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Carbon nanomaterials have received a great deal of attention and investment in 

recent years, not only because of their excellent properties, but also driven by the 

fact that conventional Si-based electronics is pushed to its limits, and when the 

size of a Si based transistor is miniaturized to several nanometers, the cost 

increases dramatically. Chapter 1 reviews the synthesis, properties and 

application of carbon nanotubes and graphene. Chemical functionalization is an 

efficient way to manipulate and tune the properties of carbon nanomaterials and 

to broaden their applications in different fields.   

 



 viii 

Transfer of CVD transfer without degrading its quality is essential to the wide 

applications of this carbon material in electronics. In Chapter 2, two novel 

graphene transfer methods are reported. The availability of clean graphene is 

critical for the chemical modification of graphene and its application in flexible 

electronics.      

 

The interaction between carbon surfaces and transition metals, discussed in 

Chapter 3, has long been an interesting topic. Graphene half sandwich complexes 

and graphene sandwich complexes were successfully synthesized and the 

electrical conductivity was used to characterize the synthetic process. Besides, the 

fascinating electrical properties of individual carbon nanotubes were extended 

toward macroscale by aligning individual tubes on a large scale and applying 

organometallic chemistry to constructively interconnect the sidewalls of parallel 

tubes and two ends of nanotubes in series with transition metals, which greatly 

improved the electrical performance of aligned carbon nanotube devices and 

paves the way for the fabrication of carbon nanotube-based high performance 

microprocessors.   

 

The absence of a bandgap in graphene inhibits its application to transistors, 

meanwhile from a chemical standpoint the unique band structure of graphene 

dictates the chemical reactivity of graphene as exemplified in the Diels Alder (DA) 

reaction discussed in Chapter 4. The effect of a facile room temperature DA 
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reaction on the magnetoresistance of epitaxial graphene (Epigraphene) was 

studied in a temperature range from 300 K to 2 K. The transition from the positive 

magnetoresistance in pristine Epigraphene to a large negative magnetoresistance 

in naphthazarin-Epigrahene adduct provides an alternative way to develop 

graphene based magneto-electronic devices.  
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Chapter 1. Introduction of carbon 
nanomaterials 
 

Carbon is an essential element of life, which is reflected in its ability to form a vast 

number of organic compounds, from DNA to protein, fat and carbohydrates. 

Furthermore, it is the constituent of important inorganic materials, including 

diamond - the hardest natural material, and graphite - one of the softest inorganic 

substances. For a very long time, the well-known pure carbon allotropes were 

graphite, diamond and amorphous carbon, which are all 3-dimensional materials. 

A nanomaterial usually refers to a material with a size smaller than 100 nm in at 

least one dimension.  Nanomaterials tend to show unique optical, electronic, 

thermal and mechanical properties due to quantum confinement effect. For 

example, when the thickness of graphite decreases until only one layer of carbon 

atoms remains, it turns into graphene, which exhibits remarkable properties 

different from graphite. The properties of carbon nanomaterials can be tuned by 

chemical functionalization in order to fit the needs of different applications.  

 

1.1 Graphene   
 

Graphene is a 2-dimensional form of carbon with honeycomb like structure, 

which is only one atom thick. Graphene can be viewed as the building block of all   
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graphitic materials as illustrated in Figure 1.1. Graphene can be transformed into 

0 D fullerene (experimentally done with the help of the high energy of the e-

beam),5 rolled into 1D carbon nanotube and stacked into 3D graphite.6 

 

 

 

Figure 1.1 Schematics of transformation of graphene to fullerene, carbon nanotube and 
graphite, respectively. Reprinted with permission from ref.6 (Copyright © 2007 Nature 
Publishing Group).  
 

Discovery of Graphene  
 
The term “graphene” was introduced in 1997 by IUPAC and it was described as 

“A single carbon layer of the graphite structure, describing its nature by analogy 

to a polycyclic aromatic hydrocarbon of quasi infinite size”.7, 8 

In 2004, Andre Geim and Konstantin Novoselov at the University of Manchester, 

UK reported the unusual electronic properties of few layer graphene obtained by 

scotch tape exfoliation of graphite.9 At nearly the same time, Walt A. de Heer at 
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Georgia Institute of Technology reported 2D electron gas behavior from few layer 

epitaxial graphene.10 Geim and Novoselov argue that metastable state and 

interatomic bonds protect graphene from dislocations or defects caused by thermal 

fluctuations. Also, 3D warping helps to suppress thermal vibrations.6. Graphene 

has kept attracting intense attention from scientists and engineers since its 

discovery. Its exceptional mechanical, optical, magnetic, thermal and electronic 

properties are under intense study and engineers are seeking routes to synthesize 

or transfer high quality large scale graphene economically in order to pave the way 

for graphene’s commercialization. In 2010, Geim and Novoselov won the Nobel 

Prize in Physics for their groundbreaking experiments regarding graphene.  

 

1.1.1 Electronic structure and properties of graphene 

 
Graphene consists of two types of carbon atoms, which are chemically equivalent, 

but crystallographically different as shown in Figure 1.2.  The crystal structure can 

be described as a triangular lattice comprised of two atoms A and B. 

 

The distance between neighboring carbon atoms is denoted by a, then in the 

Bravais lattice formed by all the A (B) atoms, the lattice spacing is √3a. The 

primitive lattice vectors are a1 = √3𝑎 (1,0); 𝑎2 = 𝑎(
√3

2
,
3

2
), and the corresponding 

reciprocal lattice vectors are denoted as b1 and b2 as shown in Figure 1.2 (b).  

b ∙ a𝑗 = 2𝜋𝛿𝑖𝑗, thus 𝒃𝟏 =
2𝜋

3

1

𝑎
 (√3,−1), 𝒃𝟐 =

4𝜋

3

1

𝑎
 (0,1).  
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Figure 1.2 (a) Honeycomb lattice structure of graphene - the unit cell has two atoms A 
(green) and B (red), a1 and a2 denote unit vectors. (b) The reciprocal lattice of graphene; 
the hexagon is the boundary of the first Brillouin zone; b1 and b2 are the unit vectors in 
the reciprocal lattice.  
 

The unusual properties of graphene such as anomalous integer quantum Hall 

effect 11 root in its unique electronic band structure. There are four valence 

electrons in carbon atoms, however, in the form of graphene, only three valence 

electrons are involved in the σ bonding. Therefore one remaining electron would 

be considered for calculation of the band structure of graphene. In this case, a 

simple tight binding model can be applied. By solving the corresponding 

eigenfunctions, two eigenvalues representing two bands can be obtained. The 

band with positive energy and band with negative energy touch each other at the 

Dirac points located at the corners of the Brillouin zone as shown in Figure 1.3 1.    
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Figure 1.3 Band structure of graphene. The conductance band (top) and the valence 
band (bottom) touch each other at the K and K’ points. Reprinted with permission from 
ref.1 (Copyright © 2007 Elsevier Inc.).  

 

1.1.2 Forms and production of graphene 

 

There are a variety of ways to produce graphene. Based on the routes of 

production, graphene can be categorized mainly into Scotch Tape Exfoliated 

Graphene, Solvent Exfoliated Graphene, Epitaxial Graphene and Chemical Vapor 

Deposition (CVD) Graphene as shown in Figure 1.4.  

 

As the production methods are different, the features and properties of different 

kind of graphene vary. Technically, scotch tape exfoliated graphene has higher 

quality, but is restricted by its small size (maximum tens of microns). Solvent 

exfoliated graphene is favored by the industry due to its large scale production and 
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Figure 1.4 Forms of graphene: (a) Scotch tape exfoliated single layer, bilayer and 
multilayer graphene on a 300 nm SiO2/Si substrate. (b) Solution exfoliated graphene 
sprayed on top of a glass substrate with pre-patterned electrodes. (c) Epitaxial few layer 
graphene grown on SiC substrate. (d) CVD graphene transferred on a quartz substrate.   

 

availability of simple routes to solution-based and film-based material forms. 

Epitaxial graphene has high quality and large size, which makes it a competitive 

candidate for graphene based electronic applications, but the cost of SiC substrate 

needs to be reduced before wide commercialization. CVD graphene is one of the 

most promising forms of graphene due to its macro-size, continuity and high 

quality. As CVD graphene films are often grown on copper and nickel foils, transfer 

of graphene to insulating substrates is necessary for electronic based applications. 

Fortunately, a large number of graphene transfer methods suitable for different 

purposes have been developed as discussed in detail in Chapter 2. 

 

1.1.3 Chemical reactivity of graphene  

 

The work function of graphene is about 4.6 eV, which is obtained by the crossing 

of the valence and conduction bands at the Dirac point. The maximum of the 

valence band in inorganic semiconductors correspond to the HOMO of organic 
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semiconductors; likewise, the minimum of the conduction band correspond to the 

LUMO (Huckel Molecular Orbital theory, HMO). At the Dirac point, the high lying 

HOMO and low lying LUMO plus the orbital symmetries facilitate the chemical 

engineering of graphene (Figure 1.5). Graphene can be regarded as the third wave 

of carbon allotropes and expected to be the building block for the next generation 

electronics and spintronics due to its intriguing properties. In order to explore and 

realize the graphene’s potential for a wide range of applications, chemical 

engineering of its properties is necessary. 

 

 

Figure 1.5 Band dispersion of graphene within Huckel Molecular Orbital (HMO) theory. 
Reprinted with permission from ref.2 ( Copyright © 2012 American Chemical Soceity).   
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1.1.4 Applications of graphene  

 

While opaque metals are traditionally good conductors, transparent polymer films 

are good insulators. However, a transparent graphene film conducts electricity 

much better than copper due to its conjugated π electrons, which facilitates its 

applications in solar cells,12 optical modulators,13 photodetectors,14 light-emitting 

diodes (LEDs),15 touch screens,16, smart windows, flexible electronics,17 and 

wearable devices.18   

 

Moreover, graphene power holds great promise for applications such as 

coatings,19 water desalination,20 supercapacitors,21 photovoltaic cells,22 and 

energy storage.23, 24 As the strongest material in nature, graphene can also be 

used for advanced composites,25 aerospace,26 body armor,27 and space 

elevator.28  

 

1.2 Carbon nanotubes  

 

Carbon nanotube (CNT) is a 1-dimensional (1D) allotrope of carbon with a 

cylindrical structure and a diameter on the nanoscale.  Similar to graphene, 

quantum confinement effects gift carbon nanotube many extraordinary properties, 

which are essential for applications in electronics, optics, and many other fields of 
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nanotechnology. Furthermore, CNT has an unprecedented length-to-diameter 

ratio of ~130,000,000:1. 29 

 

There are three types of carbon nanotubes: multi-walled carbon nanotubes 

(MWNTs), comprised of concentric piles of graphite cylinders,30 double-walled 

carbon nanotubes (DWNTs) and single-walled carbon nanotubes (SWNTs), which 

consist of a single graphene sheet seamlessly wrapped into a cylindrical tube 

(Figure 1.6).31, 32      

 

 

Figure 1.6. Schematic of a single walled carbon nanotube. 

 

 

1.2.1 Structure and properties of carbon nanotubes  

 

A pair of integers (n, m) is used to index the nanotube structure, which also 

identifies the diameter and chirality of a single carbon nanotube (Figure 1.7). The 

diameter (nm) of a SWNT can be given by the following equation:  

d = 0.0783√𝑛2 + 𝑚2 + 𝑛𝑚           (1) 
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and the chiral angel can be calculated by the equation:  

α = arctan 
√3𝑚

2𝑛+𝑚
                              (2) 

 

 

 

Figure 1.7  (a) Graphene sheet segment showing indexed lattice points. Nanotubes 
designated (n,m) are obtained by rolling the sheet from (0,0) to (n,m) along a roll-up vector. 
The chiral angle (from 0 to 30°) is measured between that vector and the zigzag axis; the 
tube circumference is the vector’s length. Reprinted with permission from ref.3 ( Copyright 
© 2002, The American Association for the Advancement of Science).   

 

Depending on the diameter and chiral angle, the SWNTs are classified as armchair 

(n =m), zigzag (n= 0 or m = 0), or chiral (any other n and m) nanotubes, where m 

and n are integers. All armchair SWNTs are metallic; zigzag and chiral SWNTs are 

metallic when n-m=3k (k is an integer) and semiconducting when n-m≠3k with a 

band gap that inversely depends on the nanotube diameter.33, 34 Typically about 

one third of the SWNTs are metallic and two third are semiconducting.33.   
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Metallic SWNT has a graphene like band structure, and thus can be treated as a 

metal, while a semiconducting SWNT has a bandgap related to its chirality. The 

bandgap can be calculated by the following equation:  

𝐸𝑔 =
2ℎ⃗⃗ 𝑣𝐹

𝑑
=

25.54ℎ⃗⃗ 𝑣𝐹

√𝑛2+𝑚2+𝑛𝑚
           (3) 

where ℎ⃗  is reduced Plank constant and 𝑣𝐹 is the magnitude of the velocity of a 

wave packet around K points for SWNT. From Equation (3), we can obtain a 

reverse relation between the diameter and bandgap of semiconducting SWNT. In 

other words, the smaller the diameter, the larger the bandgap.  

 

The electronic density of states (DOS) of semiconducting and metallic SWNTs is 

illustrated in the inset of Figure 1.8. The interband electronic transitions of the 

SWNTs give rise to characteristic spectral features in the near-IR (NIR)/Vis 

spectral region. Because SWNTs are a mixture of metallic and semiconducting 

tubes, interband transitions from both materials can be seen. Furthermore, the 

presence of a wide distribution of nanotube diameters results in broadening of the 

resultant peaks. In the optical spectra of SWNTs shown in Figure 1.8 the distance 

between each pair of peaks represents the energy of the band gap of SWNTs. S11 

and S22 are the energy separations of the first and second pairs of singularities in 

the DOS of semiconducting SWNTs, respectively. M11 is the energy separation of 

the first pair of singularities in the DOS of metallic SWNTs.  
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Figure 1.8 Absorption spectra of SWNT films and density of states (inset) of metallic and 
semiconducting. Reprinted with permission from ref.4 ( Copyright © 2002, American 
Chemical Soceity).   

  

Originating from its special structure, SWNT has extraordinary mechanical, optical, 

thermal and electronic properties. Small diameter SWNT bundles have an elastic 

modulus of ~ 1 TPa and a shear modulus of ~ 1GPa,35 which make them excellent 

low-density high modulus fibers. Semiconducting SWNTs have 

photoluminescence, and the band gap can be modulated by doping or chemical 

functionalization, which extends their applications in photonics and 

optoelectronics.36 SWNT has ballistic conduction along the tube axis due to its 1D 

structure, with a room-temperature thermal conductivity of ~ 3500 W ∙ 𝑚−1𝐾−1, 37 

which is about 10 times higher than that of copper. SWNTs also have remarkable 

electronic properties, such as a carrier mobility of ~ 10,000 𝑐𝑚2𝑉−1𝑆−1 38 and a 

current density of ~ 4 × 109 𝐴 𝑐𝑚−2 , 39 which make them ideal candidates for 

ultrafast next generation flexible electronics.  
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1.2.2 Production methods of carbon nanotubes 

 

A number of techniques have been successfully applied for production of CNTs, 

including electric arc (EA) method,31, 40 laser ablation (LO),40, 41 chemical vapor 

deposition (CVD),42-44 tubular fluidized bed method 45 and ball milling. 

