
i 

 

 

ROLE OF INTRINSIC CARBON IN COPPER AND ITS HYDROGEN-

ASSISTED DEPLETION DURING GROWTH OF GRAPHENE BY 

CHEMICAL VAPOR DEPOSITION  

 

 

by 

MOHAMMAD HADI KHAKSA RAN 

 

 

Submitted to the Graduate School of Engineering and Natural Sciences 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

  

 

 

 

Sabancē University 

January 2019 

  



ii  

 

  



iii  

 

 

 

 

 

 

 

 

 

 

 

ÉMohammad Hadi Khaksaran 

All Rights Reserved 



iv 

 

ABSTRACT 

ROLE OF INTRINSIC CARBON IN COPPER AND ITS HYDROGEN-

ASSISTED DEPLETION DURING GROWTH OF GRAPHENE BY 

CHEMICAL VAPOR DEPOSITION 

MOHAMMAD HADI KHAKSA RAN 

Physics, Ph.D. Thesis, January 2019 

Thesis Supervisor: Assoc. Prof. Dr. Ķsmet Ķnºn¿ Kaya 

Keywords: Graphene Nucleation, Graphene Growth, Intrinsic Carbon, Chemical 

Vapor Deposition (CVD), Copper Annealing   

Growth of graphene on Cu by chemical vapor deposition (CVD) method is a 

multidimensional process. Therefore, a comprehensive understanding of the parameters 

involved in this process is essential to achieve a reproducible and optimized growth 

recipe. In this work, the role of intrinsic carbon in the bulk of Cu on nucleation of 

graphene is revealed and it is disclosed that CVD growth of graphene on Cu foil is not a 

pure surface process. We uncovered that hydrogen-assisted carbon depletion (HACD) 

effect causes carbon content within Cu bulk to diffuse out during annealing under 

hydrogen atmosphere and is a critical mechanism in the nucleation of graphene crystals.  

Additionally, we investigated the role of hydrogen on the diffusion of carbon toward the 

Cu surface during annealing. We showed that this interplay is not a linear mechanism, but 

depending on its concentration hydrogen either can boost or diminish the surface density 

of segregated carbon atoms from bulk.  From that, we managed not only to grow a 

graphitic film on Cu foil but also and more importantly, illustrate spontaneous nucleation 

of graphene crystals during hydrogen annealing in the absence of external carbon 

precursor. To our knowledge, this is the first time such a growth has been realized. This 

finding can clarify the role of intrinsic carbon on the nucleation mechanism of graphene 

in the CVD process. We also showed that intrinsic carbon in Cu can effect the formation 

of ad-layers under as-grown graphene layer.
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¥ZET 

GRAFEN B¦Y¦TMEDE BAKIRDAKĶ Ķ¢SEL KARBONUN VE 

HĶDROJEN YARDIMIYLA T¦KETĶLMESĶNĶN ROL¦ 

MOHAMMAD HADI KHAKSA RAN 

Fizik, Doktora Tezi, Ocak 2019 

Tez Danēĸmanē: Do. Dr. Ķsmet Ķnºn¿ Kaya 

Anahtar kelimeler: Grafen ¢ekirdeklenmesi, Grafen B¿y¿tme, Ķsel Karbon, 

Kimyasal Buhar Biriktirme (KBB), Bakēr Tavlama  

Kimyasal buhar biriktirme (KBB) yºntemi ile grafen b¿y¿t¿lmesi ok boyutlu bir 

s¿retir. Bu nedenle tekrarlanabilir ve en uygun b¿y¿tme reetesinin elde edilebilmesi 

iin s¿rete rol alan parametrelerin kapsamlē olarak anlaĸēlmasē ºnemlidir.  Bu alēĸmada, 

bakēr b¿nyesinde bulunan isel karbonun grafen ekirdeklenmesindeki rol¿ keĸfedilmiĸ 

ve KBB ile Cu ¿zerinde grafen b¿y¿tmenin sadece y¿zeyde gerekleĸen bir s¿re 

olmadēĵē aēka ortaya konulmuĸtur. Bakērēn hidrojen atmosferi altēnda tavlanmasēnēn, 

