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ABSTRACT 

Graphene has recently emerged as a promising material for a wide range of 

potential applications, thanks to its outstanding electrical, mechanical, thermal and 

optical properties. This interest has fueled many efforts to establish methods for large 

scale graphene synthesis. One of the most promising scalable approaches is to obtain 

graphene on metal surfaces, most notably on copper, via chemical vapor deposition 

(CVD). 

We have developed novel fabrication methods to obtain CVD graphene 

devices in large quantities. This allowed a thorough study of the polycrystalline 

structure in CVD graphene, as well as the characterization of mechanical and 

electrical properties, which are affected by grapheneôs grain structure. We found that 

grain boundaries are not the dominant factor in determining the electrical properties 

of devices. However, grain boundaries were observed to strongly affect graphene 

mechanical properties. For example, tearing and unzipping along grain boundaries 

were observed in graphene membranes, as a result of nanoindentation.  



Finally, we have fabricated microcapsules featuring atomically thin windows 

made of reinforced double-layer CVD graphene. We have demonstrated the use of 

these windows for scanning electron microscopy (SEM) of samples in water. As 

proof of principle, we have imaged metallic nanoparticles in solution, with resolution 

and signal to noise ratio superior to those obtained with polyimide-based 

commercially available environmental cells. 
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PREFACE 

 

 

It seems innately human to be fascinated by extremes. It appears that in our 

search for knowledge, we seek to define bounds on what is possible in this world 

(and universe). By limiting what is possible, whether accurately or not, we give room 

to our imagination to freely roam and fill in our perceived gaps of understanding. 

Our fascination for extremes is not always rewarded with absolute limits. This is not 

the case for graphene. One cannot make a crystal any thinner than one layer of atoms 

and this limit is realized in graphene. By understanding its properties, we can explore 

many of the implications and potential uses of having reached the ultimate limit in 

reducing the thickness of a material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

CHAPTER 1 

 

INTRODUCTION  

 

1.1 Nano, in science and technology 

 

During a speech at a meeting of the American Physical Society, in the closing 

days of 1959, the late Richard Feynman pondered on the fantastical possibilities of a 

new field in which very small things, even molecules and atoms, could be 

manipulated and controlled [1]. While the term 'nanotechnology' had still not been 

coined, Feynmanôs speech has been often credited for providing inspiration for the 

development of a new field. Regardless of the actual influence this speech may or 

may not have had, on subsequent efforts to push the boundaries of fabrication and 

characterization of old and new materials into the nanoscale, an air of fantastical yet 

achievable development makes nanotechnology an attractive area of study.  

Nanotechnology relies on the application of many fields within physics, 

chemistry and biology, to manipulate materials and fabricate structures in which one 

or more of their dimensions are limited to the nanoscale. The motivation for such 

manipulation and control is manifold. On one hand, interesting quantum phenomena 

become relevant in materials and structures with restricted dimensions. On the other 

hand, the bulk properties of materials can be tailored, through advances in synthesis 

and fabrication, to address specific needs for the potential development of 

applications in areas such as electronics, medicine, energy conversion and storage, 

materials development, among others.  
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1.1.1 Carbon nanostructures 

 

The study of carbon nanostructures has developed as a prolific subfield of 

materials research. Since the discovery of fullerenes in 1985 (R. Smalley et al.) [2], 

and nanotubes not much later (S. Ijima) [3], carbon nanostructures have been the 

subject of extensive investigation. While these structures had been investigated in 

previous decades [4], interaction between researchers in different parts of the world 

was quite limited, so most reports did not attract much attention. This changed in the 

1990s, when series of nanoscience and nanotechnology initiatives began increasing 

collaboration between researchers interested in these new structures, and a fruitful 

conversation between theoretical predictions and experimental observations 

solidified. By the time the pioneering graphene work surfaced in 2004 (Novoselov et 

al.) [5], a large number of people were already interested in the field, and were able 

to appreciate the significance of the latest developments. Many researchers were 

eager to jump right in and the field grew even more.  

The field has benefitted from wide coverage not only from scientific journals, 

but also from public media, further contributing to an expanding recognition. While 

this could be a double-edged sword, as unrealistic expectations can often develop 

from uninformed coverage from the mass media, the potential of new applications 

has certainly allowed for an important flux of funding both from government 

agencies as well as the private sector.  
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1.2 Graphene: 2D in 3D 

 

Graphene is made of carbon atoms arranged in a honeycomb lattice. Each 

carbon atom in graphene is bonded to its three nearest neighbors by strong sp
2
 bonds, 

with bond length of 1.42Å. The remaining 2p electron in each carbon atom 

contributes to ˊ-orbitals. One significant advantage for graphene, in comparison to 

other carbon nanostructures, is that in all but one dimension, graphene can extend to 

micrometer scales and beyond. As this made its identification and characterization 

easier, graphene has allowed for a much more practical platform to study the 

properties of carbon nanostructures. 

Graphene is commonly described as a 2-dimensional material, because one 

only needs two dimensions to describe the positions of the carbon atoms in its lattice. 