 

The SWNTs synthesized by different techniques have different diameter and 

length distributions. All techniques produce soot, which consists of SWNTs and 

impurities. The impurities are considered as amorphous carbon, nanoparticles 

comprised of metal catalyst and graphite. 

 

Arc discharge method   

 

In this method, carbon atoms are vaporized at the high temperatures generated by 

the current passed between the two electrodes. The process is usually carried out 

in an inert gas atmosphere such as He or Ar. The method can be used to produce 

both SWNTs and MWNTs. For the growth of SWNTs, the anode is made from a 

mixture of graphite powder and metal catalysts and the cathode consists only of 

graphite. 
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Laser ablation method  

 

In this technique a graphite target containing metal catalysts (usually less than 1 

wt% of Ni, Co, or Fe) is ablated with a strong laser pulse under inert gas 

atmosphere. Laser ablation can produce both multi-walled and single-walled 

carbon nanotubes41 of very high quality.  

 

Chemical Vapor Deposition (CVD) method 

 

CVD is a classical way to produce carbon materials. The nanotubes are produced 

by vapor phase pyrolysis of a carbon-containing gas (C2H2, CO, hexane, CH4) with 

metal nanoparticles or volatile organometallic compounds such as iron 

phthalocyanine, nickel phthalocyanine or ferritin. These organometallic 

compounds act as both catalyst and carbon source. Usually the pyrolysis of the 

metal nanoparticles or organometallic compounds is performed in an Ar/H2 

environment at high temperature in a quartz tube. The main advantage of CVD is 

the large-scale continuous production. The CVD method has been widely used to 

produce SWNTs42, 46-51 DWNT 52, 53 and MWNTs 54-57. Also aligned single-walled 

carbon nanotubes can be produced using this method.58, 59 
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Ball Milling method  

 

Graphite powders are put into a steel container filled with steel balls.  The ball 

milling method can mainly produce short multiwall carbon nanotubes.60 

 

Other methods 

 

Plasma torch61 and direct organic synthesis62 are also other available routes for 

synthesis of carbon nanotubes.  

 

1.2.3 Chemical reactivity of carbon nanotubes 

 

The chemical reactivity of fullerene is high due to curvature induced strain, which 

tends to be reduced by fullerene addition chemistry. Likewise, the pyramidalization 

and misalignment of the π orbitals make the carbon nanotubes more reactive than 

graphene (Figure 1.9). From the perspective of reactivity, the covalent chemistry 

of individual SWNT can be classified into two categories - end caps and side wall 

chemistry. The carbon atoms in the end caps have a pyramidalization angle of 

𝜃𝑝 ≈ 11.6°, which is much larger than 𝜃𝑝 ≈ 6.0° in the side wall. Thus carbon atoms 

in the end caps are more reactive in order to release the higher strain.  
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Figure 1.9 Diagrams of (a) metallic (5,5) SWNT (b) pyramidalization angle (𝜃𝑝), and (c) 

the π orbital misalignment angle (∅) along the C1-C4 in the (5,5) SWNT and its capping 
fullerene, C60. Reprinted with permission from ref.4 ( Copyright © 2002, American 
Chemical Soceity).    

 

 

However, in contrast to fullerenes, the carbon atoms in SWNT have some 

misalignment angles ∅ when forming the bond at an angle to the circumference. It 

is believed that misalignment in π orbital introduces the main strain in SWNT.4 It is 

very attractive while challenging to functionalize SWNTs and maintain their 

extraordinary electronic structure or improve transport properties at the same time. 

Fortunately, organometallic chemistry provides facile routes to realize this goal and 

broaden the SWNT applications in the next generation electronics and spintronics.  
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1.2.4 Applications of carbon nanotubes and their 

derivatives  

 

Due to special optical, mechanical, electronic and thermal properties, carbon 

nanotubes have demonstrated potential in a number of fields such as 

electronics,63, 64 sensors,65, 66 composites,67, 68 energy storage.69-72 

 

Electronics 

Individual metallic SWNTs have higher electrical conductivity and current density 

than any metals, while individual semiconducting (Sc-) SWNTs have higher 

mobility and transconductance than  any semiconductor,73 which makes them 

competitive candidates for future electronics. SWNT-based transistors and 

integrated circuits have been demonstrated, which paves the ways to the 

fabrication of logic gate for future computer technology.74 Besides, the direct band-

gap of Sc-SWNTs provide an opportunity to create both light emitters and light 

detectors, and  SWNT-based lighter emitters and photodetectors have been 

demonstrated in recent publications.36, 75-78 Due to the high transparency and 

excellent flexibility of the CNT thin films, CNT based solar cells, 79-81 touch 

screens,82 smart windows,83 and OLEDs84 have shown superior performance 

compared to conventional devices and attractive properties.  
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Sensors 

The resistance of CNTs can be easily tuned by dopants, which make them suitable 

for the fabrication of highly sensitive nanoscale chemical or biological sensors.85-

91  Importantly, the modification of the electronic structure of CNTs by chemical 

functionalization can further improve the performance of CNT based sensors.92  

  

Composites 

Due to the exceptional strength, highly modulus, excellent electrical conductivity 

of individual carbon nanotubes, they are widely used as an idea filler of various 

composites with improved strength, thermal and electrical conductivity.93-98 

Functionalization of CNTs can further broaden the application of CNTs in 

composites with unique properties.99 

 

Energy storage 

Carbon nanotubes have demonstrated encouraging potential in improving the 

performance of Li batteries72, 100-102 and supercapacitors.103-106  
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Chapter 2. Transfer methods of CVD 
graphene  
 

2.1 Introduction  
 

As we discussed in Chapter 1.1, graphene is a one atom thick two dimensional 

carbon material, whose valence and conduction bands touch each other at the 

Dirac point.1, 2 The fascinating properties, which originate from the unique 

electronic structure of graphene, motivate the wide interest in the potential 

application of this material in many fields such as electronics,3-8 spintronics,9 

optics,5  environmental engineering,10, 11 integrated circuits (IC) on a graphene 

wafer,12, 13 flexible electronics,14 transparent electrodes,15 energy storage16, 17 

aerospace.18  

 

Graphene can be categorized in two groups: graphene films and graphene 

powders based on the form factor as shown in Figure  2.1.  Even though graphene 

powders can be produced in large scale, dispersed into solutions for both solution 

based and film-based applications, 8 it is hard to preserve the excellent electrical 

transport properties of single layer graphene on large scale due to the small size 

of the individual graphene layers and poor contact between them, which makes 

this material not suitable for high performance electronics. Graphene films can be 
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further divided into epitaxial graphene on SiC, chemical vapor deposition (CVD) 

graphene (mainly on Cu/Ni) and scotch tape exfoliated graphene on various 

substrates.  

 

 

Figure 2. 1. The main forms of graphene. 

 

Wafer scale single domain graphene is required to build uniform graphene 

integrated circuits compatible with current industrial fabrication processes.  

Chemical vapor deposition (CVD) is among the most promising methods for 

production of macro-size, continuous, high-quality graphene films for industrial 

applications.19-22  The CVD process utilizes a metal substrate (copper or nickel) for 

the graphene growth, which requires transfer of the graphene film onto a desired 

substrate, which is usually accomplished using polymers as discussed in Section 

2.3.  



 31 

Recently millimeter-scale single-crystalline growth of CVD graphene has been 

achieved 23-26, which makes CVD graphene appealing candidate as the starting 

material of graphene interconnects,  flexible electronics and spintronics. Currently, 

large domain CVD graphene is synthesized with metal catalysts, such as Cu or Ni, 

and it need to be transferred to appropriate substrates for electronic applications. 

Although a variety of synthetic and transfer methods of CVD graphene have been 

developed, they can be classified into three main categories as shown in Figure 

2.2: (1) transfer with the help of a supporting layer onto target substrates. (2) 

transfer without any supporting layer onto target substrates and (3) direct growth 

of CVD graphene on targeted substrates from precursors inside a furnace without 

any post growth transfer process. Below we review representative graphene 

transfer methods from the perspective of mechanism, cleanness, quality, reliability 

and cost. 

 

 

      

Figure 2. 2. Schematic of various routes to obtain CVD graphene on target substrates.  
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Nearly every CVD graphene transfer technique have to solve two problems: (1) 

how to separate graphene and the metal substrates (Cu/Ni)  and (2) how to protect 

graphene after the separation. 

 

Transfer with supporting layer 

A conventional but very efficient way to protect graphene from external forces 

during the transfer process is to utilize a supporting layer coated on top of the 

graphene surfaces. As metal substrates can be easily etched away completely or 

peeled off after special pre-treatments, the main factor that determines the quality 

of the transferred graphene is the supporting layer. The supporting layer should 

possess the following characteristics in order to minimize the degradation of 

graphene’s quality in the transfer process: (a) flexible, (b) mechanical strong to 

support the graphene films, (c) easy to remove from graphene.    

Polymer based graphene transfer  

PMMA -assisted graphene transfer    The early stage CVD graphene transfer 

methods adopt PMMA as the carrier 20, 27.  In this method, usually the as-grown 

CVD graphene on one side of the copper foil is coated with PMMA solution in 

anisole or other organic solvent. After PMMA polymerizes, the graphene on the 

other side of the copper foil is removed by O2 plasma etching (or by harsh chemical 

solutions) and the sample is placed on the surface of FeCl3 solution to etch away 

the copper. After this step the etching solution is replaced with clean water multiple 
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times. Finally the PMMA/Graphene is lifted off with a target substrate and placed 

on a hotplate for high temperature baking in order to remove water residues 

trapped between the graphene and the target substrate and improve their contact.  

 

Figure 2.3. Schematic illustration of conventional PMMA-assisted graphene transfer 
processes.  
 

However, researchers have been struggling with the degradation of graphene’s 

intrinsic properties due to contamination with PMMA residue and paramagnetic 

Fe3+. 28-30  

 

PDMS-assisted graphene transfer  Polydimethylsiloxane (PDMS) has been 

extensively studied and widely used in soft lithography as a cost-effective way to 

fabricate micro- and nanoscale devices 31 32. In the early PDMS assisted transfer 

method, multilayer CVD graphene was attached to crosslinked solid PDMS 

elastomer, and transferred to targeted substrates by a simple “stamping” process 

after Ni was etched away.33 Despite the large scale conformal contact between the 

PDMS elastomer with targeted substrates.31 a stronger adhesion between 

graphene and targeted substrates is needed theoretically for intact graphene 

transfer, which have high requirements for the cleanliness, flatness and rigidness 

of the targeted substrates and often gives fragmental graphene flakes.34 Actually, 
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in most cases PDMS functions as a rigid holder to realize dry transfer of graphene 

instead of direct contact with graphene surfaces. 34, 35 

 

Thermal Release Tape-assisted graphene transfer     Thermal release tape is a 

tape with specific adhesives which adhere to substrates strongly at room 

temperature while losing adhesion at high temperature (above ~100 ° C). A 

representative thermal release tape-assisted graphene transfer method is the so-

called roll-to-roll (R2R) technique. 15,36 This method inherits the large-scale and 

high-throughput characteristics of roll to roll production.37,38 Although R2R 

graphene transfer method is favorable in transferring large scale graphene to 

flexible substrate for the fabrication of graphene flexible electronics, it is not 

suitable for transferring graphene to rigid substrates such as silicon wafers and 

glass substrates.  

 

Transfer without supporting layer 

It is widely known that the surface tension of the etching solution could tear 

graphene apart, which is why a supporting layer is proposed to protect graphene 

during the metal etching process.20, 27,39, 33, 40-43 Alternative way to protect graphene 

has been suggested which relies on the modification of the surface tension of the 

etching solution to a harmless level instead of strengthening graphene by a  

support layer. 44 Lin et. al, mixed isopropyl alcohol (IPA) with ammonium persulfate 

in order to reduce the surface tension of the etching solution to a harmless level to 
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graphene.44  The  graphene on Cu is directly placed on the surface of this  mixed 

etchant confined by a graphite holder. After Cu was completely etched away, the 

mixed etchant was replaced with fresh mixture of water and IPA by pumping out 

the etchant on one side and pumping in the fresh mixture on the other side at the 

same rate. Finally, graphene floating on the surface was lowered to the target 

substrate by pulling out the remaining solution slowly with a syringe pump. This 

support-free method successfully avoided contaminations from polymer and 

organic residues, and thus largely improved the quality of transferred graphene. 

However due to the lack of support after Cu was etched away, the graphene can 

be cracked easily by the fluctuation of the solution, and thus the integrity of the 

transferred graphene depends strongly on the operation conditions, which makes 

the reliability of the method a challenge for transferring intact graphene on a large 

scale.  

 

Thus, transfer of CVD graphene to a substrate of interest remains a challenging 

problem and most transfer methods introduce contaminations and defects which 

degrade the graphene quality. Furthermore, most graphene transfer methods are 

typically expensive and difficult to scale up. In this chapter we demonstrate two 

novel transfer methods that provide high quality, clean graphene films.  

 

The first graphene transfer method utilizes a cellulose supporting layer and we 

illustrate that this technique is capable of producing large area, defect-free 
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graphene and molecularly clean surfaces. This cellulose assisted transfer (CAT) 

method is based on scalable and reliable processes and it largely reduces the cost, 

time and contaminations of the obtained graphene layer and can be expanded to 

industrial scale applications. 

 

In the second transfer method we employ a small molecule polyaromatic 

hydrocarbon – naphathalene, which can be readily removed by sublimation at 

room temperature making this method very attractive for plastic substrates. 

 

The transferred graphene samples were thoroughly characterized with Raman 

spectroscopy, Atomic Force Microscopy, Scanning Electron Microscopy and X-ray 

photoelectron spectroscopy. The transferred graphene films were utilized in the 

study of the organometallic chemistry of graphitic surfaces discussed in Chapter 

3. 

 

2.2 Cellulose-assisted large scale 
graphene transfer method  
 

In this section, we discuss the development of a novel technique for the transfer of 

graphene on various substrates. The method utilizes cellulose acetate as the 

coating layer, which protects graphene from unfavourable forces and 

contaminations during the transfer process by forming a soft flexible thin film on 

top of graphene. The etching of Cu foil, used in the CVD graphene growth, is 
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accomplished with a hydrogen peroxide – hydrogen chloride solution, which 

decreases the possibility for magnetic contaminations of the graphene. This 

cellulose assisted transfer (CAT) method largely reduces the cost, time and 

contaminations of the obtained graphene and can be expanded to industrial scale 

applications. The transferred grapene films were characterized with Raman 

spectroscopy, atomic force microscopy (AFM) and X-ray photoelectron 

spectroscopy (XPS) to evaluate the quality of the obtained films. The fabricated 

field effect transistor (FET) devices showed high mobility and on-off ratio. 