hidrojen destekli karbon t¿ketimi etkisiyle karbonun Cu ierisinden y¿zeye dif¿zyonuna 

yol atēĵēnē ve bunun grafen kristallerinin ekirdeklenmesi iin kritik bir mekanizma 

olduĵunu ortaya koymuĸ bulunuyoruz. Buna ek olarak, tavlama sērasēnda karbonun Cu 

y¿zeyine dif¿zyonunda hidrojenin rol¿n¿ de araĸtērdēk. Bu etkileĸimin doĵrusal bir bir 

mekanizma olmadēĵē, ama yoĵunluĵuna baĵlē olarak hidrojenin, karbon atomlarēnēn 

ieriden y¿zeyde birikmesini arttērdēĵē ya da baskēladēĵēnē gºsterdik.  Bundan yola 

ēkarak hidrojen altēnda tavlama esnasēnda, karbon kaynaĵē olmaksēzēn Cu folyº ¿zerinde 

grafitsel film b¿y¿tmeyi gerekleĸtirdik ve daha ºnemlisi grafen kristallerinin 

kendiliĵinden ekirdeklenmesini gºsterdik. Bilgimiz dahilinde, bu t¿r bir b¿y¿tme ilk kez 

bu alēĸmada gºsterilmiĸtir. Bu bulgu, isel karbonun KBB s¿reci sērasēnda grafen 

ekirdeklenme mekanizmasēndaki rol¿n¿n aydēnlatēlmasēnē saĵlayabilir. Ayrēca, 

bakērdaki isel karbonun, b¿y¿t¿lm¿ĸ grafen katmanlarēnēn altēndaki ek katmanlarēn 

oluĸumunu etkileyebileceĵini de gºsterdik. 
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1 Introduction 

1.1 Context and Motivation 

Since the first demonstration of the growth of graphene by chemical vapor deposition 

(CVD) on copper[1], a variety of improvements such as achieving centimeter size single 

crystals[2-5] and high carrier mobility comparable to mechanically exfoliated graphene 

have been realized.[6] These developments have made CVD growth on copper the most 

prominent method for graphene production for various suggested applications.[7-9] 

Therefore, the high demand for an economical and reproducible technique for the mass 

scale production of high quality graphene has led to many studies on CVD growth 

mechanisms [2, 10-23]. This elevated the motivation for research on growth mechanisms 

of graphene in CVD process.[2, 10-23] It has been discussed that the very low solubility 

of carbon in copper makes the graphene growth process to be governed by surface-

adsorption and therefore leading to a self-limited course.[10] Weak surface diffusion 

barrier for carbon ad-atoms leading to the high mobility of carbon on copper at high 

temperatures is another reason for the growth of graphene to be considered as a pure 

surface-based process.[14, 24, 25] Overall, the CVD growth of graphene is described to 

be initiated with the adsorption of carbon precursor molecules on the copper surface, 

followed by their dissociation to form active carbon species which diffuse on the surface 

until trapped and accumulated at defect sites. Increase in the carbon concentration at 

defect sites leads to supersaturation of carbon and finally the nucleation of graphene 

flakes.[23, 26]  

In the process where just a few atoms can have a substantial effect on the growth of 

one-atom-thick carbon crystal, delicate surface processes at high temperatures can easily 

lead to irreproducibility. This caused significant difficulties in uncovering the underlying 
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mechanisms behind the growth of graphene on copper. For example, initially, the 

passivation of nucleation sites due to reaction with oxygen had been suggested as the 

reason for the suppression of graphene nucleation in the presence of diluted oxygen. But 

later it has been agreed that the reduction in the nucleation is mainly due to the etching of 

carbon from the surface of Cu foil by oxygen. [2, 4, 19, 27-29]  Likewise, while etching 

effect of hydrogen has initially been reported [30-34], later it has been argued that 

oxygen/water from hydrolyzers was the cause of etching of carbon on Cu surface and the 

inconsistency of nucleation process.[4, 35, 36] However, the effect of hydrogen on the 

carbon inside the bulk of Cu foil has not been fully described for the CVD process yet. 