However, graphene exists in a 3-dimensional space. Graphene can be thus 

considered as the building block for creating other graphitic forms, taking advantage 

of that extra dimension. For example, graphite is composed of graphene sheets 

vertically stacked. Graphene can also bend: if rolled onto itself, it can form 

nanotubes, and if wrapped into a sphere it can form fullerenes such as C60.  

Also pertaining to grapheneôs 3-dimensional existence, and of great relevance 

to this thesis, is the fact that graphene can stretch and bend. It can, seemingly 

effortlessly, conform to a surface, folding and climbing over steps and edges, or also 

hang freely with the help of a supporting substrate. It can vibrate like a drumhead, 

and it can ripple like the plastic wrap on a food dish. However, graphene too has its 

limits. Understanding what graphene can withstand, mechanically, chemically and 
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electrically is of great importance in the design of new graphene structures and 

devices.  

 Finally, even a perfectly flat graphene sheet is a 3-dimensional object. After 

all, the diameter of one atom is still a finite number, and graphene has a measurable 

thickness. Graphiteôs interlayer distance, 3.42Å, is widely used as the thickness of 

 
 
 

Figure 1.1 Graphene, the so called mother of all graphitic forms. Graphene 

can be stacked into multilayer graphite, rolled into nanotubes. It can also form 

buckyballs (from [6]). 
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one graphene layer. To compare its properties to those of a bulk material, one can 

use a simple relation. Given a physical property A2D, with units per area, the 

corresponding 3D property, A3D, with units per volume, will be given by: 

   ὃ
ὃ
ὸ       (1.1) 

Here, t is the thickness of the membrane, and it can vary if one is dealing with 

multiple graphene sheets stacked on top of each other. When multi-layer graphene is 

thick enough, its properties eventually can be described as those of bulk graphite. 

1.3 From graphite to graphene 

 

Before describing some of the properties that have contributed in propelling 

graphene research, it is important to look back to see what were some of the early 

steps in the discovery of this material (useful aids for this purpose are the many 

review articles on graphene, such as A. Geim and K. Novoselovôs ñThe rise of 

grapheneò [6]). Graphene had been studied theoretically for many decades [7,8], but 

it was not believed to exist in an isolated state [9]. In fact, 2D crystals had been 

argued to be thermodynamically unstable. Atomic monolayers were only known as 

part of bulk structures, existing as the capping layer of a 3D crystal, or at the 

interface of two crystals [10], but had not been observed supported by an amorphous 

substrate or freely-suspended.  

When looking back at grapheneôs history, a good starting point may be the 

observation by Benjamin Brodie, who in 1859 described what he thought was a new 

form of carbon, which he called 'graphon' [11]. Brodie obtained his samples by 

exposing graphite to strong acids. As we now know, a process like this would yield 
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small graphene oxide crystals suspended in solution. More than a century later, U. 

Hofmann and Hanns-Peter Boehm, building on previous work, claimed to have 

identified on a TEM grid, graphite oxide fragments as thin as a single layer. It was 

Boehm and his colleagues who in 1986 coined the term ógrapheneô [12].  

There had been earlier attempts to obtain thin layers of graphite by 

exfoliation. Graphite layers which were thin enough to be optically transparent were 

already reported in 1990 [13]. R. Ruoff also attempted to exfoliated thin graphene 

from graphite pillars [14]. However, it was not until a series of papers in 2004 and 

2005 that graphene attracted the attention beyond the limits of the previously 

established community [5,15,16]. While it seems that many researchers were heading 

in the right direction, A. Geim's group reported an easy method for obtaining very 

thin graphitic films on oxidized silicon wafers. The new method consisted of 

 
 
Figure 1.2 a) Starting with a graphite flake, on a piece of adhesive tape b) 

the flake is peeled off several times resulting in many more flakes, with 

decreasing thickness. What is seen in b) is finally rubbed and pressed down 

onto a receiving substrate (from [29]). 
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exfoliating a few layers of graphene from a high quality graphite crystal, such as 

highly oriented pyrolytic graphite (HOPG) or Kish graphite (a byproduct of 

steelmaking, which resembles natural graphite). The exfoliation was done with 

sticky tape (Scotch tape), and it required repeating the process many times until very 

thin flakes were present on the tape. Finally, the sticky tape can be pressed down and 

rubbed onto a receiving substrate (Figure 1.3), where thin flakes can be searched for 

optically. 

Two important aspects seemed to combine to rapidly generate a great amount 

of interest in graphene. First, the method was exceedingly simple, so a minimal 

amount of equipment and resources were needed for any group to attempt obtaining 

their own graphene samples. Second, the pioneering papers of 2004 and 2005 went 

beyond reporting the observation of these thin graphite sheets. Since their method 

yielded graphene ideally placed on a substrate, this facilitated further studies such as 

the investigation of the electric field effect on grapheneôs conductance. A. Geim, and 

a member of his group, K. Novoselov, went on to win the Nobel prize in physics for 

their work. In 2005, this group and a group at Columbia University [15,16] further 

demonstrated that charge carriers in graphene obeyed a quantum mechanical 

behavior known as the quantum Hall effect. These reports made many researchers, 

who previously thought of graphene as just a niche and interesting topic, pay close 

attention.  