 

2.2.1 Experimental Section 

CAT graphene transfer 

As-grown monolayer CVD graphene (Graphene Supermarket) was first spin 

coated with a cellulose acetate solution (Average Mn ~ 50,000 by GPC, Sigma 

Aldrich, 4.5 mg/mL dissolved in acetone) at 2000 rpm. The spin-coated thin film 

dries immediately as the acetone evaporates. The graphene on the uncoated side 

was etched away by oxygen plasma (Oxford Plasmalab 100/180 model; forward 

power -30 W; ICP power – 300 W, etch time 30 s).  An aqueous solution of H2O2 

and HCl was prepared by mixing  equal volumes of 2 M HCl and 1 M H2O2; the 

solution etches away the Cu substrate (25 μm) underneath the CVD graphene 

within 10 minutes. The graphene sample was thoroughly cleaned by replacing the 

etching solution with distilled water. The substrate with the transferred graphene 

was placed on a hot plate and kept at 35 °C for 10 min, followed by baking at 200 
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°C for 20 min. After the substrate with the graphene was cooled down to ~60 °C, 

it was submerged into a hot acetone bath overnight to remove the cellulose 

acetate. 

 

PMMA graphene transfer 

As-grown monolayer CVD graphene was first spin coated with a PMMA solution 

(950 PMMA A4, MicroChem, 10% by volume dissolved in chlorobenzene) at 2000 

rpm. The spin-coated thin film was kept at room temperature overnight inside a 

clean petri dish. The graphene on the uncoated side was etched away by oxygen 

plasma as described in above. Then the PMMA/Graphene/Cu sample was placed 

on the surface of FeCl3 solution (0.5 M) to etch away the Cu substrate (thickness 

- 25 μm; typical etching time - 60 minutes). After the Cu was removed, the etching 

solution was replaced with clean water by repeatedly flowing out the waste solution 

and flowing in clean water until neutral pH was reached.  The substrate with the 

graphene was transferred to a hot plate and kept at 35 °C for 10 min, after this 

step the temperature was increased and maintained at 200 °C for 20 minutes. After 

the substrate with the graphene was cooled down to ~60 oC, it was submerged 

into a hot acetone bath overnight to remove the PMMA.  

 

Raman spectroscopy and mapping 

Raman spectra and mapping of CVD graphene were recorded with a Nicolet 

Almega XR Dispersive Raman microscope using 532 nm laser excitation and 25% 
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power source. The laser spot size is around 1 µm with a 50 x objective lens. Raman 

mapping area for all samples is 20 µm x 18 µm, with a step size of 1 µm in both x 

and y directions.  

 

Atomic Force Microscopy (AFM) 

AFM images were collected in a tapping mode with Digital Instruments, MMAFM-

2.  

 

X-ray photoelectron spectroscopy (XPS)  

XPS of transferred CVD graphene on 300 nm SiO2/Si substrates was carried out 

with a Kratos AXIS ULTRADLD XPS system equipped with Al Kα monochromated 

X-ray source and a 165 mm mean radius electron energy hemispherical analyzer. 

Vacuum pressure was kept below 3 × 10-9 torr during the acquisition. The high-

resolution scans were run using a power of 300 watts, 20 pass energy and a step 

size of 0.05 eV.  A low-energy electron flood from a filament was used for charge 

neutralization. The size slot for the XPS is 300 µm x 700 µm. The spectra are 

shown without energy-scale correction and the peak fits consist of Lorentzian and 

Gaussian distributions.  

 

Fabrication of field effect transistors (FETs) 

Drain and source electrodes (10 nm Cr/100 nm Au) were evaporated by an e-beam 

Evaporator onto 300 nm SiO2/Si substrates with a shadow mask. After that, as-
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grown monolayer CVD graphene was transferred onto the pre-patterned 

substrates by conventional PMMA transfer and CAT methods, respectively. The 

channel dimensions of all graphene devices are 0.25 mm (length) x 1 mm (width). 

No photolithography was employed to exclude the effect of photoresist residues 

on the electronic properties of the transferred graphene samples. Thermal 

annealing at 200 ℃ in vacuum (5 x 10-7 torr) was performed to remove atmospheric 

dopants and bring the Dirac point in the vicinity of 0 volts.   

 

2.2.2 Results and Discussion  

Description of the graphene transfer method   In this work, we employed 

cellulose acetate as a holding layer to protect graphene during the transfer process 

because of its low cost, excellent draping qualities and environmentally 

friendly properties. Cellulose acetate, an acetylated derivative of the naturally 

abundant and sustainable polymer cellulose, can be dissolved in acetone and, 

when spin-coated on a flat surface, it gives a continuous thin and flexible film 

(Figure 2.4).  Cellulose acetate has a long history of application in a number of 

industrial fields. It has been used as the film base in photographs,45 as a substrate 

for magnetic tape,46 and as a component in household fabrics47 among other 

applications. Thus, a mature and comprehensive system to produce, transport and 

stock cellulose acetate has already been built.  
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Figure 2.4 (a) Photographs of a cellulose acetate powder (lower) and a cellulose acetate 
solution in acetone (upper). (b) The structure of cellulose acetate. (c) AFM image of a 
spin-coated cellulose acetate thin film on top of as-grown CVD graphene. Reprinted with 
permission from ref.40 (Copyright © 2016 Elsevier Ltd.). 

 

For the graphene transfer, a thin layer of cellulose acetate film is first spin-coated 

on top of the graphene film grown on Cu or Ni, as shown in Figure  2.5a. The 

cellulose acetate film adheres strongly to the graphene surface and protects the 

graphene from the surface tension of the etching solution after the Cu or Ni are 

etched away. The metal substrate (Cu) is etched with an H2O2/HCl/H2O solution. 

For the etching the central batch reactor (Figure 2.5) is filled with a fresh 

H2O2/HCl/H2O solution and the cellulose acetate/graphene/copper sample is 

placed on the surface of the etching solution. The etching occurs through the 

following chemical reaction: 

H2O2 + 2HCl + Cu → CuCl2 + 2H2O 

After the copper is completely etched away, fresh water is introduced into the 

central reactor from the inlet tank and the waste solution is extracted from the outlet 
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tank at the same rate using peristaltic pumps, thus converting the system into a 

continuous tank reactor. After the pH of the solution inside the reactor approaches 

that of pure water, the target substrate is positioned onto the bottom of the central 

reactor through a slit designed between the inlet tank and the central reactor. In 

the next step, the water is drained out from the outlet tank at a slow rate allowing 

the cellulose acetate/graphene to lower down onto the substrate. Alternatively, the 

floating cellulose acetate coated graphene can be lifted out from the pure water 

bath with the target substrate. Next, the cellulose acetate/graphene/target 

substrate is transferred to a hot plate and kept at 35 °C for 10 min to remove large 

water droplets trapped between the graphene film and the substrate. The 

temperature is then increased to 200 °C and maintained for 20 minutes to enhance 

the contact between graphene and the substrate. The final 

 

Figure 2.5 Schematic illustration of (a) the CAT method and (b) the reactor for 
simultaneous transferring graphene onto multiple substrates for industrial applications. 
Reprinted with permission from ref.40 (Copyright © 2016 Elsevier Ltd.). 
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step of the transfer process is removing the cellulose film, which is dissolved in hot 

acetone vapors for 5 minutes. The substrate with the graphene is then submerged 

into hot acetone to completely remove the cellulose acetate. The process can be 

easily scaled to simultaneously conduct the graphene transfer on multiple 

substrates as illustrated in Figure 2.5b.  

 

Characterization of the transferred graphene In order to systematically 

investigate the quality of the CAT graphene and compare it with the conventional 

wet transfer method, various characterization tools were employed. Raman 

spectroscopy is a powerful and sensitive technique to characterize the quality of 

carbon materials, specifically graphene.48, 49 The appearance of a D peak in the 

vicinity of 1340 cm-1 generally indicates presence of defects in the sp2 carbon 

network of graphene.48, 50 Other important metrics are the amplitude and spectral 

shape of the G and 2D peaks, observed in the vicinity of 1580 cm-1 and 2700         

cm-1, respectively, which can be utilized to characterize the quality of graphene 

and the number of graphene layers. 49 For example, because the 2D peak is 

sensitive to long range order, higher intensity of the 2D peak is an indication of 

higher crystalline quality of the single layer graphene. 49 Figure  2.6a compares 

representative Raman spectra of graphene samples transferred by the CAT and 

PMMA-assisted methods. The CAT graphene typically gives a Raman spectrum 
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with little or no D-peak as compared to the obvious D peak present in the Raman 

spectrum of graphene after the PMMA transfer. This is an indication of a much 

smaller concentration of defects in the CAT-graphene.  

 

Figure 2.6 (a) Raman spectra of single layer CVD graphene transferred by the CAT and 
PMMA methods. (b-d) Raman intensity maps of D-, G- and 2D peaks, respectively, for 
CAT-graphene on a SiO2/Si substrate. (e-g) Raman intensity maps of D-, G- and 2D 
peaks, respectively, for PMMA-graphene on a SiO2/Si substrate. Reprinted with 
permission from ref.40 (Copyright © 2016 Elsevier Ltd.). 

 

G and 2D peaks are well pronounced in both samples, but the 2D to G peak ratio 

is approximately 2 times higher for the CAT graphene film confirming its higher 

quality as compared to the conventional wet transfer method. Moreover, the slight 

blue shift of the position of G peak and 2D peak of PMMA-graphene compared to 

CAT-graphene indicates that p type dopants were introduced,51, 52 most likely due 

to PMMA residues.53 In addition to the evaluation of the individual spectra (Figure  

2.6a) we conducted a statistical comparison of the quality of the graphene films by 

collecting Raman maps of 20 µm x 18 µm areas. The D, G and 2D peak maps are 
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shown in Figure 2.6b-2.6d for the CAT-graphene and Figure  2.6e-2.6g for the 

PMMA transferred graphene, respectively. Comparison of the D-maps (Figure 

2.6b and 2.6e) shows that most of the area in the case of CAT-graphene is defect 

free and less than 10% of the area displays a relatively small D peak, which 

confirms that the CAT method yields graphene with significantly lower defect 

density as compared to the conventional wet transfer method. Figure 2.6c and 2.6f 

show similar amplitudes of the G peak across both graphene samples, while the 

average amplitude of 2D peak in CAT-graphene sample is about 2 times higher 

than that in PMMA-graphene, which indicates that the CAT method preserves the 

quality of single layer CVD graphene. Overall, Raman spectroscopy shows that 

the CAT-graphene is almost defect free (Figure 2.6b), displaying a relatively 

uniform large intensity 2D peak (Figure 2.6d), while the PMMA-transferred 

graphene displays a prominent D peak throughout the mapped surface (Figure  

2.6e) accompanied with a lower intensity 2D peak (Figure  2.6g). 

 

Atomic force microscopy (AFM) was employed to characterize the surface 

cleanliness and morphology of the graphene transferred by both methods. As 

shown in Figure 2.7a, graphene transferred by the CAT method shows a very clean 

and relatively uniform surface with an average roughness (Ra) of 0.4 nm. The AFM 

images revealed the presence of wrinkles with an average height of ~ 1 nm (Figure 

2.7b). The majority of the wrinkles presumably originate from the growth process 
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of CVD graphene (formed during the cool down step).19 Some wrinkles may be 

introduced during the transfer process by mechanical manipulation or thermal 

expansion due to temperature change. We note that even scotch tape exfoliated 

graphene may have wrinkles. 54 In contrast, the surface of the PMMA-assisted 

graphene is covered with a polymer residue (Figure  2.7d) with a typical height of 

the impurities being > 5 nm and an average roughness of 1 nm, 2.5 times higher 

than in CAT-graphene (Figure  2.7e). The cleanness of the CAT-graphene is 

further confirmed by XPS spectroscopy. Figure 2.7g,h displays typical C1s core 

spectra of graphene samples transferred by the CAT and PMMA methods. The 

CAT-graphene gives rise to a narrow C1s peak with a major contribution from sp2 

hybridized C atoms (284.4 eV) and a shoulder at 285.3 eV associated with sp3 

carbon presumably due to edges and defects.28 The C1s spectrum of the PMMA 

transferred graphene is broad and it can be deconvoluted to five peaks. In addition 

to the sp2 hybridized (284.4 eV) and sp3 hybridized (285.1 eV) carbon peaks, there 

is a significant contribution from C-O species associated with the PMMA residue 

(C-O at 286.5 eV, C=O at 287.5 eV and C-C=O at 289 eV).28  
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Figure 2.7 AFM images (amplitude, height profile and 3D-morphology) of single layer  
CVD graphene on 300 nm SiO2/Si transferred by a-c) CAT method d-f) PMMA method. 
C1s core spectra of single layer graphene transferred by g) CAT and h) PMMA method. 
The peak fits consist of Lorentzian and Gaussian distributions. Reprinted with permission 
from ref.40 (Copyright © 2016 Elsevier Ltd.). 

 

In order to compare the electronic transport properties of the CVD graphene 

prepared by CAT and PMMA transfer, graphene-based back gated field effect 

transistors (FETs) were fabricated on 300 nm SiO2/Si substrates with pre-

patterned Cr/Au electrodes. Relatively large dimensions of graphene devices with 
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a channel length of 0.25 mm and channel width of 1 mm were fabricated in order 

to avoid contamination with resist residues during the photolithography or the e-

beam lithography processes.  After the transfer, the devices were annealed for 2 

hours at 200 ℃ in vacuum prior to measurements. Figure 2.8a shows the transport 

characteristics of the corresponding FET devices. The FET fabricated with the 

CAT-graphene shows sharper and more symmetric transport characteristics in 

comparison with the PMMA-transferred graphene device. The hole and electron 

mobilities extracted from the linear range for CAT transferred graphene are 1695 

cm2V-1s-1 and 1675 cm2V-1s-1, respectively, significantly higher than those obtained 

for the PMMA transferred graphene (450 cm2V-1s-1 for holes and 380 cm2V-1s-1 for 

electrons). 

 

Figure 2.8. FET characterization of graphene transferred onto 300 nm SiO2/Si 
substrates. (a) Drain-source current vs gate voltage of the FET devices. (b) 
Comparison of the mobilities of the large size CAT-graphene and PMMA-
graphene. Reprinted with permission from ref.40 (Copyright © 2016 Elsevier Ltd.). 

 



 49 

The larger difference between the hole and electron mobilities for the PMMA 

transferred graphene device indicates an asymmetry of scattering for the two types 

of carriers, which may be caused by the residual contaminants (Fe3+ and PMMA). 