Moreover, because Cu foil had been widely considered to behave as pure copper with 

very low solubility for carbon, the intrinsic carbon incorporated in Cu foil during its 

production has been overlooked for many years. However, few recent reports imply that 

presence, dissolution, and diffusion of carbon inside copper foil makes the nucleation and 

growth of graphene to be more complex and multifunctional process than what was 

proposed earlier.[19, 21, 37, 38] 

The underlying motivation of this thesis is to disclose the causes of inconsistency in the 

outcome of graphene growth by the CVD method and step toward final words on all 

growth-related issues. While almost all of the papers in this field have been focused on 

the effect of external carbon source on the graphene growth on copper, the first objective 

of this thesis is to report spontaneous nucleation of graphene on copper due to the 

presence of intrinsic carbon. 

 Accordingly, to achieve a comprehensive model for the nucleation of GFs on Cu foil, 

mapping the interplay between ñpresence, dissolution, and diffusion of carbon inside 

copper foilò and other parameters such as oxygen and hydrogen is essential. Therefore, 

the second intention of this thesis is to study the interplay between the flowing hydrogen 

in the CVD system and intrinsic carbon inside the copper.   

The presented experimental results in this thesis about depletion and/or etching of 

intrinsic carbon in copper by hydrogen could explain critical open issues on the growth 

mechanism of graphene on copper foil and help us to draw a brighter picture about initial 

stage of graphene nucleation on the copper surface in the CVD process.    
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1.2  Structure of the Thesis 

In chapter 2, the main aspects of the graphene growth on copper by chemical vapor 

deposition (CVD) are briefly reviewed, including the growth mechanism, the 

experimental setup for the CVD process, graphene transferring to the dielectric substrate. 

Besides in this chapter, we discuss the main characterization techniques that have been 

used in our studies on graphene nucleation and growth on copper. 

In chapter 3, our experimental approach and our original results for ñSpontaneous 

nucleation of graphene flakes (SNGFs) on a copper foil in the absence of external 

carbonò are presented. In this chapter, we demonstrate how the presence of intrinsic 

carbon copper foil results either in the growth of a graphitic film or nucleation of graphene 

on the surface of copper. Accordingly, we proposed a microscopic mechanism for 

hydrogen-assisted carbon depletion (HACD), that supplies nucleation and growth of 

graphene or graphitic film during the annealing process. 

In chapter 4, the pressure dependence of hydrogen-assisted carbon depletion has been 

studied. This study reveals the opposite aspect of HACD which is etching of carbon from 

copper under high concentration of hydrogen. Therefore we successfully demonstrate this 

effect as an approach for suppression of graphene nucleation after an effective HACD. 

In chapter 5, further technical details and experimental results are presented and 

discussed. We confirmed the white nano-particles which is very commonly observed in 

the SEM image of CVD graphene are SiO2/SiOx particles. Additionally, we present our 

experimental result for the effect of HACD on the nucleation of graphene ad-layers. 

Finally, we discussed the technical challenges toward a quantitative evaluation of HACD 

in copper.     

In chapter 6, the primary outcomes of this thesis and the possible future works are 

proposed. 
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2 Growth of graphene on copper by chemical vapour 
deposition (CVD) 

2.1 Introduction  

Graphene is considered to have a great potential to be utilized in a range of electronic 

devices including solar cells, field effect transistors, super-capacitors, batteries, displays 

and sensors due to its unique electrical, optical and mechanical properties [39-49]. Hence, 

a significant amount of research has been devoted to the synthesis of graphene since its 

large scale production with controllable parameters will be a key factor towards 

commercialization. Exfoliating graphene from graphite either mechanically [50] or 

chemically [51] creates small flakes, that are not suitable for applications requiring 

uniformity. High quality graphene can be synthesized epitaxially on the surface of a SiC 

substrate by desorption of Si atoms. [52] However, SiC epitaxy has intrinsic limitations 

for large area applications. Another method to produce graphene is to synthesize it on a 

metal catalyst substrate by chemical vapor deposition (CVD) [1, 14, 53-59]. Currently, 

CVD appears to have the most significant potential for large area production of graphene 

with a sufficiently high crystalline quality for optoelectronic applications. 