1.4 Seeing graphene 

 

When making very small things, one must be able to see very small things. 

Many advances in nanotechnology and related fields have been fueled by our ability 
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to image microscopic objects. At the same time, many needs in nanotechnology have 

likewise fueled efforts to improve imaging techniques. As discussed earlier, graphene 

is thin but not necessarily small (the first exfoliated graphene samples were as large 

as 10 microns), with lateral dimensions well within the resolution limits of optical 

microscopy. 

1.4.1 Optical approach 

 

At first glance, optically imaging a single layer of atoms seems a difficult 

task. The optical absorbance of graphene is known to be 2.3% over a broad range of 

frequencies including the visible spectrum, and is given by a simple relation, ˊŬ, 

where Ŭ is the fine structure constant (~1/137) [17]. 

 

 

 
 
Figure 1.3 Optical transmittance of graphene, with  

each layer absorbing 2.3% (from [17]). 
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While 2.3% is not enough light absorption for direct visualization under most 

conditions, interference effects can make it easier to identify even a single layer of 

graphene. Silicon wafers with a 285nm layer of SiO2 became the standard substrate 

to identify graphene in a conventional optical microscope under white light 

illumination [18]. It was found that the index of refraction of graphite, ὲ ςȢφ

ρȢσὭ, was sufficient to describe the optical contrast observed on oxidized Si wafers. 

 The optical contrast, defined as a relative intensity of reflected light in the 

presence of single layer graphene, compared to the intensity of reflected light from a 

bare substrate, is shown in Figure 1.4. It is derived from a simple multilayer 

interference model. Figure 1.5 shows examples of experimental observations. This 

simple technique allowed many researchers around the globe to rapidly prepare 

graphene samples for further studies.  

 

 
 
Figure 1.4 Optical contrast as a function of oxide thickness and illumination 

wavelength, for a single layer graphene on an oxidized silicon wafer [18]. 
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Figure 1.5 a) Scotch tape with thin graphite flakes [29]. b) Exfoliated graphite 

on a thermally oxidized silicon wafer surface. Most flakes seen here are thick 

[29]. c) Optical images of few layer graphene and single layer graphene, as seen 

on a Si wafer with a 285nm SiO2 layer under white light (left) under green light 

(center) and a different sample on a 200nm SiO2 layer [18]. 
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1.4.2 Non-optical eyes 

The resolution limits of optical microscopy are well known, so additional 

imaging techniques are useful to image at the nanometer scale. The early electron 

microscope was designed and built in the early 1930ôs (Figure 1.6). Within a decade, 

the resolution obtained by conventional optical microscopy was surpassed [19], and 

commercial electron microscopes became available, including scanning electron 

microscopes. Another important development, in 1981, was the invention of the 

scanning tunneling microscope [20], the first scanning probe microscope. The main 

 
 
Figure 1.6 a) Replica of 1933 electron microscope, which was the 

first to surpass the resolution power of optical microscopy, with a 

magnification of 12,000 (from [30]). b) First atomic force 

microscope, in display in Londonôs Science Museum, in the UK 

(from [30]). 
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feature of scanning probe microscopes is a tip scanned over a sample with very high 

spatially precise piezoelectric components. The tipôs motion, or other measurable 

properties such as electric transport through the tip, are affected by physical and 

chemical interactions with the sample. These are recorded generating high resolution 

images, where different properties of the sample can be mapped. Another well 

known scanning probe microscope is the atomic force microscope (AFM), such as 

the one shown in Figure 1.6. With an AFM, the surface topography can be obtained, 

and various mechanical properties studied with nanometer scale resolution. The 

results presented in this thesis have used both electron microscopy, and atomic force 

microscopy techniques.   

1.5 From carbon to graphene 

 

A different route towards obtaining graphene is to grow it from smaller 

building blocks, rather than taking graphite apart. Several promising synthesis 

methods have been reported in this fashion. For example, graphene can be grown 

epitaxially from SiC [21], where carbon is provided by the solid underlying 

substrate.  

1.5.1 Graphite on metal surfaces  

Another method relies instead on precipitation or aggregation of carbon onto 

the surface of a metal surface, either from impurities in the metal, or from gaseous or 

solid sources. Perhaps the earliest work in this direction was the observation of 

graphene on the surface of ruthenium [22] and on the surface of nickel [23].  

 



13 

 

For graphene grown on nickel, J.M. Blakely and co-workers at Cornell 

University found that carbon impurities can segregate to the surface of a nickel 

substrate after thermal cycling, forming a graphitic layer, as shown in Figure 1.7 

[24]. In those days, however, carbon was an unwanted presence on the surface of 

these metals. 

The interaction of each graphene layer with each other, in graphite, is quite 

weak in comparison with the extremely strong carbon-carbon bonds (~7.4 eV per 

carbon atom). This also holds true for the interaction of graphene with most 

transition metals serving as an underlying substrate. The weak van der Waals 

interactions are less than 100 meV per atom [25]. An implication of this is that one 

can remove the metal substrate from underneath, usually by chemical etching, 

leaving graphene relatively undamaged.  