In principle, higher mobility values were reported in literature for some CVD 

graphene samples,19,55 but those reports typically utilize graphene channels of 

microscopic (<10 μm) dimensions, while the current study was conducted with 

millimeter scale devices in which high mobility is much more difficult to achieve. 

 

Nevertheless, compared with the PMMA transferred method, cellulose assisted 

transfer introduces much fewer residues, and magnetic impurities, which helps to 

largely conserve the transport properties of the original CVD graphene and thus 

obtain higher mobility devices. 

2.3 Sublimation-assisted graphene 
transfer method 
 

 In this section we discuss a method for transfer of ultraclean graphene based on 

the small polycyclic hydrocarbon naphthalene in place of much larger polymers.  

In section 2.3, we discussed a graphene transfer method based on cellulose 

acetate, which produces ultraclean graphene, however, it cannot be applied to 

plastic substrates because the processes involve organic solvents. By replacing 

the large polymers with a small molecule, such as naphthalene, we were able to 
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accomplish the graphene transfer without the necessity of washing with organic 

solvents. 

 An ideal carrier would satisfy three conditions: (1) easy to apply onto the Cu/Ni-

graphene substrate (2) has strong adhesion to graphene (3) easy to remove under 

mild conditions once the graphene has been placed on the target substrate. 

Generally, polymer materials satisfy the first two conditions, but condition 3 

remains a challenge.  

We demonstrate that the naphthalene-assisted transfer (NAT) of graphene is a 

simple and facile technique, which produces high quality clean graphene that can 

be transferred onto arbitrary substrates. The naphthalene is easy to remove by 

sublimation and it does not affect the electronic properties of graphene, making 

this technique suitable for preparation of electronic devices. The transferred 

graphene is characterized with Raman spectroscopy, atomic force microscopy 

(AFM) and scanning electron microscopy (SEM). The transfered graphene was 

also used for the fabrication of field effect transistors with carrier mobilities above 

700 cm2V-1s-1 at 300 K. 

 

2.3.1 Experimental Section 

Naphthalene Assisted Transfer of Graphene 

CVD graphene grown on copper foil was purchased from Nanjing Mknano 

Tech.  Because CVD growth produces graphene on both sides of the copper foil, 
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one side of as-grown monolayer CVD graphene was first removed by oxygen 

plasma (Oxford Plasmalab 100/180 model; forward power 30 W; ICP power 300 

W, etch time 30 s). Naphthalene crystals (Sigma Aldrich) were placed into a small 

beaker and melted on a preheated hotplate at 100 °C. The melted liquid 

naphthalene was drop cast onto the surface of graphene on copper, followed by 

immediate pressing with a glass slide to squeeze out extra naphthalene and leave 

a thin film on top of the graphene.  To prevent adhesion of the naphthalene to the 

glass surface, the slide was covered with a Kapton tape (McMaster, model 

#7361811).  The pressing slide is then removed after the naphthalene has cooled 

(5-10 seconds). To remove the copper, an aqueous solution of H2O2 and HCl was 

prepared by mixing equal volumes of 2 M HCl and 1 M H2O2; the solution etched 

away the Cu substrate (25 μm) underneath the CVD graphene within 10 minutes. 

The graphene sample supported by the naphthalene film was thoroughly cleaned 

by replacing the etching solution with distilled water multiple times. The graphene 

was then lifted with the target substrate, placed in a vacuum oven and kept at 60 

°C for 1 hour to sublime the naphthalene supporting layer. The graphene can be 

further cleaned by immersing it into hot (60 °C) ethanol for 15 minutes to remove 

any remaining adsorbed naphthalene molecules on the surface of graphene; this 

step however is not required for successful transfer of clean graphene.     
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Thermogravimetic analysis (TGA) 

The TGA measurements were performed at a heating rate of 1 °C/min in air with 

a Pyris 1 thermo-gravimetric analyzer (Perkin Elmer).  

 

Raman Spectroscopy and Mapping 

Raman spectra and mapping were recorded with a Nicolet Almega XR 

Dispersive Raman microscope using 532 nm laser excitation and 25% power 

source. The laser spot size is around 1 µm with a 50x objective lens. The 

Raman mapping area for all samples is 10 µm x 10 µm, with a step size of 1 

µm in both x and y directions.  

 

Atomic Force Microscopy (AFM) 

AFM images of graphene films transferred on SiO2/Si substrate were 

collected in a tapping mode with Digital Instruments Nanoscope IIIA. High 

resolution silicon AFM Probes NSG01 (cantilever length 125 um, cantilever 

width 30 um, cantilever thickness 1.5-2.5 um, resonant frequency 87-230 

kHz, force constant 1.45-15.1N/m, NT-MDT Spectrum Instruments NT-MDT 

Spectrum Instruments) were used.   

 

Scanning Electron Microscopy (SEM) 

SEM images were collected with a Leo XB1540 Focused Ion Beam Milling 

system in the cleanroom of the University of California, Riverside. 
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Fabrication of Field Effect Transistors (FETs) 

For the fabrication of field effect transistors, the drain and source electrodes 

(10 nm Cr/100 nm Au) were evaporated by e-beam (Temescal BJD 1800) 

onto 300 nm SiO2/Si substrates following photolithography processes. Next 

the as-grown monolayer CVD graphene was transferred onto the pre-

patterned substrates. The channel   dimensions of the FET graphene device 

are 6 μm (length) and 2 μm (width). The devices were thermally annealed at 

200 ℃ in vacuum (5 x 10-7 torr) prior to measurements to remove 

atmospheric dopants and bring the Dirac point in the vicinity of 0 V.   

 

2.3.2 Results and Discussion  

In this work we replace high molecular weight polymers with the small 

molecule naphthalene as the holding layer in graphene transfer. 

Naphthalene is the smallest polycyclic aromatic hydrocarbon (PAH) and it is 

essentially a dimer of benzene.56 Much like graphene, naphthalene shares 

the same building block - the benzenoid aromatic ring (Figure 2.9), and this 

structural similarity has stimulated theoretical and experimental interest in 

the adsorption of naphthalene on pristine graphene. 
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Figure 2.9. Schematic illustration of the structural similarity between naphthalene and 
graphene: from left to right benzene (monomer), naphthalene (dimer), phenalenyl (trimer) 
and graphene (polymer). Reprinted with permission from ref.43 ( Copyright © 2017  IOP 

Publishing Ltd ).   

 

Calculations have predicted a strong adsorption of the small PAH molecule 

on the honeycomb lattice of graphene due to interactions with a binding 

energy of 763 meV,57 which is comparable to the experimental values 

obtained for graphite.58 The adsorbed naphthalene molecule adapts an 

approximately planar geometry with a preferential AB stacking configuration  

59 making this small PAH a good candidate for a graphene supporting layer 

during transfer. Furthermore, band structure calculations suggest that the 

adsorbed naphthalene molecule does not induce a charge transfer 

preserving the electronic structure of graphene,59 which is important for 

applications in electronics and optoelectronics. Other attractive features of 

naphthalene as a supporting layer are its good casting properties and 

sublimation at room temperature under atmospheric pressure. 60 In fact, 

naphthalene is most known as being used in moth balls as it repels unwanted 

pests upon sublimation. Naphthalene is soluble in most organic solvents and 
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it can be easily spin-coated on top of graphene. Most transfer technique 

utilize spin-coating for the formation of a carrier layer and in our first 

Experiments we spin-coated an ethanol solution of naphthalene on top of 

the CVD graphene. However, we also found that the process can be further 

simplified by coating the graphene films with molten naphthalene, because 

this small PAH melts at relatively low temperature (melting point 80 oC). This 

step allows the formation of a supporting film without the use of any solvent. 

Figure 2.10 illustrates pictures of naphthalene in crystalline and melted form, 

and a TGA graph showing the weight loss of the material at low temperature 

(from room temperature to 100 oC). 

 

Figure 2.10 Crystalline (a) and melted (b) naphthalene. (c) Thermogravimetric analysis 
of naphthalene crystals in air at a heating rate of 1 oC/min; the weight is normalized to 
the initial material weight. Reprinted with permission from ref.43 ( Copyright © 2017  IOP 

Publishing Ltd ).   
 

In a typical experiment the naphthalene is melted in a beaker and drop cast 

onto the surface of the CVD-grown graphene, then pressed with a glass slide 

to ensure good continuous contact.  Once the naphthalene cools into a wax-

like solid, the substrate is placed into the water-based etching solution until 
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the copper foil, supporting the graphene, is dissolved. The naphthalene film 

provides a good mechanical support for the graphene through this step 

because of the naphthalene’s low solubility in water, due to its nonpolar 

character. In the next step, the naphthalene-supported graphene is placed 

onto the target substrate and it is sublimed in air (or vacuum) leaving a clean 

graphene film. The transfer process is schematically illustrated in Figure  

2.11. 

 

Figure 2.11. Schematic illustration of the naphthalene assisted transfer of 
graphene. Reprinted with permission from ref.43 (Copyright © 2017 IOP Publishing 
Ltd).   

 

The cleanliness of the transferred graphene was evaluated by AFM and 

SEM and representative images of the transferred graphene are shown in 

Figure 2.12. Both characterization techniques reveal a very clean graphene 

surface which is associated with the clean removal of the supporting 

naphthalene layer by sublimation. This is an important advantage of the 

sublimation-assisted transfer method over the conventional polymer- 
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assisted transfer techniques, which require tedious cleaning steps to remove 

the polymer and obtaining residue-free graphene remains problematic. 

Figure 2.12.  Characterization of the transferred graphene. (a) AFM and (b) SEM images 
after transfer of graphene on SiO2/Si substrate; (c) Raman spectrum of a single layer CVD 
graphene transferred by NAT method. (d-f) Raman intensity maps of 10 μm x 10 μm areas 
of D, G, and 2D peaks, respectively. Reprinted with permission from ref.43 ( Copyright © 
2017  IOP Publishing Ltd ).   
 

 

The solvent free and low temperature removal of the supporting layer makes 

the naphthalene-assisted graphene transfer technique suitable for transfer 

on virtually any substrate, especially flexible plastic films that are widely used 

as substrates for transparent electrodes or flexible electronics. The 

transferred graphene was further characterized with Raman spectroscopy. 

This analytical technique is routinely used for evaluation of graphene 

quality.49 61 The characterization typically involves analysis of several distinct 

peaks: the G peak corresponding to the high-frequency E2g phonon at the 

Brillouin zone center, the D peak related to the breathing modes of the six-

2D G D 
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atom rings which becomes Raman active in the presence of defects, and the 

2D peak  (overtone of D-peak) that appears as a single sharp peak with 

much higher intensity than the G peak and does not require defects for 

activation. Doping of graphene is known to shift the position of G and 2D 

peaks and to significantly decrease the ratio of 2D to G peak intensities. 61 

Typical Raman spectrum and Raman maps of the D, G and 2D peaks are 

shown in Figure 2.12 (e-g). The Raman spectra showed a small or no D 

peak, which confirms the good quality of the transferred graphene film. The 

G peak was observed at 1589 cm-1, indicating absence of doping. Because 

charge transfer or doping changes the Fermi level of graphene, doping 

results in shift of the G band position and it has been reported to upshift the 

peak for both electron and hole doping.51 The fact that naphthalene 

preserves the pristine state of graphene is also manifested in the strong 2D 

peak at 2683 cm-1 observed in the Raman maps of 10 µm x 10 µm areas 

(Figure 2.12f). It is known that both the intensity and the position of the 2D 

peak are downshift for high electron doping. 52 62  

 

To determine the electronic properties of the NAT graphene, field effect transistors 

were fabricated and tested. The optical image of a typical NAT-graphene FET 

device with dimensions of 6 μm (length) and 2 μm (width) is shown in Figure 2.13a.  
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Figure 2.13. Electrical properties of a NAT-graphene FET on 300 nm SiO2/Si. (a) 
Optical image of a typical FET graphene device. (b) Conductivity versus gate voltage 
recorded at drain-source voltage of 0.01 Volt. Reprinted with permission from ref.43 ( 
Copyright © 2017  IOP Publishing Ltd ).   

 

Figure 2.13b illustrates the corresponding conductivity versus gate voltage after 

thermal annealing.  Figure 2.13 shows a representative I (Vg) curve of a 

graphene FET device.  The curve shows symmetric transport characteristics 

with the Dirac point at 0V. The extracted values of hole and electron 

mobilities are in the range of 700 cm2V-1s-1 with an on-off ratio of 2.3 at 30 

Volt. 

 

In summary, we have developed a new single molecule-based transfer 

method for graphene. This new method is simple and avoids the use of 

difficult to remove polymers. By replacing high molecular weight polymers 

with low molecular weight small molecules, high quality graphene films can 

be easily obtained. The ability of naphthalene to sublime at room 

temperature is one of the most attractive features for transfer of graphene 
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on substrates that have chemical incompatibility with organic solvents or 

thermal restrictions. The availability of clean graphene films will facilitate the 

progress in understanding the formation of organometallic interconnects in 

extended pi-conjugated carbon systems. 8,7,63  

 

2.4 Conclusions 
 

Because graphene is one atom thick material, its electronic properties are 

sensitive to interference from contaminations. Furthermore, chemists and 

chemical engineers, need access to ultraclean graphene in order to study 

the chemical reactivity of the material and develop advanced structures and 

devices. However, PMMA residues are notoriously hard to remove as in 

conventional PMMA wet transfer method, which restricts the applications of 

CVD graphene in chemistry and chemical engineering. In section 2.3, we 

reported a superior cellulose assisted (CAT) graphene transfer method, 

which gives much cleaner transferred graphene films, improves the 

efficiency of the transfer processes and reduces the cost dramatically.  

 

Although the CAT method exhibits numerous advantages compared to 

conventional transfer methods, it is still difficult to apply to plastic thin film 

(such as PET) substrates for the fabrication of graphene based flexible 

electronics. Therefore, a graphene transfer that utilizes mild conditions for 
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removal of the supporting layer is developed as described in section 2.4. The 

naphthalene assisted graphene transfer technique provides a reliable route 

to residue-free transfer of large area graphene to both hard and flexible 

substrates. The ability of naphthalene to sublime at room temperature is one 

of the most attractive features for transfer of graphene on substrates that 

have chemical incompatibility with organic solvents or have thermal 

restrictions. The NAT method can broaden the application of CVD graphene 

in flexible electronics, spintronics, and fields where ultraclean graphene and 

mild graphene transfer conditions are required. 

  

The main advantages of the CAT and NAT methods in comparison with other 

graphene transfer techniques are summarized in Table 2.1. 

