cm
−1

. 

 

 The doping uniformity is an important parameter that can be achieved by fine 

tuning of the doping parameters. The experiments conducted for doping homogenously 

the graphitic lattice with N atoms, various plasma parameters were investigated for N2 

plasma treatment. The plasma period was varied from 5 min up to 79 min for the plasma 

powers 7W, 10W and 30W. All the samples were then analyzed in detail using Raman 

spectroscopy as shown in Figure 31. Raman spectra results were scrutinized with the 

corresponding doping parameters given in Table 3. 
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Figure 31. Raman spectra of N-graphene doped with different plasma times. The 

duration of plasma doping was varied between 5 and 79 min.  

 

To understand the effect of plasma time in the doping process, plasma power 

and N2 flow rate were kept constant. When plasma treatment period was above 30 min 

and the RF power was 30W, it was found that the graphene films were destroyed or 

partially removed from the substrate’s surface without doping (Figure 31). The 

optimum plasma time was determined as less than 25 min.  
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Figure 32. Raman spectra of N-graphene doped with different plasma powers. The 

intensity ratio of characteristics peaks was enclosed herewith.  

 

After optimizing the plasma time, different plasma powers were studied to get 

homogenous doping parameter. N2 plasma was created by applying a radio-frequency 

forward power of 7W, 10W and 30W, respectively. The Raman spectra of samples 

which were taken from three different regions were given in Figure 32. After analyzing 

IG'/IG, ID/ID' and ID/IG, the results obtained for 7W and 30W were compared with 10W. 

When a RF-power of 7 W and 30 W were applied, the ID and IG' in Raman spectra were 

found to vary depending on the region (Figure 32a and c). Raman analysis revealed that 

the homogen and effective doping was obtained with an RF-power of 10 W and with a 

plasma duration of 15 min as determined by the change in the ID and IG'  as shown in 

Figure 32.  
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Figure 33. (a) Raman spectra of pristine graphene (GRP) and N-graphene (NGRP). 

Images (b), (c) and (d) show the Raman mapping of IG'/IG, ID/ID' and ID/IG 

of NGRP on SiO2/Si substrate with the selected region of 20 m x 20 m, 

respectively. N doping parameters: N2 gas flow 10 sccm, effective RF- 

Power 10 W, plasma time 15 min, N2 pressure 890 mTorr. 

 

For the sample labeled as NGRP452, Raman mapping of N-graphene has also 

been carried out to show the homogeneity of the defect density in the graphitic lattice. 

Figure 33a shows the representative Raman spectra of graphene films on SiO2/Si 

substrate before and after the plasma treatment for 15 min with an RF power of 10 W. It 

should be noted that graphene films on different substrates such as sapphire and Au 

(111) were also plasma-treated under the same conditions and yielded similar Raman 

spectra. In Figure 33a, the G and G' peaks can be clearly observed for graphene. The D 

peak was not clear before plasma treatment. However, after plasma process, the 

intensity of this peak was increased and became more significant.  

 The peak at 1630 cm
-1

, the D' peak in the Raman spectrum of N-graphene was 

attributed to the inter-valley double resonance scattering process, emerged after plasma 

1000 1250 1500 1750 2000 2250 2500 2750 3000

2710,4 cm
-1

1602,4 cm
-1

2702,2 cm
-1

1599,9 cm
-1

G'

D

In
te

n
si

ty
 (

a
.u

.)

Raman Shift (cm
-1
)

 GRP on SiO
2
/Si

 NGRP on SiO
2
/Si

G

D'

1 2 3 4 5 6 7 8 9 10 11

1

2

3

4

5

6

7

8

9

10

11

2m

X

Y

1,200

1,245

1,290

1,335

1,380

1,425

1,470

1,515

1,560

1 2 3 4 5 6 7 8 9 10 11

1

2

3

4

5

6

7

8

9

10

11

2m

X

Y

0,9300

0,9888

1,048

1,106

1,165

1,224

1,283

1,341

1,400

1 2 3 4 5 6 7 8 9 10 11

1

2

3

4

5

6

7

8

9

10

11

2m

XX

Y

0,8295

0,8508

0,8721

0,8934

0,9148

0,9361

0,9574

0,9787

1,000

(a) (b)

(c)