 The potential of CVD graphene in optoelectronics lies in the fact that it can have 

both high transparency and high conductivity at the same time. With its enormous 

flexibility, graphene is one of the outstanding candidate materials as a transparent 

conductive electrode for flexible electronics. Nearly 98% transparency of monolayer 

graphene is far superior to those required by most of the optoelectronic applications. 

However, obtaining a highly conductive graphene film with high stability is proven to be 

a challenge. Although single crystal graphene can have very high mobility as 

demonstrated in small mechanically exfoliated samples, larger sheets synthesized by 
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scalable methods such as CVD show much lower mobility values in most of the results. 

The sheet resistance of monolayer CVD grown graphene typically ranges from several 

hundred to a thousand Ohms per square [60-62]. The reduced conductance in CVD 

graphene is due to electron scattering from crystal domains and the defects inherently 

formed during its growth.  

Copper and nickel are the most widely used transition metals for the metal-assisted 

CVD synthesis of graphene [63-66]. Material parameters, such as carbon solubility, 

crystal structure and lattice constant as well as the thermodynamic parameters affect the 

deposition of graphene on the surface of a catalyst metal [1, 67, 68].  

2.2 Growth of graphene on copper by CVD 

After the first discovery of the growth of graphene by chemical vapor deposition (CVD) 

method on copper,  [1] the variety of enhancements on the crystals size [2-5] and carrier 

mobility have been attained during last recent years [6]. This encouraged many studies 

on CVD growth mechanisms to find out a practical mass scale production technique for 

high quality graphene, fulfilling the economical and reproducibility concerns at the same 

time [2, 10-23]. Li et al. demonstrated that due to the very low solubility of carbon in 

copper, surface-adsorption governs graphene growth and makes it a self-limited process 

[10]. The growth terminates as soon as the copper surface is entirely covered with 

graphene since the active surface area on which to catalyze methane decomposition and 

supply the carbon source is lost. It has thus been suggested that besides the very low 

solubility of carbon in copper bulk, the high mobility of carbon ad-atoms on copper due 

to the weak surface diffusion barrier can boost the pure surface-based process mechanism 

[10, 14, 24, 25, 63]. 

CVD growth of graphene is generally explained, to begin with, the adsorption of a 

hydrocarbon molecule on a catalyst surface followed by its dissociation into active carbon 

radicals that diffuse on the surface until they agglomerate on defects. This local 

concentration continues to increase until the supersaturation level is reached and crystal 

nucleation has started on defect points (Figure 2.1) [23].  

On the contrary, the average distance between nucleation sites defines the average size 

of crystal domains. Therefore, to reduce the total electron scattering from the crystal 

domains, suppression of the nucleation site for enlarging the average size of graphene 

crystals is essential.  
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Figure 2.1: Schematic diagram for the nucleation and growth mechanism of 

graphene on a copper surface [23].  

The adsorption and then dissociation of methane on the copper surface provides 

supersaturation of carbon adatoms on the surface. When the concentration of the 

active carbon species on copper (CCu) reaches a critical supersaturation point (Cnuc) 

nucleation, and growth of graphene domains are beginning (i). The growth rate is 

declining as graphene domains enlarging and covering more surface area of copper  

(ii). The growth process will be terminated either due to declining carbon radicals 

when the amount of below the supersaturated level (iii) or due to the merging 

graphene domains and losing all exposed surface area copper (iv). 

The dramatic suppression of graphene nucleation attained by introducing oxygen to the 

CVD process has been a critical development towards the growth of high quality 

graphene. [2, 27] However, it has taken a while to understand the suppression of 

nucleation and its relation to the reduction of carbon content in copper foil. [19, 28, 29]  

It has been realized that, depending on the concentration, oxygen has contrary effects on 

carbon in the Cu foil which can be considered either as etchant or scavenger of carbon 

from the foil, [4, 19, 28] or as an impurity that raises solubility/diffusivity of carbon inside 

the Cu foil. [21, 27, 28] 

Also, it has been noticed that the inconsistency of the nucleation density of 

graphene flakes on copper can originate from the presence of unintentional 

oxidative impurity gases in the CVD system. [4]  
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So far, a variety of studies have been focused on the role of external carbon sources, 

either in the form of precursor or contamination, on the nucleation and growth mechanism 

of graphene flakes (GFs). [10, 11, 14, 23, 60, 69-71] But still, they did not entirely clarify 

the subject. However, recently the critical role of carbon inside the copper foil on the 

nucleation of GFs is revealed in a few studies, [19, 28, 37] and implies that more studies 

are required in this area.  