 
 
 

Figure 1.7 a) Hexagonal pattern obtained by LEED, from the surface of a (111) 

nickel surface. b) Ball model of the proposed arrangement of the first layer of 

carbon atoms on the nickel surface, showing the characteristic graphene 

honeycomb lattice (from [24]). 
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1.5.2 Graphene growth on copper 

While most of the early work on graphite growth on metal received very little 

attention, soon after the initial ñgraphene-rushò of the early 2000s, the idea of getting 

graphene from metal surfaces was revisited with rapid success. This time, the 

importance of transferring graphene to arbitrary substrates was recognized, 

decoupling it from the metal substrate from which it was synthesized.  

First, the direct growth of graphene on thin nickel films and subsequent 

transfer was reported by a few research groups [26,27]. Variations of this transfer 

protocol will be described in detail throughout this thesis. The results from graphene 

 
 
 

Figure 1.8 SEM, optical and Raman imaging of single layer graphene grown  

on copper, reported by Li et al. (from [28]).     
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grown on nickel showed excellent physical properties, most notably the quantum 

Hall effect [27]. It was also shown that further optimization leads to the formation of 

nearly 90% in area of single or double layer.  

Soon after, it was shown that copper foil was an even better substrate for 

growing single layer graphene films [28]. Not only copper is an inexpensive 

alternative in comparison to other metals, it is also easily removable by etchants 

which do not chemically affect graphene. And most importantly, due to a very small 

solubility of carbon in copper, the carbon deposition process was found to be largely 

self limiting [28], producing mostly single layer graphene (Figure 1.8) with 

promising electrical properties.  

The work on this thesis was done on graphene grown on copper surfaces, via 

chemical vapor deposition (CVD). óCVD grapheneô is now a commonly used term to 

distinguish this material from exfoliated graphene. Details of the synthesis and 

fabrication will also be discussed in detail in later chapters.  

 

1.6 Thesis summary and outline 

This thesis discusses and exploration of the properties CVD graphene as a 

new 2D material. One could naively assume that CVD graphene will behave exactly 

like its exfoliated counterpart. However, new synthesis and fabrication methods 

bring about many questions and technical challenges that must be addressed.  

This introductory chapter has purposefully avoided technical and scientific 

details. In Chapter 2, the physical and chemical properties of graphene will be 

reviewed. Grapheneôs properties are largely responsible for an explosion in interest 
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and research efforts all around the world. Of great relevance to this thesis is that 

thanks to its remarkable physical strength graphene can be freely-suspended.  

Chemical vapor deposition has emerged as a powerful approach for the large 

scale production of graphene. In Chapter 3, the chemical vapor deposition (CVD) 

route to obtain graphene will be reviewed, together with several fabrication 

techniques to produce CVD graphene devices. Chapter 4 presents an AFM study, 

which aims to understand CVD grapheneôs topography and mechanical properties. 

The mechanical properties of CVD graphene are compared to those found in 

exfoliated graphene. We find that grapheneôs polycrystalline nature plays an 

important role, affecting grapheneôs properties. Chapter 5 presents one of the first 

detailed investigations of CVD graphene structure, further confirming that CVD 

graphene is polycrystalline. Finally, Chapter 6 will explore the use of CVD graphene 

membranes as electron transparent windows, addressing the potential application of 

electron microscopy of samples in water with graphene-based environmental cells. 

Chapters 3 through 6 are, in their majority, adapted from the following 

manuscripts (* denotes authors with equal contribution): 

Chapter 3 -- M.P. Levendorf* , C. S. Ruiz-Vargas* , S. Garg, and J. Park, "Transfer-

Free Batch Fabrication of Single Layer Graphene Transistors", Nano Letters 9, 

4479-4483 (2009).   

Chapter 4 -- C. S. Ruiz-Vargas, H. Zhuang, S. Garg, P. Y. Huang, A. M. van der 

Zande, P. L. McEuen, D. A. Muller, R. Hennig, and J. Park, "Softened elastic 

response and unzipping in CVD graphene membranes," Nano Letters 11, 2259-2263 

(2011). 
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Chapter 5 -- P. Y. Huang* , C. S. Ruiz-Vargas* , A. M. van der Zande* , W. S. Whitney, 

M. P. Levendorf, J. W. Kevek, S. Garg, J. S. Alden, C. J. Hustedt, Y. Zhu, J. Park, P. 

L. McEuen, D. A. Muller, "Grains and Grain Boundaries in Single-Layer Graphene 

Atomic Patchwork Quilts," Nature 469, 389-392 (2011).  

Chapter 6 -- C. S. Ruiz-Vargas, M. Wojcik, and J. Park, ñGraphene windows for low-

voltage scanning electron microscopy of samples in water,ò (unpublished). 
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CHAPTER 2 

 

CHARACTERIZING GRAPHENEôS PROPERTIES  

 

2.1 Before CVD graphene 

 

In this chapter, we review some of the techniques which have been used to 

characterize graphene [1], including the approaches and results most relevant to this 

thesis. These techniques have become valuable tools for exploring the properties of 

CVD graphene.  