1 2 3 4 5 6 7 8 9 10 11

1

2

3

4

5

6

7

8

9

10

11

2m

X

Y

1,200

1,245

1,290

1,335

1,380

1,425

1,470

1,515

1,560

1 2 3 4 5 6 7 8 9 10 11

1

2

3

4

5

6

7

8

9

10

11

2m

X

Y

0,9300

0,9888

1,048

1,106

1,165

1,224

1,283

1,341

1,400

1 2 3 4 5 6 7 8 9 10 11

1

2

3

4

5

6

7

8

9

10

11

2m

XX

Y

0,8295

0,8508

0,8721

0,8934

0,9148

0,9361

0,9574

0,9787

1,000

(a) (b)

(c)
ID/ID'

ID/IG

IG'/IG(a) (b)

(c) (d)



 

49 
 

process 
112, 116

. These results show that the amount of defects increased due to plasma 

treatment. In literature, it is claimed that homogeneous doping of graphene by N- 

plasma treatment method is challenging, because bombarded atoms in plasma 

environment damage all graphitic lattice randomly 
74

. According to our results, it is 

possible to prepare homogeneously N-graphene in large scale (20 m x 20 m) as 

proven by Raman surface mapping. By using Raman spectroscopy, 2D mapping of the 

substrate was studied at intervals of 2 m and data were taken from 11 different points. 

After obtaining full Raman spectrum of N-graphene, baseline subtraction was done for 

all the data and then the map of IG'/IG, ID/ID' and ID/IG was generated. As shown in 

Figure 33b, c and d, for a large area IG'/IG, ID/ID' and ID/IG were about 0.83-1, 1.2-1.6, 

0.93-1.4, respectively. These results were shown for the first time in literature that 

homogenous doping of N in graphene can be achieved using N- plasma treatment. 

Raman spectroscopy analysis was also performed before and after the plasma 

treatment to observe the change in the Raman shift for G and G' peaks. The intensity of 

G' peak of graphene was much higher than that of N-graphene due to extra scattering 

events from the N induced electron doping. According to Table 4, the highest amount of 

blueshift for G peak was calculated as 8 cm
-1

 due to the effects of doping and 

compressive strain. The maximum (ID/ID') of N-graphene was ~2 which is close to the 

boundary defects reported in literature 
116

. 

Table 4. Average Raman Peak Analysis of N-graphene.

 
 

As given in Table 4, the amount of the Raman shift for G and G' peaks and their 

positions  change not only due to the doping concentration but also the graphene-

substrate interaction caused by different thermal expansion coefficients of graphene and 

the substrate 
117-118

. N induced n-type doping in graphene should cause a blueshift of G 

peak and redshift of 2D peak 
116, 128

. Therefore, as reported in literature 
116

, the strong 

blueshifts of G and 2D peaks cannot be explained only by electron doping. Otherwise, 

Sample Shift in G Peak

(cm-1)

Shift in G' Peak

(cm-1)

IG' / IG ID / ID' ID / IG

NGRP on Sapphire -2  0.25 10  0.15 0.791 1.952 0.978

NGRP on SiO2/Si -3  0.3 -8  0.2 0.892 1.345 1.358

NGRP on Au/Mica 5  0.2 -9  0.15 1.317 1.685 1.427
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the other mechanisms such as compressive/tensile strain in graphene could cause a 

blue/red shift of these dominant peaks. 

 

Figure 34. Raman spectra of N-graphene doped with different plasma powers and 

plasma times.  

 

The effect of plasma time and plasma power on the doping concentration was 

also studied in this thesis. The doping process of RF-power of 10W and plasma duration 

of 15 min, plasma power was decreased to 7W and plasma time was increased to 20 

min. The N2 flow was regulated as 10 sccm and kept constant for two samples.  Figure 

34a and b shows the Raman spectra of the samples which were taken from different 

regions on the sample surface. The intensity ratio of characteristics peaks (IG'/IG, ID/ID' 

and ID/IG) was also determined and calculated for each samples. Although peak ratios 

were similar, the homogeneity was not achieved for the sample doped with RF-power of 

7W and plasma duration of 20 min (Figure 34a). We found that the change in plasma 

power and plasma time did not alter the doping concentration. These results have also 

been verified by XPS measurements as discussed in the next section.  