2.2.1 Growth of ad-layer graphene on copper 

Despite the fact that the graphene growth on copper is predominantly monolayer, the 

formation of ad-layer graphene under certain conditions has also been demonstrated and 

discussed in various literature. [11, 17, 21, 72, 73] This ad-layer formation is attributed 

to high level precursor saturation, [72] the diffusion of active species into the interface 

between the as-grown graphene layer and copper or over the as-grown graphene layer 

through the boundary layer, [17, 73] and the diffusion of a very small amount of dissolved 

carbon into the copper, induced by oxygen impurities. [21] 

Aside from the CVD conditions, qualities of the copper foil such as surface roughness, 

crystal domain size, and orientation, the density of defects and impurities are claimed to 

play an individual role in the formation of multilayer graphene. [60, 61, 74, 75] Previous 

studies argued that the presence of impurities increases the activity of a catalyst at its 

surface by enhancing the surface reaction rate. Therefore, the graphene thickness was 

locally increased in the vicinity of the impurities or surface defects due to the increased 

amount of dissociated carbon atoms. [17, 60, 76, 77] 

Additionally, since for the monolayer graphene film grown by CVD on copper, the 

reported sheet resistance typically ranges from several hundred to a thousand Ohms per 

square [60-62], it seems to be a more viable approach to use multilayer graphene to 

achieve a better conductivity with a slightly reduced transparency within the acceptable 

limits. In that sense, multilayer graphene appears to be closer to meet the current 10-500 

W/n and 80-90% transparency requirements for a variety of electro-optical applications 

such as displays or touch screens. [17, 78-85] 

However, growing the multilayer graphene on copper with a predetermined thickness 

and coverage still stands as an open problem as the number of layers of graphene and 

their coverage was not changing much after initial few minutes of growth time. [77, 86, 

87] In this regard, a more in-depth understanding about the diffusion of carbon inside the 
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copper bulk can lead us to achieve a better controlled-conditions either for suppression or 

enhancing the growth of ad-layer/ multilayer graphene on Cu foil.  

2.2.2 Experimental setup for chemical vapour deposition 

For our experiments, we used a CVD system with a tubular furnace included an 11 cm 

inner diameter quartz tube (Figure 2.2). For each test, we used a 2Ĭ3 cm2 sized Cu foil 

that was placed at the center inside the tube. The ambient gas is removed from the CVD 

system by three times pumping down to 10-1 mbar followed by flushing with argon to 300 

mbar. Therefore, during the annealing process basically, the level of purity of the Ar and 

H2 sources were the sole parameters determining the purity of the gases in the chamber. 

After this, when the system reached to a base pressure of 5Ĭ10-2 mbar the process was 

initiated by heating the system from room temperature to 1000 ÁC in 40 min, followed by 

an annealing phase at 1000 ÁC. Only hydrogen (99.999% pure) and argon (99.999% pure) 

were injected into the system during the heating up and annealing phases to treat the 

copper surface. The pressure of the chamber was tuned by a needle valve located between 

the tube exhaust and the pump.  

 

Figure 2.2: Schematic drawing of CVD setup for growing graphene on the 

copper foil 

 

The chamber is pumped by an Agilent TriScroll 300 dry pump (never been connected 

to any other pumps) to exclude external carbon contamination due to pump oil. [69] The 

CVD system was cooled to room temperature while maintaining the gas flow rates. The 

cooling of the chamber from 1000 to 200 ÁC took 10 min. In this work, we used a fresh 

quartz tube (99.998% pure, Yukang Quartz Ltd) for the annealing test experiments to 

exclude cross-contamination. Moreover, the tube was baked at 1000 ÁC for 2 hours under 

a 500 sccm flow of argon before the experiments. In that regard, to avoid any possible  
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Figure 2.3: Experimental CVD setup for growing graphene on the copper foil. 

 

effect of a pre-used external precursor, we used methane (CH4) gas after finishing the 

whole annealing under test, in the final round of our experiments. 