2.2 Determining thickness 

 

As reviewed in Chapter 1, one of the most approachable ways of detemining 

the approximate thickness of a graphitic sample is by evaluating its optical reflection 

on a known substrate, or the transmittance of light if the substrate is transparent (or 

graphene is suspended). For example, a trained eye will be able to identify single 

layer graphene on a 285nm SiO
2
/Si substrate, as a faint purple shade, barely darker 

than the bare substrate.  

However, to be confident with a qualitative evaluation of thickness, one must 

complement these observations with quantitative measurements that directly measure 

the number of layers of a graphene sample. If the substrate is transparent, or the 

sample is freely suspended, optical absorption measurements can be performed. 

However, this is not always possible, so other methods are often employed. 
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2.2.1 Atomic force microscope 

One useful tool for determining thickness is the atomic force microscope 

(AFM). An AFM operates by manipulating an extremely sharp tip over a relatively 

flat sample. This tip is located at one end of a cantilever, and its vertical position is 

optically monitored by a laserôs reflection on a photodiode. For imaging, the position 

of the cantilever relative to the sample is controlled in all directions. Figure 2.1 is a 

basic AFM schematic. The simplest mode of operation for an AFM is the contact 

mode, where the tip is pushed against the sample. A feedback mechanism maintains 

the deflection of the cantilever constant, while scanning the tip, obtaining a 

topographic image.  

 
 
 

Figure 2.1 Simplified schematic of AFM operation [12].  

. 
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A more gentle approach is the tapping mode, which allows the cantilever to 

oscillate at its resonance frequency. As the oscillating cantilever approaches the 

sample, the amplitude of oscillation is reduced. Similarly to the contact mode, a 

feedback mechanism adjusts the vertical position of the cantilever, keeping the 

oscillation amplitude constant. If this is done while the sample (or the cantilever) is 

being scanned, a topography map can also be obtained.  

An example of an AFM image of a graphene flake is shown in Figure 2.2. 

Here, a single layer of graphene was imaged on a silicon dioxide surface. The 

thickness of this particular graphene sample was measured to be ~0.9 nm. However, 

the graphene folds reveal an increase in height much closer to inter-layer spacing of 

 
 
 

Figure 2.2 AFM height image of a single layer of 

graphene, folded onto itself. Scale bar: 1 micron.  

(from [1]). 

. 
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graphite (0.34 nm). The discrepancy in height with respect to the inter-layer spacing 

is attributed to differences in van der Waals distances for different substrates, as well 

as adsorbates trapped at the silicon oxide/graphene interface. Height measurements 

of single layer graphene can vary in the range of 0.6-1.0 nm. 

2.2.2 Raman spectroscopy 

While scanning probe methods are ideal to study 2-dimensional crystals, 

these techniques can be time consuming. Raman spectroscopy is one alternative 

approach which has proved to be useful for the quick characterization of graphene 

samples [2]. This optical method relies on the detection of photons inelastically 

scattered by the sample due to electron-phonon interactions, thus providing 

information on its electronic and phonon degrees of freedom. A sample is 

illuminated with light of a particular wavelength, and small shifts in the energy of a 

small portion of photons, which are scattered inelastically, are measured. 

 
 
 

Figure 2.3 a) Raman spectra of graphite and single layer graphene.  

b) Spectra as a function of thickness ([2]). 

. 
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As grapheneôs electronic band structure changes with the stacking of 

additional layers, the way photons interact with graphene by coupling with various 

phonon modes can be used as ñfingerprintsò. This is a useful route to rapidly 

determine the thickness of Bernal stacked graphene samples. 

The main features in a Raman spectrum of graphene are the 2D (also known 

as Gô) peak at roughly 2700 cm
-1

, the G peak at ~1584 cm
-1, 

and the D peak at ~1350 

cm
-1

. The characteristics of the first two modes are summarized in the results by 

Ferrari et al., shown in Figure 2.3. The G peak is caused by  in-plane carbon-carbon 

bond vibrations, and the 2D peak is caused by a double-resonance scattering 

mechanism. Variations in thickness in a graphene sample will give rise to changes in 

the position and relative intensities of the 2D and G peaks. The 2D peak also changes 

shape, as for graphite samples this peak is actually composed of multiple convoluted 

bands. The D peak, due to grapheneôs breathing mode, is suppressed due to its 

hexagonal symmetry, except in cases where grapheneôs symmetry is broken by 

defects in the lattice. Thus, Raman spectroscopy is not only useful to determine the 

thickness, but also the quality of a particular sample.  

2.2.3 Other methods 

In addition to the methods previously described, there are more specialized 

modes which can be at times more appropriate. In the family of scanned probe 

techniques, for example, the scanning tunneling microscope (STM) can provide 

atomic resolution information on the local electronic density of states in a sample. 

While this information is of high scientific valuable, this technique is less versatile 
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due to the scanning size restrictions, as well as the requirement for ultra-clean and 

flat samples.  