 

4.2.2. XPS Results 

 

XPS measurements were done to determine the N configuration and 

concentration in graphitic lattice. In general the N1s spectrum of N-graphene samples 

can be deconvoluted to several individual peaks  characteristic to pyridinic N 

(398.1−399.3 eV), pyrrolic N (399.8−401.2 eV), and quaternary N (401.1− 402.7 eV). 
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The XPS spectra of freshly prepared graphene samples we recorded before and 

after doping with N. Photoemission spectra were collected with a SPECS Phoibos 150 

Hemispherical Analyzer furnished with monochromatized Al-Kα x-ray source. N-

graphene samples on SiO2 were attached to the sample holder. The pressure of the 

vacuum chamber was P < 10
-9

 mbar during the measurements. Large area focus and 40 

eV pass energy was used to achieve the best signal-to-noise ratio in XPS spectra. The 

spectral fitting was performed with CASA XPS software and Shirley background type 

was used for subtraction of raw data. The XPS results of these samples have been 

presented in Figure 35. Among the process parameters only plasma power and treatment 

time were changed to observe the effect of N configuration in graphitic lattice. 

 

Figure 35. The XPS measurements of C1s and N1s band in N-graphene films on 

SiO2/Si treated by N2 plasma during (a-b) 15 min with RF-power of 10 W 

and (c-d) 20 min, with RF-power of 7W, respectively. The N2 gas flow rate 

at plasma chamber was kept constant as 10 sccm. 
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As seen in Figure 35 a and c, the main signal in the C1s spectrum corresponds to 

C-C bond with sp
2 

hybridization which has the binding energy around 284.5 eV   0.2 

eV. These data confirms the presence of graphene. Other signals observed at 286   0.2 

eV and 287.8   0.2 eV corresponds to sp
2
 and sp

3
 hybridized C-N bonding (C and N 

group structures), respectively 
124

. These C and N group structures also increase the 

amount of defects in graphitic structure. On the other hand, the N1s signal with binding 

energy of 400 eV in XPS spectra of samples, treated by using different parameters, has 

revealed a redistribution of intensities of all components of the band. Figure 35 b and d 

show the N1s spectra of N-graphene. The signals with energies 398.7   0.2 eV, 400.1   

0.2 eV and 402.0   0.2 eV correspond to pyridinic-N, pyrrolic-N and quaternary N or 

graphitic-N, respectively 
74

. The signal seen at 405   0.2 eV (blue colored in Figure 

35d) was attributed to the adsorbed N species or chemisorbed N oxide 
145

. 

As shown in Figure 35 b and d, the pyridinic-N configuration was not formed 

when the plasma time is increased and RF-power is decreased. However pyrrolic-N and 

graphitic-N were formed in either case. Increasing the RF-power and decreasing the 

plasma time, pyrrolic-N configuration became more dominant. It should be noted that 

the N2 plasma treatment resulted in the predominant pyrollic type of N doping in 

graphitic lattice. 

As reported in literature 
123

, when RF-discharged with lower effective power 

was used, the concentration of N increased with the treatment time. For example, 

graphene treatment using an effective RF-power of 7 W and a plasma treatment time of 

20 min provided a N concentration of 1.8 atomic %, while the treatment of graphene 

film using an RF-power of 10 W for 15 min led to 1.7 atomic % of N atoms in graphitic 

lattice. The N/C atomic ratio of samples was calculated by taking the ratio of the total 

areas under the N1s and C1s spectrum. We found that the concentration of N atoms in 

graphitic lattice could be the same with different plasma time and different types of N 

configurations. 

 

4.2.3. STM-STS Results 

The local topographic structure of n-type doped graphene sheets and its sub-

lattices were studied by using STM. STS measurements were also conducted to measure 

the density of states (DOS) and carrier concentration at the atomic scale. The STM and 
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STS measurements were performed over different regions of N-doped and pristine 

graphene samples for reference on Au (111) surface to investigate the configuration of 

N atoms. STM images were acquired from the graphene films transferred onto Au (111) 

substrates under ambient conditions by using a Nanosurf Easyscan system. STM 

piezoelectric scanners were calibrated laterally, with graphite and Au (111) 
146

. The 

STM tip was prepared from a Pt/Ir (90%/10%) 0.25–0.2 mm wire cut under ambient 

conditions. All images were acquired in constant-current mode. The typical imaging 

conditions were a bias voltage of 25 to 70 mV and a tunneling current of 1 nA. The 

images shown in this thesis are the raw data unless stated otherwise. The obtained 

images were processed with Scanning Probe Image Processor software. 

 

Figure 36. STM images of graphene (a-b) and N-graphene (c-f) on Au (111) substrate.               

In Figure f, simulated N and C atoms are shown as black and white colors, 

respectively. The STM images were recorded under constant-current mode 

with bias voltage varying between 25 and 70 mV and a 1 nA tunneling 

current. 