 

Table 2.1 Comparison of several parameters of different graphene transfer methods. 
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In summary, just as no solvent can dissolve universally all substances, there is no 

unique graphene transfer method that can fulfill all purposes. The future 

development of graphene transfer methods need to move towards low cost, 

ultraclean graphene surface, scalability, and simplification until ultimately CVD 

graphene can be grown on various insulating substrates that will eliminate the 

need for transfer.  
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Chapter 3. Organometallic Chemistry 
of Carbon Nanomaterials  
 
Organometallic complexes of carbon materials are potentially useful for 

interconnecting the graphitic surfaces and therefore increasing the dimensionality 

of graphene and carbon nanotubes, and this potentially leads to increased 

electrical conductivity.1, 2 

 

When it comes to the interaction between metals and graphitic surfaces, there are 

three different mechanisms: (a) physisorption, in which the fundamental force is 

van der Waals interaction; (b) ionic chemisorptions (doping), in which a large 

amount of charge transfer occurs between the metal and the graphitic surface; the 

main feature of this interaction is that the carbon band structure is well preserved; 

and (c) covalent chemisorption, in which the original band structure of the carbon 

material is largely affected by rehydridization of the carbon atoms from sp2 to sp3. 

We regard (c) as destructive rehybridization because it results in decreased 

conductivity and reduced carrier mobility. Recently the Haddon research group has 

demonstrated a fourth mechanism: (d) chemisorption, with the formation of bis-

hexahapto bonds between the metal and graphene surface and we refer to this 

mechanism as constructive rehybridization.  

 

The motivation of this research is to make use of the organometallic chemistry of 

graphene and aligned single walled carbon nanotubes (SWNTs) to design new 
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materials and pave the way to their commercial applications in advanced 

electronics and spintronics. 

 

3.1 Organometallic Chemistry of 
Graphene  

 

3.1.1 Introduction  

Graphene has received a great deal of attention in recent years,3 with anticipated 

applications in material science4, biotechnology5, electronics6, 7 8, 9 and 

spintronics.10  Furthermore the interaction between metals and graphene surfaces 

has long been a popular topic.11-16 In fact, bulk materials composed of single-layer 

graphene (SLG) sheets have been known for many years as exemplified by the 

stage 1 graphite intercalation compounds (GICs) such as KC8, similarly the stage 

2 GICs contain bilayer graphene and this continues up to at least the stage 4 

compounds.17 The Haddon research group pioneered the organometallic 

chemistry of the tricoordinate conjugated carbon allotropes.18-20 Previous work has 

explored particularly carbon nanotubes and it was shown that the formation of 

covalent bis(6-SWNT)M bonds (where M = metal) is an effective way to 

interconnect the junctions of the SWNTs in thin films leading to an enhanced 

electrical conductivity in the case of the some of the first row transition metals (Ti, 

V, Cr, Mn, Fe),1 the group 6 metals (Cr, Mo, W),21 and the lanthanides (La, Nd, Sm, 

Eu, Gd, Dy, Ho, Yb).22, 23  It would be expected that the same chemistry could be 
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applied to the insertion of transition metals between pairs of parallel graphene 

surfaces to generate compounds analogous to the GICs in which the ionic bonds 

characteristic of the GICs are replaced by covalent bis-hexahapto bonds,20 and 

there is strong theoretical evidence for this mode of bonding.24-28 But the 

compounds cannot be prepared by the routes usually employed for the synthesis 

of GICs because of the absence of charge transfer in the transition metal 

complexes.2  

 

In this work, we have pursued the hexahapto-graphene half sandwich compounds 

by photochemistry (Chapter 3.1.2) and graphene sandwich compounds by both 

photochemistry and metal vapor synthesis. (Chapter 3.1.3)  

 

3.1.2 Graphene Half Sandwich Complexes  

Introduction  

The electronic structure of graphene makes this material an ideal substrate for 

hexahapto complexation reactions; because the valence and conduction bands of 

graphene touch at the Dirac point, both the degenerate bonding (e1g) and anti-

bonding (e2u) benzene -orbitals are readily available for hybridization with the 

transition metal d-orbitals. Importantly, this induces structural rehybridization or 

perturbation of the graphene electronic structure. Recently, a number of high level 

calculations have been published which confirm the viability of the hexahapto 
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organometallic bond to the benzenoid rings in carbon nanotubes and graphene.24-

28 We have also reported a facile photochemical route for introducing 

organometallic interconnects to SWNT junctions. Here we investigate the 

interaction of the group 6 transition metal reagents with the surface of a single layer 

graphene based on similar methods. 

Experimental Section 

Preparation of graphene device on glass substrates 

As-grown single layer CVD graphene (Graphene Supermarket, USA) was 

transferred to pre-patterned electrodes by the CAT method as described in 

Chapter 2.3. Briefly, CVD graphene on copper was spin-coated with cellulose 

acetate dissolved in acetone, followed by etching the Cu foil in an H2O2/HCl etching 

solution. After transfer the sample (graphene/cellulose acetate film) onto a glass 

substrate with pre-patterned electrodes, the cellulose acetate was washed away 

with acetone. The samples were annealed in vacuum at 200 ℃ for 2 hours inside 

a glass tube and immediately transferred into a glove box for conducting the 

photochemical reactions.  

Fabrication of graphene field effect transistor 

We use the methods described in Chapter 2.3.1 for the fabrication of graphene 

FET devices. Technically, drain and source electrodes (10 nm Cr/100 nm Au) were 

evaporated by e-beam onto 300 nm SiO2/Si substrates with a shadow mask. Then 
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as-grown monolayer CVD graphene was transferred onto the pre-patterned 

substrates by the CAT method, described in Chapter 2.3.1. The channel 

dimensions of all graphene devices are 0.25 mm (length) x 1 mm (width). No 

photolithography patterning was employed to exclude the effect of photoresist 

residues on the electronic properties of the transferred graphene samples. 

Thermal annealing at 200 ℃ in vacuum (5 x 10-7 torr) was performed before the 

photochemical reaction to remove atmospheric dopants and bring the Dirac point 

in the vicinity of 0 volts.   

 

Photochemical reaction conditions 

Solutions of Mo(CO)6 (Sigma Aldrich 98%) and W(CO)6 (Alfa Aesar 97%) were 

prepared in degassed acetonitrile inside a glovebox at a concentration of 1  10-3 

M. A drop (~0.1 mL) of solution was cast onto the graphene samples inside the 

glovebox, followed by irridation with light sources. We employed the following light 

sources for different reagents: Cr(CO)6 , Mo(CO)6  and W(CO)6 [UVC, 254 nm], 

Cr(6-benzene)(CO)3 [UVA, 365 nm], Cr(6-benzene)2 [room light].  

 

Characterization 

The resistance was recorded with a Keithley 236 source measure unit controlled 

by a Labview program, and FET data was measured with a Keithley 236 source 

measure (gate voltage) and Keithley 6517A electrometer (drain-source voltage) 
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driven by  Labview programs. The resistance was converted to conductivity based 

on the dimensions shown in Figure 3.2a providing the thickness of SLG is 0.35 

nm. UV-vis spectroscopy of the transitional metal hexacarbonyle reagents was 

obtained with a Varian Cary 5000 spectrophotometer.  

 

Results and discussion 

As chromium reagents are vulnerable to oxidation and clean graphene surfaces 

are very sensitive to dopants from air, the experiments were conducted in a 

glovebox under argon atmosphere conditions. The UV-vis spectra of three 

chromium reagents Cr(CO)6, Cr(6-benzene)(CO)3, and Cr(6-benzene)2
29 and 

Group VI transition metal carbonyles in aceonitrile are shown in Figure  3.1; the 

wavelength of light used to initialize the reaction of those carbonyles with single 

layer grahene is indicated by a dash line. 
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Figure 3.1. UV-vis of (a) Cr(6-benzene)2, (b) Cr(6-benzene)(CO)3, (c) Cr(CO)6, (d) 

Mo(CO)6 and (e) W(CO)6 dissolved in acetonitrile and the wavelength of light used in the  
photochemical experiments described in this chapter. 

 

For hexacarbonyles (Figure 3.1c-e), UVC (254 nm) was used, while for Cr(6-

benzene)(CO)3 (Figure 3.1b), UVA (365 nm) was employed,  visible light is enough 
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for reaction with Cr(6-benzene)2 (Figure 3.1a).  The  schematic of the 

photochemical reaction performed on SLG is shown in Figure  3.2a.   

 

Figure 3.2. (a) Schematic of the photochemical reaction on SLG inside a glovebox. (b) 

Evolution of conductivity of SLG films on photochemical reaction with 3 different chromium 
reagents. (c) Conductivity enhancement of graphene half sandwich complexes formed 
with each chromium reagent.    

 

After annealing, the graphene devices were transferred into a glovebox and 

electrically connected to outside measure unit Keithley 236 through feed throughs 

on the back of the glovebox. The reaction of Cr(6-benzene)2 with SLG occurs as 

soon as we cast a drop of the reagent on the graphene surface in the presence of 
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room light. However, for reagents Cr(CO)6 , Mo(CO)6  and W(CO)6 UV light of 254 

nm is necessary to initiate the reaction, and for Cr(6-benzene)(CO)3 exposure to 

UV light of 365 nm gives higher enhancement of the SLG conductivity.  As reported 

in the literature, Cr(CO)6 will lose the CO ligands successively upon exposure to 

UV light,30, 31 the highly reactive intermediates will complex with inert ligands, in 

this case, acetonirtile to form a complex Cr(CO)3(CH3CN)3; as we have shown in 

our previous work this complex reacts with the graphene surface of SWNTs 

immediately, and the results in Figure 3.2b show that the conductivity of SLG 

increased abruptly ~ 4 times. It is reasonable to postulate that CH3CN in 

Cr(CO)3(CH3CN)3  was replaced readily by graphene to form Cr(6-

graphene)(CO)3, which preserves the delocalized band structure of graphene due 

to the constructive rehybridization of the graphene -system with the vacant 

chromium d orbital. The proposed reaction pathways for M(CO)6 (M=Cr, Mo and 

W) are shown in Sheme 3.1.  Theoretical calculations predict that significant 

coverage of the graophene surface with Cr(CO)3 ligands increases the density of 

states near the Fermy level, which will thus increase the conductivity of a single 

layer graphene.28 However, as the diameter of the transition metal increases, the 

interaction between the metal complex with the graphene surface decreases, 

which is reflected less enhancement of the conductivity for Mo(6-graphene)(CO)3 

and W(6-graphene)(CO)3 complexes as evidenced in Figure 3.2b.  
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The photochemistry of Cr(6-benzene)(CO)3 is complicated, as both arene 

exchange and CO loss can occur during exposure to UV light. From the slope of 

the curves in Figure 3.2b, we estimate that the reaction rate of the chromium 

reagents with graphene follow the sequence: Cr(6-benzene)2 > Cr(6-

benzene)(CO)3 > Cr(CO)6. This indicates that both arene exchange and CO loss 

take place in the case of Cr(6-benzene)(CO)3,. However, the coverage of 

organometallic groups on the surface of graphene is low, as Cr(6-benzene)(CO)3 

gives the least enhancement of conductivity among all three chromium reagents.  

     The proposed mechanisms of photochemical raction of Cr(6-benzene)2 with 

SLG is shown in Scheme 3.1, electron transfer processes from Cr(6-benzene)2  

to graphene are responsible for the accelerated exchange of the arene ligand.    

 

Scheme 3.1 Photochemical reaction schemes for single layer graphene (SLG) with (a) 

Cr(6-benzene)2  (b) Cr(6-benzene)(CO)3  and (c) Cr(CO)6    
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As we mentioned above, theoretically the twofold degeneracy at the Dirac point 

facilitates the hybridization of both the degenerate bonding (e1g) and anti-bonding 

(e2u) benzene -orbitals with the d-orbitals of the transition metals. In order to 

explore the effect of Dirac point on the graphene’s reactivity, we fabricated 

graphene field effect transistors and conducted the photochemical reactions with 

Cr(CO)6. For these experiments the graphene devices were gated at different 

voltages to shift the Fermi level away from the Dirac point. Thus, three 

experimental conditions were selected and the reactions were conducted at the 

Dirac point, typical for pristine graphene, at negative gate voltage to shift the Fermi 

level into the graphene valance band and at positive gate voltage to shift the Fermi 

level into the graphene conduction band. The results are shown in Figure  3.3.  

 

When the reaction was conducted at the Dirac point, there was maximum 

enhancement of the graphene conductivity, which indicates strong reaction and it 

is presumably associated with a largest coverage of chromium carbonyl ligands. 

While when the reaction was performed at negative gate voltage [Dirac point – 10 

volts], the conductivity enhancement was about 70% of that achieved at the Dirac 

point.  When we increased the gate voltage to positive values [Dirac point + 60 

volts] there was only small change of conductivity (~ 5%). In summary, we 

demonstrated that the special electronic structure of graphene at the Dirac point 

expedites its organometallic chemistry.  
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Figure 3.3 Conductivity enhancement of SLG reacted with Cr(CO)6 under different gate 

voltage.  

 

Conclusion  

In conclusion, we successfully synthesized graphene-transition metal half 

sandwich structures by a facile photochemical route and demonstrated that the 

new materials have enhanced conductivity as compared to pristine graphene. 

Based on the conductivity enhancement we estimate the following reactivity order 

of the transition metal reagents towards graphene: Cr(6-benzene)2 > Cr(6-

benzene)(CO)3 > Cr(CO)6 > Mo(CO)6 > W(CO)6. Furthermore, we demonstrated 

that the reactivity of graphene reaches its maximum at the Dirac point, while away 
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from the  Dirac point the reaction is suppressed. This work may have potential 

applications in graphene based electronics, spintronics and catalysis.  

 

3.1.3 Graphene Sandwich Complexes 

Introduction 

The interaction between metals and graphene surfaces has fascinated 

researchers for a long time. For example, graphite intercalation compounds (GICs) 

(CaC6) have demonstrated high Tc (11.5 K) superconductivity.32 However, charge 

transfer is needed for metals to intercalate into the space between two graphene 

layers in graphite.17  Recently the Haddon research group has pursued the 

organometallic chemistry of the tricoordinate conjugated carbon allotropes18-20 with 

particular emphasis on carbon nanotubes and has shown that the formation of 

covalent bis(6-SWNT)M bonds is an effective way to interconnect the junctions of 

the SWNTs in thin films leading to an enhanced electrical conductivity in the case 

of the some of the first row transition metals (Ti, V, Cr, Mn, Fe),1 the group 6 metals 

(Cr, Mo, W),21 and the lanthanides (La, Nd, Sm, Eu, Gd, Dy, Ho, Yb).22, 23  It would 

be expected that the same chemistry could be applied to the insertion of transition 

metals between a pair of parallel graphene films to generate compounds 

analogous to the GICs in which the ionic bonds characteristic of the GICs are 

replaced by covalent bis-hexahapto bonds. Theorecal calculation33 and TEM 

invesitgation34 have shown that transition metal (TM) can migrate on the surface 
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of graphene due to lower binding energy between TM and graphene surface. 

However, to the best of our knowledge, no thereotical calculations and 

experimental work have been done to interconnect two macroscopic graphene 

layers by group 6 transition metals as shown in Figure  3.4. In this work, we 

pursued a route to introduce chromium transition metals into the space between 

two SLCVD graphene and monitored the effect of the interaction of chromium 

atoms with two graphene surfaces on the conductivity of the samples.   