2.2.3 Graphene transferring  

In order to inspect grown graphene in CVD process under an optical microscope or 

Raman spectroscopy system, it is very common to transfer graphene to on to SiO2/Si 

substrates (see sections 2.3.1 and 2.3.3). We choose the wet transfer technique which is 

the most widely used transferring technique for CVD graphene from the copper on to the 

SiO2/Si substrates. [1, 88] First, a thin layer of poly (methyl methacrylate) (PMMA) 

(MicroChem 950 PMMA 2% in chlorobenzene) was spin-coated on the samples 

(Figure 2.4(a-c)) and baked at 180 ÁC for 5 min (Figure 2.4(d)). Then, the unintentionally 

grown graphene at the back-side of the foil was removed by oxygen plasma 

(Figure 2.4(e,f)). Next, the samples were placed in 0.1 M aqueous (NH4)2S2O8, overnight 

(Figure 2.4(g-i)). After the copper foil was etched away, the graphene film with PMMA 

support was transferred from the solution into deionized (DI) water. Three cycles of 10-

min DI water rinsing were applied to wash away the remaining etchant. Then the film 

was picked up from water on a SiO2/Si substrate (Figure 2.4(j)). Finally, the PMMA was 

dissolved using a hot acetone bath at 70 ÁC, rinsed with 2-propanol and dried with 

blowing compressed nitrogen (Figure 2.4(k-l)). 
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Figure 2.4: Experimental work flow of the wet transferring graphene film to 

SiO2/Si substrate. 

2.3 Characterization of graphene and growth procedure 

2.3.1 Optical Microscopy 

 

The simplicity of optical microscopy made it as the most common technique for 

inspection large area graphene samples. Practically, optical microscopy provides us a 

quick thickness examining before applying the accurate methods such as scanning and 

transmission electron microscopy (SEM), atomic force microscopy (AFM) or Raman 
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spectroscopy. [89, 90] Under optical microscopy a transferred graphene film on Si/SiO2 

substrate become visible since the interference color of reflected light is changing by 

graphene compared to the empty substrate Figure 2.5. A typical optical microscope in the 

visible light range can provide the magnification up to Ĭ1500 that is theoretically limited 

by nature of light diffraction and therefore resolution limit of around 0.2 Õm. How 

illuminating, positioning and the characteristics the specimen, all are effecting on the 

observed image with an optical microscope. Silicon wafer with a silicon dioxide layer 

(usually 300-nm thick) is the most widely used substrate that mono-layer graphene turns 

into a visible feature on its surface.  This visibility is due to an interference of light 

between the graphene and the thin layer of SiO2 and therefore enhanced absorption of 

light by graphene. [89-93]   

 

Figure 2.5: Optical microscope images of transferred graphene on Si/SiO2 

substrate.  

The different thicknesses in multilayer graphene sheet on Si/SiO2 illustrate distinct 

optical contrast (left) [90]. Transferred graphene crystals on Si/SiO2, produced by 

CVD method, with a uniform monolayer thickness (right). 

Moreover, not only the changing in surface morphology and microstructure of copper 

foil, after treating under CVD process, can be traced with the aid of the optical 

microscope, but also the morphology of the grown graphene flakes on the copper surface 

and be inspected very quickly. 

This can be down directly on growth copper foil by a simple thermal annealing 

treatment. Jia et al. have shown that due to heat treatment in ambient air the uncovered 

copper transforms to copper oxides while the covered part of copper by graphene remains 

intact. [70] This effect makes an interference color contrast between oxidized part of 

copper and the area covered by graphene; hence graphene easily turns to visible features 

in optical microscope images (Figure 2.6). This simple technique facilitated various 
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studies to find how involving parameters in CVD process affect graphene nucleation and 

growth. [70, 94-97] 

 

Figure 2.6: Optical microscope image of the surface of a copper foil after CVD 

process which is partially covered by graphene snowflakes 

After 2 minutes of heating copper in ambient air at 180Á C, the naked part of copper 

surface get oxidized and can be distinguished from the covered area by graphene 

flakes.   