 

STM image of graphene is shown in Figure 36a. As seen in Figure 36b, the STM 

image of graphene with honeycomb lattice infers that the graphene layer on Au/Mica is 

one layer. After N doping, STM images of N-graphene are shown in Figure 36c-f. It is 

clearly seen that the bombarded N atoms deformed the honeycomb structure and yields 
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small clusters on the graphitic lattice. The presence of brighter sites in the selected 

region showed that the doping of N atoms is smooth and this was also proven by Fast 

Fourier Transform (inset of Figure 36b and e). High magnification STM image of N-

graphene (Figure 36f) showed that N atoms have one unoccupied electron in valence 

band, were shaped in a triangular pattern on graphitic surface. As seen in Figure 36f, 

these free electrons in C-N bonding cause an electron cloud around C atoms. The 

observed change in the morphology is due to the electronic configuration of N atom on 

graphene layer. 

 
Figure 37. STS curves of (a) pristine and (b) N-graphene, respectively. 

 

STS results of pristine and doped graphene was also investigated. The results 

showed that pristine graphene has ohmic behavior in current vs voltage curve. After 

doping due to the N2 dopants this linear curve was bended and it showed like a metal-

semiconductor behavior (Figure 37).  
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Figure 38. dI/dV characteristics of pristine (red line) and N-graphene (blue line) on          

Au (111). 

 

We also investigated the electronic behavior of pristine (red) and N-graphene 

(blue) via STS measurements (Figure 38). Based on the dI/dV measurements, the 

average energy gap for pristine graphene (Eg1) and N-graphene (Eg2) were determined 

as 205 meV and 317 meV, respectively. This was in good agreement with the calculated 

gap values. There is a gap in pristine graphene on Au (111). This gap may be occurred 

due to the defect states in the honeycomb lattice, the weak graphene-Au (111) 

interaction or the intervalley scattering observed around a point defect in the graphene 

layer on the Au (111) surface 
147

. After N doping, the difference in energy gap can be 

easily observed. Since the Dirac point of graphene on the Au (111) surface is located at 

EF 
147

, there is no signature that could be associated with the presence of Dirac point in 

any particular position as seen in the STS measurements on graphene/ Pt (111) 
148

. This 

result may indicate that insufficient doping of graphene exists for graphene/Au or no 

significant change expected in the energy position of the Dirac point. Fermi level is 

located at 0 meV as done in Refs 
149-151

. There are some peaks near Fermi level which 

are shown with asterisk in the dI/dV curve. These can be attributed to the presence of 

defect states which cause the change in electronic state of pristine graphene after plasma 

treatment. 
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4.2.4. Methodology of DFT Simulations 

In order to understand the STM analysis shown in Figure 36f, we used density-

functional theory (DFT) calculations. For structural and electronic relaxation of N-

graphene structures first-principles calculations were performed by employing the 

plane-wave basis projector augmented wave (PAW) method in the framework of DFT. 

As exchange-correlation potential, Perdew-Burke-Ernzerhof (PBE) 
152-153

 form of 

generalized gradient approximation (GGA) implemented in the Vienna Ab Initio 

Simulation Package (VASP) 
154-155

 is used. The energy cutoff value for the plane-wave 

basis set was taken to be 500 eV. The total energy was minimized until the energy 

variation in successive steps became less than 10
-5

 eV in the structural relaxation and 

the convergence criterion for the Hellmann-Feynman forces was taken to be 10
-4

 eV/A. 

The minimum energy was obtained by varying the lattice constant and the pressure was 

reduced below 1 kbar. 25×25×1 gamma-centered k-point sampling is used for the 

primitive unit cell. In DOS calculations of N-graphene, the Gaussian broadening for the 

DOS calculation was taken to be 0.05. The van der Waals (vdW) correction to the GGA 

functional was included by using the DFT-D2 method of Grimme 
156

. Analysis of the 

charge transfers in the structures was performed by employing Bader analysis 
157

. 
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Figure 39.  (a, d) The top and side views, (b, e) the energy band structure, and (c, 

f) density of states of N substituted and N adsorbed graphene, 

respectively. 

 

The experimental results show that the well-patterned regions formed by 

nitrogenation have a trigonal lattice periodicity that corresponds to a graphene supercell  

√  × √   × 1 with one doping. Moreover, another question is whether the doping occurs 

by adsorption of N atoms on graphene host or N atoms are substituted by C atoms. Our 

careful structural relaxation calculation reveals that both substitution and adsorption of 

N atoms on graphene may take place. For the substitution case, the structural calculation 

shows that the substituted N is localized as C in lattice and the hexagonal symmetry is 
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conserved as shown in Figure 39a. The N-C bond length was found to be 1.40 Å which 

is slightly lower than C-C bond in bare graphene. Consequently, the lattice constant 

reduces from bare graphene lattice constant of 4.27 to 4.23 Å. In addition, Bader charge 

transfer analysis shows that C atoms donated 1.2e per N atom. In the adsorption case, N 

prefers to localize over the C atom with bond length of 1.46 Å as shown in Figure 39 d. 