Figure 3.4. Schematic of the formation of a graphene-metal-graphene sandwich 
complex.  

 

Experimental Section 

Device fabrication The evenly spaced (1mm) electrodes (10nm Cr/ 100 nm Au) 

on glass substrates were fabricated with a shadow mask by E-beam evaporation. 

Graphene was transferred by the naphthalene-assisted method described in 

Chapter 2.3. Semiconducting (Sc-) SWNT thin films were prepared by vacuum 

filtration using aqueous suspensions of semiconducting nanotubes (Nanointegris 

Inc). A cellulose ester membrane (Millipore VCWP) was put on the vacuum filter 

and a specific volume [calculated based on the concentration of the SWNT 

dispersion and the film density - 1.2 g/mL] of the Sc-SWNT suspension was filtered 
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through the membrane to prepare the corresponding Sc-SWNT random network 

thin film. All devices were annealed under high vacuum at 300 ℃ for 8 hours before 

conducting the experiments.  

 

Results and discussion 

In our previous work, we have shown that 0.6 nm Cr deposition on the clean 

surface of a single layer chemical vapor deposition (SLCVD) graphene  film can 

reduce the graphene conductivity by a factor of ~ 2, which we assigned to 

scattering effects or dissociation of C-C bond catalyzed by chromium atoms.15. 

Density functional theory shows that the transition metal ad-atoms on pristine 

graphene should be mobile at room temperature due to low migration barriers.33. 

Although theoretical calculations on the interaction of chromium atoms with two 

graphene surfaces is needed, it is reasonable to expect that Cr adatoms will also 

be mobile between two graphene surfaces. We tested this assumption by 

preparing the graphene-SWNT-graphene devices as shown in Figure 3.5a.  

 

In a typical device, one macroscopic SLCVD thin film was transferred by the clean 

naphthazarine-assisted graphene transfer method reported in Chapter 2.3. The 

graphene film covered all four evenly spaced electrodes on the glass substrate to 

yield a device with a channel length of 1 mm. Then a 8 nm Sc-SWNT thin film was 

placed next to the outer electrode at one end on top of the bottom layer graphene. 

Finally, another layer of SLCVD graphene thin film was placed on top with the edge 
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aligned with the edge of the outer electrode next to the Sc-SWNT film (Figure 3.5a).   

The function of the Sc-SWNT film here is to act as a spacer and introduce Cr atoms 

into the space between the two graphene layers, as Sc-SWNT was sandwiched 

between the two graphene films. Due to the known mobility of the Cr atoms on 

graphitic surfaces, we anticipated that the Cr atoms could move through the 

nanotube network towards the space between the two graphene layers and bridge 

the top and bottom layers graphene. The devices were annealed in vacuum at 300 

℃ for 8 hours in order to remove the dopants. A mica thin film was used as a mask 

to block the direct deposition of chromium atoms on the top graphene layer. As 

shown in Figure 3.5a bottom right, only the Sc-SWNT thin film on the bottom 

graphene layer was exposed to Cr atoms.  The resistance of three different zones 

of the devices was monitored in-situ during the deposition and the results are 

shown in Figure 3.5b. In contrast with SLCVD graphene, the conductivity of Gr- 

CNT-Gr device doubled in all three zones, which indicates that Cr atoms are highly 

mobile between two graphene films and have penetrated into the space between 

the pair of graphene films even in zone 3, which is further away from the metal 

deposition spot. The abrupt decrease of conductivity immediately after the Cr 

deposition started may be caused by thermal effect, as graphene is one of the best 

thermal conductors; the conductivity of graphene in zones 1-3 decreased 

simultaneously due to increase of the device temperature.  Interestingly, as the Cr 

atoms start to migrate in the direction of the red arrow (Figure  3.5b), the 

conductivity of graphene in zone 1 starts to increase after 
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Figure 3.5. (a) Three views of a typical Gr-SWNT-Gr device employed in this study. (b) 
Evolution of on the in-plane conductivity of the device with e-beam deposition of Cr atoms 
between two graphene layers.   
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0.1 nm deposition of Cr at the right end of the device. Similarly, the conductivity of 

graphene in zone 2 and zone 3 starts to increase upon 0.17 nm and 0.19 nm Cr 

deposition, respectively. This shows a dynamic process of the evolution of Cr 

atoms between two macroscopic parallel graphene layers.  Based on the data in 

Figure 3.5b the migration rate of Cr atoms between two SLCVDG is calculated to 

be  (40~195) μm/s. 

 

In order to further investigate the mechanism of Cr migration and the conditions 

for Cr to reach such a high mobile rate, we conducted two reference experiments, 

in which we employed device configuration as shown in Figure  3.6a.  In the first 

reference experiment, an 8 nm Sc-SWNT film (width: 2 mm) was transferred onto 

the evenly spaced pre-patterned electrodes (channel length: 1 mm) on glass 

substrate. In the second reference experiment, the bottom layer of SLCVD (width: 

2 mm) and the top Sc-SWNT layer (width 2 mm) were transferred onto the 

substrate subsequently. Then a thin Kapton film with a hole (diameter: 80 𝛍𝐦 was 

placed on top of the device so that the hole was located on top of zone 1. The 

edges of the Kapton film were further sealed with a Kapton tape. After annealing, 

the devices were loaded into the e-beam evaporator and exposed to Cr atoms (Cr 

film thickness up to 1.5 nm). The resistance of devices was monitored in-situ by a 

Keithley 2700 multimeter connected to the device by a feed hrough at the bottom 

of the e-beam chamber. As shown in Figure  3.6b, the conductivity of zone 1 

increased only ~2 times as compared to enhancement of ~ 100 times achieved for 
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SWNT films fully exposed to 1 nm Cr atoms.1 And there is almost no change of the 

device conductivity in zones 2 and 3, which may be due to the presence of oxygen 

groups on the surface of the glass substrate that can trap and oxidize the Cr 

adatoms, therefore inhibiting the atoms  migration. This hypothesis can be further 

confirmed by the results of the second reference experiment as shown in Figure  

3.6d. 

 

Figure 3.6 (a) Device configurations, carbon films were transferred to evenly-spaced pre-

patterned electrodes on glass substrates. A Kapton thin film with a hole (d=80 um) in 
zone1 was used as a shadow mask for chromium deposition. The edges of the film were 
sealed with a Kapton tape. (b) SEM image of an 8 nm Sc-SWNT random network. (c) 
Conductivity evolution for the Sc-SWNT thin film only (top) upon chromium evaporation. 
(d) Conductivity evolution for a device of SLG (bottom) + Sc-SWNT thin film (top) upon 
chromium evaporation.  
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In this experiment, zones 1 and 2 exhibit a decrease of the film conductivity, with 

a larger decrease observed in zone 1 (~ 7% upon deposition of 0.1 nm Cr atoms), 

while the conductivity of zone 2 by ~ 4. Zone 3 did not show obvious change of 

conductivity. 

 

Based on these results we obtain the following order of Cr migration rate in the 

different carbon systems: Gr-Gr > Gr + Sc-SWNT > Sc-SWNT. We assume that 

the higher migration rate observed in the configurations that contained graphene 

is that the bottom layer graphene can protect Cr from oxidation by oxygen groups 

of the substrate. Another possible reason is that Cr atom may be more mobile on 

flat graphene surfaces. 

 

In order to further explore the reason for conductivity decrease after Cr deposition 

observed in Figure 3.6d, and better understand the underlying mechanism, we 

conducted another set of experiments as shown in Figure  3.7abc.  Figure 3.7d 

shows a comparison of the conductivity change during Cr deposition on devices 

with different configurations. When Gr + 8 nm Sc-SWNT was fully exposed to 0.1 

nm Cr, we observed a small increase of the conductivity, which is in contrast with 

the results in Figure 3.6d, and may  indicate that the migration distance for Cr in 

configuration [SLCVD graphene + 8 nm Sc-SWNT] is not as large as in the 

configuration with SLCVD graphene only.  Therefore, the Cr migration rate in 
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different carbon system follows this order: Gr-Gr > Gr > Gr + Sc-SWNT> Sc-

SWNT. 

 

 

Figure 3.7 Device configurations of (a) SLG+Sc-SWNT (b) Sc-SWNT (c) SLG. (d) 
Evolution of conductivity for corresponding devices upon Cr evaporation.  

 

We also used photochemical routes to prepare the chromium complexes with a 

pair of SLCVD graphene layers. As shown in Figure 3.8a, similar configuration with 

the device illustrated in Figure 3.5a, Sc-SWNT is used to introduce Cr reagent to 

the space between two graphene layers. The reaction is conducted inside a 

glovebox under argon atmosphere. As soon as we cast a drop of the chromium 

reagent onto the Sc-SWNT sandwiched between two SLCVD graphene layers, UV 

light [UVC for Cr(CO)6 and UVA for Cr(6-benzene)(CO)3] was shed on the whole 
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device. Interestingly, without casting reagent to the device between the two 

electrodes, the conductivity of our samples increased by ~ 1-1.5 times, which is 

consistent with results from metal vapor synthesis (MVS) as shown in Figure 3.5b, 

which supports the proposed mechanisms.   

 

 

Figure 3.8. (a) Device configuration for the photochemical generation of graphene-Cr-
graphene sandwich complexes. (b) Conductivity enhancement for two Cr reagents – 
Cr(CO)6 and Cr(Benzene)(CO)3.  

 

Conclusion 
 
In summary, we successfully synthesized Graphene-Cr-Graphene sandwich 

compounds using both metal vapor synthesis and photochemical methods, where 

the pair of graphene was interconnected with Cr atoms through the formation of 

covalent bishexahapto bonds. This new graphene sandwich complexes show 

increased of the in-plane conductivity, which indicates preserved conjugation of 

the π electrons. We also observed a fast migration rate [(40~195) /s ] of the Cr 
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atoms between two graphene surfaces. The Cr migration rate in different 

configurations follows the order: Gr-Gr > Gr> Gr + Sc-SWNT> Sc-SWNT. These 

compounds have potential applications in catalysis, electronics and spintronics. 

Moreover, these systems may exhibit superconductivity when the transition metal 

atoms are arranged in a specific order.  

 

3.1.4 Application of organometallic chemistry to 
graphene nanoplatelets 

 

Introduction 

 
Graphene nanoplatelets (GNPs) are a particularly attractive material for a number 

of applications due to their large scale production, and the availability of simple 

routes to solution-based and film-based material forms.35-38 The organometallic 

chemistry was previously attempted to enhance the conductivity of exfoliated 

GNPs by thermal processing under pressure, but this was not successful, perhaps 

due to the large particle sizes and the exposure of the samples to the atmosphere 

during the preparation.37, 39  In the present section, we explore the organometallic 

chemistry of a new form of GNPs prepared by PPG Industries 

(http://corporate.ppg.com/Home.aspx) (PPG GNPs) in which the size of the GNPs 

is much smaller than that of the conventional exfoliated GNPs prepared from 

natural graphite. The PPG material possesses a crinkled morphology which should 

facilitate the interconnection of the graphene surfaces of different PPG GNPs and 

allow the formation of bis-hexahapto bonds between adjoining graphene surfaces 
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within distorted individual PPG GNPs, thereby facilitating the formation of a novel 

3D-connected material, as shown in Figure  3.9. Thus, it may be possible to 

conserve the extraordinary physical and chemical properties of graphene in the in-

plane direction, while interconnecting and improving the interactions between 

adjacent GNP sheets by the formation of bis-hexahapto covalent bonds in the 

orthogonal directions, throughout the solid material (Figure  3.9). We make use of 

metal vapor synthesis (MVS)1, 2  and photochemical29 routes for the preparation of 

the transition metal complexes which are carried out in vacuum and in the 

atmosphere of a glove box, respectively, while the conductivities of the thin films 

of PPG GNPs are monitored in situ. 

 

 

Figure  3.9. Schematic of the formation of metal complexes with the surface of PPG 
GNPs. Different colors of PPG GNPs represent different nanoparticles. Reprinted with 
permission from ref.58 ( Copyright © 2016, American Chemical Society).   
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Experimental Section 
 
Exfoliated graphene (XG). For the Raman spectroscopy, XG was exfoliated by 

the scotch tape method40 from Highly Oriented Pyrolytic Graphite (HOPG) (Union 

Carbide Corporation, grade ZYH).  

Epitaxial graphene (EG). For the Raman spectroscopy EG was grown on the C-

face of a SiC substrate (Cree Inc, High purity) and was obtained from the de Heer 

group (Georgia Tech). 

Single Layer Graphene transfer. Single layer graphene grown by chemical vapor 

synthesis on copper (Graphene Supermarket) was transferred onto glass 

substrates using literature methods.41.  

PPG GNP thin film preparation. PPG GNP powders (obtained from the PPG 

Industries) were dispersed in tetrahydrofuran (THF) at a concentration of 0.03 

mg/mL; the dispersion was then sonicated for 1hr (VWR Ultrasonic Cleaner, Model 

No.75T).  Then the solution was sprayed onto a glass substrate with pre-patterned 

electrodes at 70 ℃. For conductivity measurement, the samples were annealed in 

vacuum for 5 hours at 300 ℃ in order to remove atmospheric dopants. 

Metal vapor synthesis (MVS). After vacuum annealing, the samples were 

transferred into a cryopumped Temescal BJD 1800 E-beam evaporator and the 

system pumped for 10 hours until the vacuum inside the chamber had reached 8 

 10-7  Torr.    

Photochemistry. Same conditions as described in Chapter 3.1.2. Solutions of 

Mo(CO)6 (Sigma-Aldrich 98%) and W(CO)6 (Alfa Aesar 97%) were prepared in 
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degassed acetonitrile inside a glovebox at a concentration of 1 × 10−3 M. The 

protocol for the chromium organometallics is described in a previous paper.35 We 

employed the following light sources: Cr(CO)6, Mo(CO)6 and W(CO)6 [UVC, 254 

nm], Cr(η6-benzene) (CO)3 [UVA, 365 nm], Cr(η6-benzene)2 [room light]. 

Conductivity measurement. The samples were interfaced with a computer 

controlled Keithley 2700 Model 7708 Differential Multiplexer by use of feed troughs 

and wire harnesses.    

SEM. PPG GNPs were dispersed in dimethylformamide (DMF) in sufficient 

concentration to make samples of areal density 5 g/cm2 after filtration through an 

Al2O3 membrane (Whatman 0.02 µm). Pt/Pd was sputtered on the surface of the 

sample before conducting the GeminiSEM study.  

Raman spectroscopy. Raman spectra were acquired with a Nicolet Almega XR 

Dispersive Raman microscope using 532 nm laser excitation and 25% power 

source.  

Optical Microscopy. Optical microscope images of sprayed PPG thin film 

samples were obtained with Olympus BX51W1 microscope.  

Measurement of film thickness. Cross-sectional profiles for thin film samples 

were obtained with a Dektak Profilometer. 