More relevant to this thesis, however, are the transmission modes of electron 

microscopy: transmission electron microscopy (TEM) and scanning transmission 

electron microscopy (STEM). These two techniques provide direct evidence 

regarding the thickness and stacking order of a sample. They can also probe the 

crystallographic orientation and structure. Furthermore STEM can provide atomic 

resolution, as it will be discussed in Chapter 5. 

2.3 Electronic properties 

 

We will now address some of the properties that make graphene an 

interesting material. One basic electric property of a two-dimensional semiconductor 

material is how conductive it is: 

   „ Ὡὲ‘ ὴ‘        (2.1) 

Here, ů is the electrical conductivity, n and p are the electron and hole charge 

density, respectively, and µ is the mobility for each type of carrier. This equation 

applies for semiconductors, where both electrons and holes are responsible for 

charge transport. Finally, e is the elementary charge.  

Charge mobility describes how fast charge carriers move in a material in the 

presence of an electric field. A mobile charge, will accelerate in the presence of an 

electric field, until its accumulated energy is lost due to a scattering event. The 

average velocity of these carriers is also called drift velocity, denoted by vd,, and is 

related to mobility and the electric field: 

ὺ ʈὉ       (2.2) 
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2.3.1 Graphene field-effect transistors  

 

 A field-effect transistor (FET) is a device that utilizes an electric field to 

change the conductance of its active channel. The three basic components of a FET 

are its source, drain and gate, as shown in the schematic of Figure 2.4. The active 

conducting channel in a transistor carries a current óinjectedô at the source, which is 

then ócollectedô at its drain. The gate is electrically isolated from the rest of the 

device, and is utilized to apply an electric field to the active component of the 

transistor, reducing the width of the conductive channel and thus the overall 

conductance of the device. Being able to turn a transistor on and off is one of the 

most basic pillars of current day electronics.  

 
 
 

Figure 2.4 Schematic of a n-type field-effect transistor,  

where the body of the transistor is composed of a bulk  

semiconducting material [12]. 



27 

 

The idea is similar if one uses graphene as the conductive channel. A 

graphene-based FET schematic is shown in Figure 2.5. However, graphene is a semi-

metal, or a zero-gap semiconductor. Thus, in graphene FETs the field-effect is 

limited when varying grapheneôs carrier density. The band structure of graphene, 

which can be derived using tight-binding model calculations, is shown in Figure 2.6. 

The details of this calculation are summarized throughout the literature [3]. As it can 

be seen in Figure 2.6a, the conduction and valence bands in graphene touch at six 

points. These points are widely known as the Dirac points. Near a Dirac point, the 

band structure can be well described as being linear, yielding the conic structure 

shown in the insets in Figure 2.6b. One important implication from this symmetric 

dispersion relation, above and below E = 0, is that electrons and holes behave 

similarly (by applying a magnetic field one can still distinguish between the two 

types of carriers). A second implication, which physicists were really able to 

 

 
 

Figure 2.5 Schematic of graphene transistor, with a  

four-point probe geometry, with both a top and bottom 

gates able to tune the device conductivity. 
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appreciate, is that near the Dirac points grapheneôs dispersion relation can be 

described by the following expression: E = ǩvF |k|, with charge carrier velocity, vF, 

independent of energy. Such an expression usually characterizes the behavior of 

relativistic particles. Carriers in graphene, which behave as if they had no effective 

mass, are responsible for many of grapheneôs exotic electronic properties [4], such as 

an unconventional quantization for its quantum Hall effect [5] and Klein tunneling 

[6].  

A vertical electric field can be applied to a graphene FET by controlling a 

gate bias. This will directly affect its charge density, and as shown in equation 2.1, 

vary the conductivity of graphene. Figure 2.6b is an example of the effect of a gate 

bias sweep on a graphene deviceôs resistivity [7], the inverse of its conductivity. It 

should be noted that for an undoped graphene sheet, the charge density might be 

expected to drop to zero at Vg = 0, effectively leaving graphene as an insulator. 

 
 
 

Figure 2.6 a) Band structure of graphene [13], and b) transport in graphene as a function 

of gate voltage, in a field-effect transistor geometry (from [7]). 
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However, long-range interactions and other effects impede grapheneôs resistivity 

from diverging at the Dirac point, instead saturating at ~6.5 kÝ per square. This 

value is the inverse of the conductivity quantum [7]: 

Ὃʉ τ       (2.3) 

For non-zero gate bias, the conductivity increases. The slope of this change, 

as a function of gate voltage, is directly related to grapheneôs mobility. From the 

conductivity of a graphene device, as a function of gate bias, one can obtain a good 

estimate of charge carrier mobilities: 

1/Cg·(dgds/dVg-s)      (2.4) 

In this equation, Cg is the gate capacitance. When obtaining a graphene 

sample with new methods, or exploring different fabrication techniques, one widely 

used benchmark for determining the quality of a graphene sample is its charge carrier 

mobility.  