The C atom slightly shifts towards the N atom which is donated 0.4e. The C-C bonds in 

the vicinity of N slightly increases hence the lattice constant is extended to 4.32 Å. 

In addition, the electronic structure analysis reveals that substitution and 

adsorption of N result different modification in the electronic property of graphene. In 

the substitution case, the system has metallic property. As shown in Figure 39 b and c 

the Fermi level of the well-known graphene like band and DOS dispersions is shifted 

towards positive energy region. This indicates that the graphene is n-type doped when 

the N is substituted. On the other hand, the adsorption of N opens an indirect band gap 

of 0.28 eV which are shown in Figure 39e and f. The valance band maximum and 

conduction band minimum appears at K and Γ, respectively.   

The experimental band gap measurement indicates that the band gap of N- 

graphene increases compared to that of pristine graphene as shown in Figure 38.  

According to these results, graphene on Au (111) presented a semiconductor like 

behavior due to the presence of N dopants. Experimental and theoretical results indicate 

that this further gap opening stems from adsorption of N on C sites in our measurement.   

 

4.2.5. Kelvin Probe Force Microscopy (KPFM) Results 

Kelvin Probe Force Microscopy (KPFM) was used to define the work functions 

of graphene and N-graphene to determine the carrier type after the doping process. 

KPFM technique was performed using commercial Scanning Probe Microscopy 

instrument (Solver Pro 7 from NT-MDT, Russia). Contact potential difference (CPD) 

between tip and sample (CPD = ФSAMPLE – ФTIP) was measured with this technique. 

Conductive TiN coated tip with thickness of 35 nm (NT-MDT, Russia) was used to 

obtain CPD signals and calibrated with HOPG (ФHOPG = 4.6 eV) as reference due to the 

constant work function in air and inert nature 
158

. Therefore, the work functions of the 
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samples were calculated as follows where the CPDHOPG is the work function of HOPG 

relative to the probe 
159

. 

 

                                 ФSAMPLE= 4.6 eV + CPDHOPG – CPDSAMPLE                                           (4.1) 

After getting XPS results (see Figure 35), KPFM measurements were also done 

for these two samples to determine the difference in the work function related with the 

different plasma treatment parameters. Akada et al. was indicated that graphitic-N 

decreases the work function, whereas pyridinic-N and pyrrolic-N increase the work 

function 
160

. 

Figure 40 shows the cantilever oscillation amplitude (Mag) versus bias voltage. 

When Mag signal is close to zero due to feedback in the SPM system, interaction forces 

between tip and samples become zero and applied dc voltage to the tip equals to CPD. 

These measurements were taken locally and three different region on the sample 

surface. The CPD of HOPG which is commonly used for the calibration in KPFM 

measurement was around 0.26V. The CPD values of GRP, NGRP457 and NGRP452 

were measured as 0, -0.091 and -0.114V (Figure 40). Additionally, the calculated work 

functions were around 4.34, 4.24 and 4.22 eV for GRP, NGRP457 and NGRP452, 

respectively (see the Table 5). The differences of CPD reflect the doping effect on the 

N-graphene sample surfaces. 
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Figure 40. Surface potential differences of graphene (GRP) and N-graphene (NGRP) 

with various doping parameters.  N-graphene films on SiO2/Si treated by N2 

plasma during (red color) 15 min with RF-power of 10 W and (blue color) 

20 min with RF-power of 7W, respectively. The N2 gas flow rate at plasma 

chamber was kept constant as 10 sccm. HOPG (green color) is used as 

reference .  

 

All values of mean CPD and mean Ф are summarized in Table 5.  The work-

function value of graphene without N2 plasma treatment is smaller  than the reference 

value (4.60 eV) , indicating a p-type behavior, as reported in the literature 
161

.   

 

Table 5. The values of mean CPD and mean Ф. 