2.3.2 Scanning Electron microscopy 

The wide range of magnification, large depth of field (focus), and relatively high 

resolution together with the convenient of usage are made scanning electron microscopy 

(SEM) as one of the most common tools for characterization of materials. In SEM 

interaction of incoming electrons with the matter near its surface generates secondary 

electrons (SE2) with an intensity that depends on the local properties of the surface. The 

signal from the SE2 detector and lateral coordinates of the primary beam is presented as 

a gray scale image that mimics the topography of the inspected surface. SEMôs resolution 

is limited by the interaction volume of the electron beam within the sample as well as the 

diameter of the incoming electron on the probing surface. 

In the area of graphene research, SEM turns to a predominant tool for the studies on 

CVD graphene grown on the transient metallic substrate. [17, 22, 37, 98-104] Compared 

to SEM imaging requirement, transferring the graphene to a dielectric substrate is 

essential for some of the characterization methods such as Raman spectroscopy. However, 

transferring of graphene will cost extra time and painful work and could introduce 

contamination, tears or cracks to the graphene which can interfere with characterization 

results and mislead us about the growth process. On the contrary, a variety of valuable 

information such as graphene domain (crystal) size, domain morphology, and surface 

coverage, the density of nucleation and growth rates can be achieved directly from SEM 
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without any need for transferring the grown graphene to another substrate. For example, 

using SEM, it has been realized that the shape of graphene domain depends on several 

parameters such as process temperature, the growth atmosphere, the partial pressures of 

involving gases, the catalyst substrate and the crystallographic orientation of the catalytic 

grains. [18, 22, 32, 71, 72, 104-108] 

Although the determination of the exact number of graphene layers with SEM may not 

be an easy approach all the time; however, valuable information about thickness graphene 

is grown on copper can be attained from SEM in most of the cases. As can be seen in 

Figure 2.7, the color contrast changes explicitly when numbers of graphene layers change 

on the copper surface. This contrast is due to attenuation of secondary electrons by 

graphene layers and the different work functions of the surface covered by a different 

number of graphene layers. [99, 100, 109] Therefore from the area that is covered with 

less number of graphene more secondary electrons can be released and therefore appears 

with brighter color in the SEM images. On the contrary, the area that is covered with more 

layers of graphene is darker since the less secondary electron can survive from thicker 

graphene film. In general, graphene wrinkles, copper surface morphology and overall 

uniformity that can be traced in SEM image are the main simple features that give 

qualitative information about the graphene films on copper by CVD. 

In Figure 2.7 SEM images of some samples of CVD graphene film grown on copper are 

illustrated. As can be seen in Figure 2.7 a and b, growth is terminated before a full surface 

coverage. Therefore, we can obtain valuable information about the density of nucleation, 

the growth condition that provided six-lobed shape graphene domain, the average size of 

graphene flakes, and the emergence of ad-layers at the center of graphene flakes. Besides, 

in Figure 2.7 c, d and e, we see that after a full coverage of graphene wrinkles appears 

as a dark line on the surface, span over the copper surface and even pass the copper grain 

boundaries also twisted in some locations. These wrinkles, which are formed on the 

copper surface due to the negative expansion coefficient of graphene, facilitate tracing 

presence of monolayer graphene since it is pretty difficult to distinguish monolayer 

graphene from the substrate due to its uniform color. Moreover, in Figure 2.7 c, d and e, 

we can see some dark patches of multi-layer graphene with distinguishable grey shades 

that give us some insight about their thickness. Finally, we can observe graphene cracks 

that appear as bright stripe lines in Figure 2.7 e. The benefit of detecting cracks in  



14 

 

Figure 2.7: SEM images of graphene film grown on copper by CVD. 

From the SEM image of a graphene film on copper we can inspect various 

parameters and characteristics of the film such as: density of nucleation (a and b), 

graphene domain shape (a and b), graphene wrinkles and therefore overall surface 

coverage (c-e), thickness uniformity and presence of multilayer patches (a-e) and 

cracks in the graphene film (e). 

graphene film on copper by SEM is that we can distinguish it from the crack that can be 

produced on the graphene film after a failed transfer process on SiO2/Si substrate. 

Usually, the SEM systems are equipped with additional detectors such as energy 

dispersive X-ray spectroscopy (EDS), allowing for chemical analysis of the sample. 






























































