UV-Vis-NIR spectroscopy. Absorption spectra of 0.03 mg/mL THF dispersions of 

PPG graphene nanoparticles were collected utilizing a Varian Cary 5000 

spectrophotometer. The absorption spectra were measured using cuvettes of 2 
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mm light path length.  The dispersions were prepared by 1 hour sonication (VWR 

Ultrasonic Cleaner, Model No.75T).  

AFM. PPG GNP powders were dispersed in ortho-dichlorobenzene by 

ultrasonication (VWR Aquasonic HT250 bath sonicator) for 20 min. A drop of the 

dispersion was placed on a mica substrate, allowed to dry and the images were 

collected in a tapping mode (Digital Instruments, MMAFM-2). For the PPG GNP 

thin films a Dimension 3100 Nanoman Veeco AFM was employed to characterize 

the morphology with a golden silicon probe (NT-MDT, NSG01), and the images 

were obtained in tapping mode.  

 

Results and Discussion 

 

PPG GNPs. The PPG GNPs material is synthesized from methane in a gas phase, 

continuous plasma process, 42 and below we report some of our characterization 

studies of this new material.     We carried out Atomic Force Microscopy (AFM) 

measurements to characterize the lateral dimensions and thickness of the PPG 

GNPs. Figure 3.10 shows that the lateral size of the PPG GNPs varies from 50 to 

500 nm, and the thickness is in the range of 2 nm to 50 nm, which corresponds to 

6 to 150 layers of graphene. 
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Figure 3.10. (a) AFM image of PPG GNPs previously dispersed in ortho-dichlorobenzene. 
(b) Distribution of the PPG GNPs by lateral size.  (c) AFM analysis of nanoparticle 
thickness. Reprinted with permission from ref.58 ( Copyright © 2016, American Chemical 
Society).   

 

Scanning Electron Microscopy (SEM) was employed to study the morphology of 

PPG GNPs and the SEM image in Figure 3.11 indicates that the PPG GNPs have 

a crinkled   morphology which distinguishes this material from traditional graphene 

nanoplatelets. Of particular importance in the present application is the relatively 

small size of the nanoplatelets in comparison to standard GNPs obtained from the  

exfoliation of natural graphite; furthermore the size distribution of the PPG GNPs 

is narrower than in the traditional materials.37 
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Figure 3.11 SEM image of PPG GNPs at an areal density of 5 mg/cm2 on an Al2O3 filter 
membrane. Reprinted with permission from ref.58 (Copyright © 2016, American Chemical 
Society).   

 

A representative Raman spectrum of the PPG GNPs is compared with other forms 

of graphene in Figure 3.12. The Raman spectrum shows a G-peak at ~1567 cm-1 

and an intense 2D-peak at ~2678 cm-1, which indicates a graphene-like electronic 

structure. The relatively strong D-peak in the PPG GNPs probably originates from 

the small flake size: based on literature analyses of the flake dimensions as a 

function of the Raman ID/IG ratio,43, 44 we estimate a particle size for PPG GNPs of 

0.5 m which is a little larger than that obtained from the AFM measurements. The 

shape of the 2D-peak is a single Lorentzian and the intensity of G-peak is smaller 

than the 2D-peak, similar to single layer graphene, which suggests that the layers 

of the PPG GNPs sample are not Bernal-stacked , but are rotationally disordered 

much like in the case of epitaxial graphene.45, 46 The disorder between graphene 
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layers minimizes the electronic interaction between the sheets and preserves the 

single graphene sheet properties of the layers. 
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Figure  3.12. Raman spectra of PPG GNPs in comparison with other forms of graphene. 
Reprinted with permission from ref.58 ( Copyright © 2016, American Chemical Society).   

 

PPG GNP Film Formation. Thin films were prepared by spraying tetrahydrofuran 

(THF) dispersed PPG GNPs onto glass substrates with pre-patterned electrodes 

as shown in the microscope images of our pristine samples (Figure  3.13).  There 

is some restacking of the PPG GNP particles on the substrate but in general the 
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PPG GNPs material does not seem to reaggregate to the same degree as other 

GNPs and reasonably uniform thin films can be obtained. Figure  3.13 shows the 

cross-sectional profile obtained by use of a Dektak Profilometer for a typical PPG 

GNP thin film used in our experiments (thickness  100 nm). These films are of 

comparable thickness to the particle dimensions and thus they retain 

characteristics of a percolating network which makes them sensitive to the quality 

of the inter-GNP junctions.2 

 

Figure 3.13 Microscope images of sprayed PPG GNP thin film at magnifications: (a) 100 
X.  (b) 500 X. (c) Dektak profilometer cross-sectional characterization of a typical PPG 
GNP thin film. Reprinted with permission from ref.58 ( Copyright © 2016, American 
Chemical Society).   
 

In order to better understand the properties of PPG GNP thin film, UV-Vis-NIR 

spectra were taken on our solid films on glass substrates (Figure  3.14). The 

spectra show well-defined slopes in the short wavelength region of the spectrum, 

which is characteristic of nanomaterials such as graphene or single-walled  carbon 

nanotubes (SWNTs) that typically show a peak at ~270 nm, corresponding to the 

π→π* transitions within the graphene sheets. The extinction coefficient of PPG 
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GNPs dispersed in THF calculated from Figure  3.14a at 660 nm is = 48 L·g-1· 

cm-1 and the absorbance coefficient of the PPG GNP thin film calculated from 

Figure  3.14b is  = 0.32  105 cm-1 (660 nm). Based on our previous analysis and 

the absorption characteristic of the materials,47 we can calculate an effective 

density for the film of d = 0.29 g cm-3; as expected, thicker films have higher 

densities (typically, d  0.77 g cm-3). 

 

Figure  3.14 UV-Vis-NIR spectra of: (a) PPG GNPs dispersed in THF as a function 
of concentration.  (b) PPG GNP film (100 nm) versus wavelength. Reprinted with 
permission from ref.58 ( Copyright © 2016, American Chemical Society).   

AFM image of the PPG GNP thin film is shown in Figure  3.15, which indicates that 
the PPG GNP particles flocculate during the spraying process thereby leading to 
a loosely packed structure.  
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Figure  3.15 AFM image of sprayed PPG GNP thin film on glass substrate. 
Reprinted with permission from ref.58 ( Copyright © 2016, American Chemical 
Society).   

 

Response of the PPG GNP Thin Film Conductivities to Metal Deposition and 

Photochemical Reaction with Organometallic Precursors. Before exposure of 

the PPG GNP films to the metals and organometallic reagents, the pristine thin film 

samples were annealed at 300 ℃ in vacuum for 5 hours just before conducting the 

reaction in order to remove solvents and volatile dopants. Figure  3.16 shows 

schematics of the experimental setups employed in the MVS and photochemical 

experiments. 
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Figure  3.16 Schematics of the experimental organometallic conductivity 
configurations: (a) Metal Vapor Synthesis (MVS) conducted in a Temescal high 
vacuum E-beam evaporator. (b) Photochemical reaction conducted in a glove box. 
Reprinted with permission from ref.58 ( Copyright © 2016, American Chemical 
Society).   

 

For the MVS method,1, 2 metal sources are loaded in the electron beam chamber 

and for the photochemical method, the various metal-derivatives are dissolved in 

acetonitrile.29 In-situ measurements are conducted by use of pre-wired electrical 

harnesses connecting the samples inside the E-beam chamber or the glove box 

using feed throughs to interface with a computer controlled Keithley 2700 multi-

channel meter.  Single layer CVD graphene (SLG) was first used to benchmark the 

interaction between a graphene surface and the bare transition metal chromium 

(Cr). Figure  3.17a shows that after evaporating 0.6 nm Cr on the top surface of 

transferred SLG on a glass substrate, the conductivity of SLG decreased from = 

1.15  104 S/cm to  = 4  103 S/cm, which is probably due to electron scattering 
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from the Cr atoms on the surface of graphene.  

 

Figure  3.17  Conductivities of thin films on metal atom deposition from an E-beam 
evaporator: (a) Transferred single layer CVD Graphene as a function of metal 
thickness, (b) Conductivity of PPG GNP films as a function of metal deposition. 
Reprinted with permission from ref.58 ( Copyright © 2016, American Chemical 
Society).   

 

STM experiments indicate that Cr atoms are mobile on graphene surfaces and are 

attracted to defects and contaminants,15 and the formation of clusters has been 

observed on graphitic surfaces15 and carbon nanotubes.21, 48, 49 In general, metals 

interact with graphitic surfaces in three distinct modalities: (a) physisorption in 

which there is minimal charge transfer or bonding, (b) chemisorption in which there 

are ionic bonding and charge transfer from the metal, and (c) covalent 

chemisorption in which there is appreciable rehybridization of the graphitic 

electronic structure.  There is a fourth mode, which is less explores – mode (d) in 

which there is bis- hexahapto bonding to the graphitic surface with minimal 

rehybridization.20  Thus for the present study we chose metals to represent the a, 
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b and d classes: (a) Au, (b) Li, and (d) Cr, Mo, and W, in our studies of the PPG 

GNP films; the results of evaporating 0.6 nm of these metals on the surfaces of the 

PPG GNP films are shown in Figure  3.17b. The results for Au show a very weak 

effect, as expected for physisorption (a), in which there is the formation of a parallel 

conducting film. Previous studies indicate a very weak interaction between gold 

and graphitic surfaces.1, 14-16  Lithium shows clear evidence of charge transfer with 

donation of electrons into the conduction band of the PPG GNPs and a strongly 

enhanced conductivity, providing clear evidence for mechanism (b), ionic 

chemisorption or doping.  When 0.6 nm of Cr atoms was evaporated onto the PPG 

GNP thin films, the conductivity of the films increased from  = 0.22 S/cm to 0.82 

S/cm, which contrasts with the result obtained on evaporation of Cr on SLG sheets 

(Figure  3.17a).  In the present instance it appears that the Cr atoms are able to 

bridge some of the nanoplatelets and to spontaneously form covalent bis(6-

GNP)Cr bonds that enhance the conductivity.  The observed conductivity 

enhancement amounts to about a factor of three to four which is very similar to the 

values observed on deposition of Cr on metallic (MT)-SWNT films.2 The 

evaporation of the other group 6 metals, molybdenum (Mo) and tungsten (W) onto 

the PPG GNP films also enhances the conductivities, but the increases in 

conductivity are much more modest.  Previously the same behavior was observed 

with SWNT films and the weaker effect of the larger group 6 metals was ascribed 

to the difficulty of inserting these atoms between the graphitic surfaces.21 In Figure  

3.18 we show the effect of irradiating the PPG  GNP films after treatment with 
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organometallic reagents; the lower traces of Figure  3.18a show the effect of the 

reagent alone and of a blank irradiation experiment. It is clear that the 

simultaneous application of the reagent together with UVC (254 nm) light is 

necessary to initiate the reaction.   

 

Figure  3.18 Evolution of PPG GNP thin film conductivities on photochemical 
reaction with organometallic reagents. Reprinted with permission from ref.58 ( 
Copyright © 2016, American Chemical Society).   

 

As may be seen in Figure  3.18a, irradiation with UVC light in the presence of 

Cr(CO)6 leads to an increase in the conductivity of the PPG GNP thin film from  

= 0.22 S/cm to 0.9 S/cm, which is consistent with the MVS results (Figure  3.17).  

It is also clear that the same mechanism operates in the case of GNP and the 

SWNT films.29.  Figure  3.18b compares the reactivity of the various chromium 

reagents with the PPG GNP films and it is apparent that the order of reactivity 

follows the sequence: Cr(CO)6 < Cr(6-benzene)(CO)3 < Cr(6-benzene)2. 

Nevertheless the final conductivities are very close and it is apparent that the same 

final material composition is achieved irrespective of the organometallic reagent.  
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The Mo(CO)6 and W(CO)6 reagents also react with the PPG GNP thin films under 

UVC light but the final conductivities are less than in the case of the Cr compounds 

(Figure  3.18c).  

 

The final conductivities of the new 3D cross-linked GNP materials synthesized by 

the photochemical route are fully consistent with those made by the MVS method 

(Figure  3.19), which adds further support to our proposed mechanism. To the best 

of our knowledge, this is the first report of new 3D graphene materials obtained 

from GNPs by constructive covalent bonding accompanied by an enhancement of 

the bulk electrical conductivity. 
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Figure 3.19 Conductivity enhancements of various metal complexes formed with 
PPG GNP thin films by MVS and by photochemistry of organometallic reagents. 
Reprinted with permission from ref.58 ( Copyright © 2016, American Chemical 
Society).   
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3.2 Organometallic Chemistry of Aligned 
Carbon Nanotubes  
 

3.2.1 Introduction  

 
Single-walled carbon nanotubes are a promising material for advanced flexible 

electronics50, 51 and wearable devices.52 However, the performance of the SWNT 

thin film based devices has been restricted by the low density of SWNTs53 and 

large junction resistance compared to individual SWNTs, especially for 

semiconducting SWNTs.29, 54 Recent advances in the spontaneous alignment of 

SWNTs by filtrations provide a low cost tool for the preparation of densely packed 

and globally aligned SWNT films of arbitrary thickness on a large (wafer) scale,55 

which could reduce the number of junctions and improve the conductivity along the 

alignment direction at the expense of sacrificing the conductivity perpendicular to 

the SWNTs. We have shown that bishexahapto bonds formed between transition 

metal and SWNTs [(6-SWNT)-metal-(6-SWNT)] in the junction of random 

networks can increase the electrical conductivity of Sc-SWNT thin film dramatically 

due to a constructive rehybridization nature. In this work, we applied the same 

chemistry to interconnect sidewalls of parallel SWNTs (Figure 3.20a) and two ends 

of series SWNTs (Figure 3.20b), which preserves the unique electronic structure 

and thus the remarkable optical, electronic and mechanical properties of individual 

SWNTs while extend its dimensionality from 1D to 2D and 3D. Furthermore, for 

the first time, we experimentally realized bishexahapto bonds with aligned carbon 
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surfaces, which may contribute to the fabrication of carbon based organometallic 

spintronic25 and magnetic nanodevices.56  

 

Figure 3.20 Schematic of the formation of chromium complexes with adjacent carbon 
nanotubes in perpendicular (a) and parallel (b) configurations.  
 

3.2.2 Alignment of carbon nanotubes 

 
The alignment of SWNTs was achieved using a process reported in the literature.55 

However, we used aqueous suspensions of semiconducting carbon nanotubes 

(Nanointegris Inc.-IsoNanotubes-S 99%)  as the stock solution with a 

concentration of 10 ug/ml. The stock solution was diluted into 1.5 ug/ml with 

nanopure water and then we filtrated the diluted solution using a polycarbonate, 

track-etched screen filter (pore size 100 nm; Isopore™ Membrane Filters, EMD 

Millipore) at a filtration speed of one droplet per 40 s. Additional vacuum was 

applied overnight to dry the membrane after the end of the filtration. The film was 

taken out from the filtration system after the top of the membrane was completely 

dried.  