Sample  Mean Ф (eV) Mean CPD (V) 

HOPG 4.6 0.26 

GRP 4.34 0 

NGRP457 4.24 -0.091 

NGRP452 4.22 -0.114 
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After N doping of graphene samples, the CPD values showed a downshift 

trends. This indicates that there is an electron donation from the graphitic N atom to the 

graphene lattice which causes n-type doping.  In addition, the reason for the lowest 

downshift in surface potential of doped samples is due to the lowest N doping 

concentration in graphene layer which was supported by the XPS results. It should be 

noted that KPFM measurement results are in good agreement with the XPS results.   
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CHAPTER 5 

CONCLUSIONS 

The main aim of this thesis was to develop an effective method for achieving 

homogenously doped graphene by using N2 plasma treatment. In this study, a two-steps 

procedure was applied in the following manner: Firstly, large-area graphene was 

successfully grown by using C2H4 gas on Cu foil at low pressure, followed by its 

transfer onto a desired substrate. The next step was the treatment of synthesized 

graphene film using RF discharge in N2 gas. These steps were crucial for controlling the 

process precisely. This method also allowed the control of N doping level in graphitic 

lattice. Both graphene samples, grown on Cu foil and transferred on desired substrates 

were characterized by Raman spectroscopy. The doping process was controlled by 

plasma power and time under constant N2 flow rate. The homogenous N-doping of 

graphene was further analyzed by Raman spectroscopy, XPS, STM/STS and KPFM 

measurements.  

After the graphene growth by CVD, Raman spectroscopy was utilized in order 

to determine the number of the layers and quality of graphene growth over Cu foil. This 

method was applied for all the samples before and after plasma treatment to observe the 

change in Raman shift for G and G' peaks. We found that the intensity of G' peak of 

graphene was much higher than that of N-graphene due to the enhanced scattering from 

the nitrogen induced electron doping. It was observed that the graphene films were 

partially removed from the surface for plasma duration of 30 min. and RF power of 

30W. When plasma duration was decreased to 15 min and RF-power was set to 7W and 

30W was applied to the graphene samples, ID and IG' were found to vary from region to 

region on the surfaces. The optimum homogeneous doping parameter was obtained with 

an RF-power of 10W and plasma duration of 15 min indicated by the change in ID/IG. 

Raman mapping of N-graphene was also performed to show the homogeneity of defect 

density in the graphitic lattice.  This study showed that it becomes possible to prepare 

homogeneously doped N-graphene in large scale (20m x 20 m) as proven by Raman 

surface mapping. By using Raman spectroscopy, 2D mapping of substrate was studied 

at intervals of 2 m and data were taken from 11 different points. After getting full 
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Raman spectrum of N-graphene, baseline subtraction was done for all data and colored 

maps of IG'/IG, ID/ID' and ID/IG were generated. 

XPS measurements were used to determine the nitrogen configuration and 

concentration in graphitic lattice. According to the obtained results , an effective RF-

power of 7W with a plasma treatment time of 20 min. yields a nitrogen concentration of 

about 1.8 atomic %, while the treatment of graphene film using an RF-power of 10W 

for 15 min led to 1.7 atomic % of nitrogen atoms in graphitic lattice. The most favorable 

doping parameters for homogeneous doping were determined and at these optimized 

parameters, 1.7 atomic % of nitrogen atoms were introduced to the graphitic lattice. 

When RF-discharged with low power was used, the concentration of nitrogen is 

increased with the treatment time.  The increment of N2 plasma time and decrement of 

N2 plasma power, the pyridinic-N configuration was found to disappear and pyrollic-N 

became more dominant. It should be noted that the N plasma treatment resulted in the 

predominant pyrollic type of N doping in graphitic lattice. We also found that the 

concentration of N atoms in graphitic lattice could be same with different plasma time 

and different types of nitrogen configurations.  

STM measurements were done on homogenously doped graphene sample to 

understand the local atomic structure in the vicinity of a N dopant in the graphene sheets 

and in their sub-lattices. STS results showed an increase of nearly 100 meV in the band 

gap after doping the graphene on Au (111).  In addition, for further understanding of 

STM/STS results and DFT based calculations were performed. It was concluded that the 

periodic adsorption of N atoms on the top of C atoms rather than substitution of them is 

the dominant doping mechanism in our N-graphene samples. 

KPFM measurements were also conducted for pristine graphene and for two 

different N doped samples to determine the difference in the work function related with 

the different plasma treatment parameters. The average work functions and CPD values 

were estimated respectively.  These measurements were taken locally on three different 

regions of the sample surface. After N doping of graphene samples, the CPD values 

showed a downshift (negative) trend, indicating the n-type doping. To conclude, KPFM 

measurement results are in good agreement with XPS results.  
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