2.3.2  Mobility as measure of sample quality 

Mobility is limited by scattering events, which can be caused by defects and 

impurities or interaction with phonons. In graphene, because of its band structure, 

backscattering is largely suppressed, thus allowing extremely high mobility [8] even 

at room temperature (in the order or 10
4 

cm
2
/V·s). In freely suspended devices, 

where the interaction with an underlying substrate is removed, charge mobility can 

exceed 10
5 

cm
2
/V·s. As a comparison, silicon has a mobility of roughly 1400 

cm
2
/V·s. Electrons move more than 100 times faster in graphene than in silicon. 

A theoretical calculation can predict the electrical properties of a perfect 

graphene crystal, lying flat on a substrate free of defects. However, graphene 
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samples under experimental investigation can be far from perfect, often deposited on 

rough, amorphous silicon dioxide substrates, with abundant charge puddles near their 

surface. The graphene sample itself is often covered by relatively large amounts of 

residue (such a photoresist and leftovers from chemical etching processes). 

Nevertheless, these types of samples were still found to exhibit exotic behaviors 

predicted by many theoretical studies. The quality of the graphene crystals obtained 

by the simple exfoliation method was sufficient to observe many interesting effects.  

2.4 Mechanical properties 

 

In addition to its electrical properties, grapheneôs mechanical properties are 

also very impressive, due to its extremely strong carbon-carbon bonds. The same 

technique used to deposit graphene flakes on a supporting substrate can be used to 

obtain freely-suspended graphene membranes. By depositing graphene on a pre-

patterned substrate, such as arrays of holes or trenches, the graphene will sit on top 

of the top surface, and hang over depressed features. Various groups utilized this 

approach, to produce graphene membranes, as shown in Figure 2.7 [9-11]. 

A suspended geometry allowed for the investigation of grapheneôs 

mechanical properties with unprecedented sensitivity, allowing for the first time a 

direct comparison of experimental results with theoretical predictions, rather than 

deducing them from extrapolation of the properties of other graphitic materials.  

Grapheneôs in-plane elastic response is nonlinear, and its isotropic elastic 

behavior can be described by the following relation: 

„ Ὁ‐ Ὀ‐      (2.3) 
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Here ů (not to be confused with the electrical conductivity of a material) represents 

stress and Ů is uniaxial strain. E and D are Youngôs modulus and the third-order 

elastic modulus, respectively. Indentation force measurements performed with an 

AFM tip can be used to determine E and D [11]. Grapheneôs elastic response to the 

 
 
 

Figure 2.7 Examples of suspended graphene. Top: SEM and AFM images of 

suspended graphene over holes 1.0 and 1.5 microns in diameter [11].  

Bottom: Schematic and AFM image of suspended graphene subject to a pressure 

difference [10]. 
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tipôs indentation is largely insensitive to the nonlinear component in equation 2.3, 

because only a small fraction of the graphene sheet stretches sufficiently. As shown 

in Figure 2.8, strain rapidly decreases away from the AFM tip. This allows for a 

simplification of the problem to a linear one, and the 2D Youngôs modulus was 

measured to be ~340 N/m, which corresponds to a bulk Youngôs modulus of 1.0 

terapascals. In addition, by stretching graphene to its limit, the intrinsic breaking 

strength was found to be ůint  å 130 gigapascals, which is the largest bulk stress value 

ever measured. This further allows the value of D to be inferred [11], as ůint  = -

E
2
/4D. The nonlinear term in equation 2.3, D, was estimated to be -690 N/m 

(corresponding to a bulk value of -2.0 terapascals). This value is generally negative; 

at sufficiently large tensile strain a material will soften, and for sufficiently large 

compressive strains the material will increasingly stiffen.  

For the measurements described, grapheneôs Poissonôs ratio is needed. This 

number describes how much a material will contract, in the direction perpendicular 

 
 
 

Figure 2.8 a) Schematic of AFM indentation on a circular membrane, and b) calculated 

2D strain (ů
2D
) and deflection (ŭ) for indentation on a graphene membrane, as a function 

of normalized position (r/a) (from [11]). 
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to an applied strain. In graphite this value is 0.17, and it accurately fits the models 

describing the observed grapheneôs elastic response.  

The out-of-plane rigidity of a graphene membrane cannot be inferred from 

the properties previously listed. Bending in a 3-dimensional material causes 

stretching along its outer portion, while its inner portion contracts. Thus, parameters 

such as E and D are useful in describing the response of a material to a bending 

force. However, graphene is 2-dimensional. An ideal graphene sheet does not need to 

stretch to be able to bend, so its rigidity is a result of orbital overlaps; as it bends the 

direction of carbon-carbon bonds changes relative to the direction of neighboring 

bonds. 

Theoretically, grapheneôs bending modulus has been estimated to be B å 1 

eV. This is essentially the energy required to bend a material with area A, into a 

cylinder with radius of curvature in the order of A
1/2

. However, an experimental 

determination of grapheneôs intrinsic bending rigidity is challenging. Since graphene 

can bend much more easily than it can stretch or compress, any deviation from 

uniaxial stress, which can arise from imperfect boundary conditions, will result in 

bending and rippling of the membrane. Thus, most bending rigidity measurements 

will be convoluted by the addition of extrinsic bending rigidity, arising from out of 

plane deformations.  

2.5 Impermeability 

 

It is perhaps not too surprising that a graphene membrane will also be able to 

withstand very large and even evenly distributed pressures without breaking. What is 

perhaps surprising is that atomically thin graphene membranes have been found to be 
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completely impermeable to even the smallest molecules [10]. As seen in the gas leak 

rates from graphene sealed enclosures, shown in Figure 2.9, leak rates are not related 

to the thickness of the graphene membrane. This means that gases leak through the 

glassy walls of the enclosures, or through the interface between graphene and the rest 

of the enclosure.  

This remarkable property can be exploited to separate two very different 

environments. For example, if graphene is impermeable to gas molecules, one could 

expect graphene to be impermeable to liquids as well. One potential application 

which exploits this property will be discussed in Chapter 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.9 Gas leak rates for helium, argon and air as a 

function of graphene thickness (from [10]). 
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2.6 Towards CVD graphene 

Having reviewed some of the most relevant properties intrinsic to graphene, 

we will turn our attention to CVD graphene. The task at hand is to determine if CVD 

graphene, which holds great advantages in terms of large scale batch production, is a 

viable method to produce graphene with the remarkable intrinsic properties of 

exfoliated graphene. As a new material, new fabrication methods must be adapted 

for its use. Some of these methods will be described in the following chapter. 
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CHAPTER 3 

 

CVD GRAPHENE: 

SYNTHESIS AND FABRICATION 

 

3.1 Introduction 

 

This chapter is, in its majority, adapted from M.P. Levendorf* , C. S. Ruiz-

Vargas* , S. Garg, and J. Park, Nano Letters 9 (2009). 

 

Since the reports of isolation of thin graphitic films on an oxidized wafer [1] 

and the observation of the quantum Hall effect [2,3] single layer graphene (SLG) 

attracted intense research efforts both from academic and industrial communities. 

While the original exfoliation method led to many exciting discoveries in this unique 

crystal [4-8] the key question of large scale production of SLG remained a 

significant challenge. To fully utilize its exciting physical properties and integrate 

them into conventional electronic, mechanical, and optoelectronic circuitry, it is 

paramount to produce SLG with the physical properties similar to those of exfoliated 

graphene and with minimal spatial variation over extended areas.  

Several studies were reported in 2009, describing the direct growth of 

graphene on thin nickel films [9,10], focusing on making these films as thin as 

possible with the goal of obtaining single layer. Soon after, it was shown that copper 

foil was an even better choice to obtain graphene films. Due in part to a very small 

solubility of carbon in copper, the deposition process was found to be largely self 

limiting [11] in obtaining SLG with promising electrical properties. 
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3.2 Transfer-free approach 

 

Using CVD graphene materials for device applications often requires a 

transfer step, to electrically insulate graphene and because metal growth substrate is 

not compatible with device fabrication procedures. Graphene growth on insulating 

devices is possible, but so far has not been shown to be of comparable quality to 

growth on metal.  

The extra transfer step can pose a number of challenges. First, the 

mechanically delicate SLGs can be damaged during the transfer. Second, the 

alignment between the graphene film and the target substrate presents additional 

technical challenges. Third, these transfer procedures are often performed in aqueous 

solutions and it is difficult to remove residues trapped between graphene and the 

target substrate. One possible approach to circumvent some of these challenges is to 

directly fabricate graphene devices on the growth substrate. While the basic 

mechanism is similar to the one reported by Li et al.[11] we used an evaporated 

copper film instead of a copper foil. This allows us to directly fabricate uniform 

transistor arrays without a transfer process. This technique is easily scalable to larger 

dimensions, limited only by the size of the substrate and growth chamber, and is 

compatible with conventional thin film technologies. 

3.2.1 CVD on an evaporated copper film 

We first discuss the synthesis of SLG. Our growth substrate is a copper film 

with a thin Ni adhesion layer, both directly evaporated onto a silicon wafer covered 

with a thermal oxide. Prior to evaporation of the Cu/Ni layer, wafers were rigorously 
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Figure 3.1 Method of graphene synthesis on evaporated copper. (a) Substrates are 

first immersed in acetic acid at 35 °C for 10 min and then quickly loaded into the 

reaction chamber. Samples are then exposed to 200 sccm H2 at ~2 Torr while heating. 

Growths are carried out for 20 min at 1000 °C under 200 sccm H2 and 875 sccm CH4 

at ~11 Torr. (b) Contrast enhanced optical image (100×,NA = 0.9) of a typical sample 

after synthesis of graphene. Copper oxide is present at grain boundaries if care is not 

taken to etch it before growth. Upper inset: representative Raman spectra of 

substrates after growth (Cu background subtracted). Lower inset: sample substrates 

before (left) and after (right) growth. After growth,the film appears to be a lighter in 

color and slightly speckled. (c) Two-dimensional map of G/2D ratio for as grown 

graphene which suggests at least 93% single layer graphene coverage.    