 

3.2.3 Results and Discussions 

 
The AFM image shown in Figure 3.21a demonstrates that the Sc-SWNTs are well 

aligned and comprised of small bundle size. The aligned Sc-SWNT thin film was 
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transferred to an SiO2/Si substrate with pre-patterned electrodes. Photolithography 

and plasma etching was used to patterned the aligned Sc-SWNT thin films. The 

substrates was designed with pre-patterned gold contacts that were positioned in 

various angles (0°~90°, Figure 3.21b) in order to contact the aligned nanotubes in 

an array with 0°~90°angle between the contact surface and nanotube axis. In this 

work, we explored organometallic chemistry of Cr atoms with aligned 

perpendicularly and parallel Sc-SWNTs (Figure 3.21c) with regard to the direction 

of the current flow.  

 

Figure 3.21  (a) AFM image of aligned semiconducting single-walled carbon nanotubes 
deposited on SiO2/Si substrate (300 nm). (b) SEM image of devices with various current 
flow directions. (c) SEM image of a parallel Aligned Sc-SWNT device.  
  

The alignment of the Sc-SWNT thin films (nominal film thickness - 2 nm) was 

further characterized by Raman spectroscopy. The G band shows two main peaks, 

G+ and G- (Figure 3.22a).  Also the G-band shows a Lorentzian lineshape, 

characteristic of semiconducting SWNTs.57 Moreover, the intensities of the D, G 

and 2D peaks show a prominent dependence on the angle between the laser light 

polarization direction and SWNT alignment: along the individual SWNT ( θ ),  

perpendicular to the individual SWNTs (θ + 90°). This dependence is illustrated in 
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Figure 3.22a and it indicates the high degree of alignment of our SWNT films.55 

The relationship between the intensity of the G peak and θ is shown in Figure 

3.22b; the intensity of G peak follows a sinusoidal function of θ, which corresponds 

to the continuous change in the alignment of SWNTs.  

 

The temperature dependence of these two types of devices also shows a strong 

anisotropy as shown in Figure 3.22c. At room temperature the ratio of the 

resistances of the perpendicular and parallel Sc-SWNT films is in the range of 

5~10. The perpendicular configurations shows a more prominent temperature 

dependence, which is attributed to the high contact resistance between the 

sidewalls of adjacent parallel carbon nanotubes. Because of the large size of the 

device channel ( 50 μm x 50 μm ),  even the films comprised of nanotubes aligned 

in the parallel configuration, contain junctions between the ends of two individual 

tubes as shown in Figure 3.20b. However, because of the high length to width ratio 

(~ 1,000,000 : 1) of SWNTs the contribution of the junctions in the parallel films to 

the overall film resistance is less  dominant that in the films comprised of 

perpendicular SWNTs, where the carriers have to hop or tunnel between adjacent 

parallel SWNTs nearly every 2 nanometers.  
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Figure 3.22 (a) Raman spectra of aligned semiconducting single-walled carbon 
nanotubes (Sc-SWNTs): incident laser beam is parallel (red) and perpendicular (black) to 

the nanotube alignment direction. (b) G peak intensity versus the angle  between 
nanotube alignment direction and laser incident beam direction. (c) Temperature 
dependence of resistance of perpendicular (red) and parallel (black) aligned Sc-SWNTs.   

 

The devices were annealed at 300 ℃ for 8 hours in vacuum before transfer to the 

chamber of e-beam evaporator. The resistances of the devices were monitored in-

situ during the exposure of metals as reported in our previous work (see above).58 

As discussed above the interaction between metals and carbon materials are 

categorized into four types: (a) physisorption (Au), (b) doping (Li),  (c) covalent 

chemisorptions (Ti) and (d) constructive covalent bis-hexahapto bonding (Cr).  In 

this work, we focus on the interactions that can enhance the electrical transport 

properties of SWNT thin films: (b) and (d).  The results of the conductivity change 

after deposition of 1 nm of the representative metals – Li and Cr, are shown in 

Figure 3.23. Lithium is a well- known electron donor, which is expected to donate 

electrons to the conduction band of SWNTs and thus increase the conductivity of 

the individual SWNTs with negligible effect on the contact resistance between 

adjacent carbon tubes.   
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As shown in Figure  3.23a, lithium increased the conductivity of the parallel Sc-

SWNTs (σ //)  by a factor of 263, from 0.55 S/cm to 145 S/cm, while for the 

perpendicular configuration the conductivity (σ  ┴) of the aligned SWNT device 

remains nearly unchanged ~ 0.06 S/cm.  However, evaporation of Cr (1 nm) 

increased the perpendicular conductivity σ ┴ of the aligned SWNT device by a 

factor of 1036, and the parallel conductivity σ// by a factor of 73 (Figure 3.23b). This 

is a strong evidence for the formation of bishexahapto bonds between the 

sidewalls of adjacent aligned SWNTs (Figure 3.20a), which provide efficient 

electron pathways and increase the  perpendicular conductivity σ ┴ dramatically. 

 

 

Figure 3.23   Effect of metal deposition on the electrical conductivity of aligned carbon 
nanotube thin film devices. (a) The parallel conductivity increased 260 times upon 1 nm 
deposition of Li in contrast with the flat perpendicular conductivity curve. (b) The 
perpendicular conductivity increased 1006 times upon 1 nm deposition of Cr in contrast 
with 77 times increase for parallel conductivity.  (c) The parallel and perpendicular 
conductivities increased 9 times and 3.8 times, respectively, upon 1 nm deposition of Mo 
atoms inside E-beam Evaporator.  

 

In the instance of parallel conductivity, the series of individual SWNTs can also be 

bridged together, however, due to the high length to diameter ratio of SWNTs, the 

available spots that can be fitted with Cr atoms are significantly less (Figure 3.20b), 
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which results in some enhancement of the parallel conductivity. When we tried to 

evaporate another Group VI transition metals, such as Mo, both parallel and 

perpendicular conductivities were enhanced by only a factor of less than 10 (Figure 

3.23c). This confirms previous results obtain with random SWNT networks, and it 

indicates that it is difficult to insert larger diameter transition atoms between 

graphitic surfaces restricted by the van der Waals distance. 1, 58.  

 

3.2.4 Conclusion 

 
In conclusion, we increased the dimensions of aligned carbon nanotubes from 1D 

to 3D by organometallic chemistry and demonstrated the effectiveness of 

constructive covalent bishexahapto bonds in improving the electrical properties of 

aligned carbon nanotubes, which is essential for accelerating the 

commercialization of SWNTs based electronics. Besides, macroscale aligned 

bishexahapto bonds were achieved by inserting Cr atoms between the sidewalls 

of aligned SWNTs, which will facilitate the development of novel magnetic devices,  

spintronics, and selective catalysts.  
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Chapter 4. Diels Alder Chemistry of 
Graphene  
 

 

As discussed in Chapter 1.1, graphene is one of the most promising materials for 

the next generation electronics and spintronics due to its excellent transport 

properties. Because the conduction band touches the valence band in the 

momentum space, graphene does not have a band gap and this prevents its use 

as the building material for conventional transistors. However chemistry provides 

a way to controllably manipulate the electronic structure of graphene and 

potentially openes a bandgap by converting sp2 carbon to sp3 carbon. It has been 

reported that Diels Alder chemistry could be used to functionalize fullerenes1, 2 and 

carbon nanotubes.3-5. However, graphene’s basal plane is comprised of aromatic 

hydrocarbons with stabile and inert π conjugation without any curvature, which 

makes it thermodynamically stable and hard to be functionalized by chemical 

reactions.  

 

4.1. Introduction  

 
Our group has reported6 and rationalized7 the Diels-Alder chemistry of graphene 

based on the orbital symmetry and the frontier molecular orbital (FMO) theory. 

However, it is still not clear whether the Diels Alder chemistry of graphene occurs 

only at the graphene edges or the basal plane also takes part in the reaction.8, 9 In 
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this work, we characterize the properties of DA-graphene adduct with semi-

quantitatively Raman spectroscopy, and measured the temperature dependence 

and magnetoresistance of product using Physical Properties Measurement 

System (PPMS). 

 

4.2 Experimental Section 

 
CVD Graphene Single layer CVD graphene grown on Cu foil was purchased from 

Graphene supermarket, and transferred onto 300 nm SiO2/Si substrate with the 

CAT method (Chapter 2.3.1).  

Epigraphene Epigraphene grown on SiC (4.5 mm x 3.5 mm) on the C side with 

an average thickness of 9 layers was provided by Prof. Walt de Heer (Georgia 

Institute of Technology). 

XGflake Single layer graphene flakes were exfoliated from Kish graphite with scotch 

tape by the micromechanical exfoliation technique.  

Raman spectroscopy 

Raman spectra were recorded with a Nicolet Almega XR Dispersive Raman 

microscope using 532 nm laser excitation and 25% power source. 

Temperature dependence of resistance and magnetoresistance 

measurements Four in-line gold contacts (10 nm Cr, 100 nm Au; evenly space 

with 3 gaps of 1 mm) were deposited by e-beam evaporation on the Epigraphene 

with a shadow mask. The devices were loaded into the chamber of Physical 
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Property Measurement System (PPMS, Quantum Design International, USA) 

before and after reaction. The temperature was decreased from 300 K to 2 K and 

the magnetic field swept from -9 T to 9 T at 300 K, 100 K, and 2 K respectively. 

 

Reaction Conditions 
 
In a typical reaction, 100 mg naphthazarin was dissolved in 50 mL p-xylene (~ 0.01 

M), and then the solution was added to a 100 mL flask reactor where graphene 

devices were placed on the bottom. The reaction was performed in continuous 

argon flow for 2 days at room temperature. After 2 days, the devices were taken 

out and washed with acetone, isopropanol and methanol before characterization.  

 

4.3 Results and Discussion 

 
Our group demonstrated that graphene can function as both diene and dienophile.6 

In the current work, graphene functions as a diene that reacts with naphthazarin 

(dienophile) at room temperature (Figure4.1).  

 

Figure 4.1. Schematic of the Diels Alder reaction between naphthazarin and graphene.  
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Graphene is only one-atomic thick and therefore its electronic structure can be 

easily affected by the substrate.10-12 We compared the reactivity of a single layer 

graphene (SLG) on different substrates, namely, tape exfoliated graphene on 

SiO2/Si substrate, CVD graphene on quartz and epitaxial graphene on SiC 

substrate. A reference experiment was conducted with a SLG device immersed in 

a reactor with solvent (p-xylene, 50 mL) under continuous argon flow for 2 days. 

As shown in Figure 4.2a, the Raman spectrum shows no change, indicating that 

the solvent p-xylene has no prominent effect on graphene under this experimental 

condition.  In a typical experiment, naphthazarin (0.01 M dissolved in p-xylene) 

was added to the reactor that contained the graphene film deposited on a substrate. 

To evaluate the reaction progress we analyzed the graphene samples with Raman 

spectroscopy. Before reaction, the Raman  

 

Figure 4.2. (a) Raman spectra of CVD single layer graphene before (black) and after 
immersion in p-xylene solvent for two days (red). Raman spectra of single layer 
Epigraphene, CVD graphene and scotch tape exfoliated graphene (b) before and (c) after 
Diels Alder reaction with naphthazarin.   
 

spectra of pristine graphene (single layer Epigrahene, CVD graphene and XGflake) 

shows small or no D peak as illustrated in Figure4.2b, suggesting an intact sp2 
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conjugated carbon surface. After two days the reaction was stopped, the graphene 

sample was removed from the reaction mixture, washed with acetone and 

isopropanol, and characterized. 

 

The degree of functionalization was followed with Raman spectroscopy as shown 

in Figure 4.2c. It was observed that the 2D- to G-band ratio has decreased after 

reaction; similar behavior has been observed in covalently functionalized 

graphene.6, 13 Furthermore, the intensity of the D band increased, which is 

assigned to the break of symmetry of the six sp2 carbon rings due to the 

introduction of defects by cycloaddition of naphthazarin molecules. From the 

reduced intensity of the 2D band, we estimate the reactivity of graphene on 

different substrates towards naphthazarin, which follows the order: XSG on 

SiO2/Si > CVD graphene on quartz and Epigraphene on SiC. Interestingly, a new 

band at 1514 cm-1 (D4 band)14 was observed, which has been reported to be a 

consequence of geometrical constraints that occur at graphene functionalization 

in the range between ~0.5% and ~2%.14.  

 

The chemical modification modified the electronic properties of the functionalized 

graphene. Figure4.3 shows the four point resistance measurement of pristine 

single layer Epigraphene and the Naphthazarin-Epigraphene adduct. The 

resistance of the Naphtazarin-Epigrahene is ~2.2 times higher than that of pristine 

Epigraphene, which is due to defects introduced by the functionalization as 
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discussed above. The temperature dependence of resistance of Epigraphene 

exhibits a weak nonmetallic behavior with a slight increase of the resistance as the 

temperature decreases.  

 

The nonmetallic behavior in the transport properties of macroscopic pristine 

epigraphene samples have been observed previously and are due to a variety of 

factors including the inhomogeneity in the graphene growth over the macroscopic 

SiC wafers, that affects the point defects and the concentration of charge carriers 

especially at the ridges, due to misalignment of the -orbitals.15 All of these factors 

influence the scattering rate, as demonstrated by Hall measurements on large area 

EG wafers.16    

 

The Naphthazarin-Epigraphene adduct shows a much stronger temperature 

dependence of the resistance over the whole temperature range, which may be 

associated with an increased tunneling between functionalized graphene regions. 

This type of behavior may also be a sign of a weak localization,17-19 which suggests 

that the naphthazarin functionalization starts to transform the epigrahene from a 

semimetal to a semiconductor by changing more sp2 carbons to sp3 carbons.  
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Figure 4.3. Temperature dependence of resistance of pristine Epigraphene and 
Naphthazarin-Epigraphene adduct presented as  (a) linear (b) Arrhenius plot. 

 

Weak localization (WL) of pristine Epigraphene (Figure 4.4b) at low temperature 

under small magnetic field has been reported in the literature.20, 21 As the magnetic 

field increases beyond 100 Oe, a positive magnetoresistance over the temperature 

range from 2 K to 300 K (Figure 4.4a) has been observed due to the weak 

antilocalization effect (WAL). However, after functionalized by naphthazarin via 

Diels Alder chemistry, the device shows a large negative magnetoresistance at 2 

K, a decent negative magnetoresistance at 100 K and a reduced positive 

magnetoresistance at 300 K as shown in Figure 4.4c. This behavior is similar to 

that observed in nitrophenyl functionalized epigraphene by radical addition 

chemistry.21 This phenomenon has been ascribed to the quenching of WAL by 

functionalization process, which further supports the formation of covalent bonds 

between naphthazarin and the graphene lattice of Epigraphene.  
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Figure 4.4. Magnetoresistance (magnetic field perpendicular to graphene surface) of (a) 
pristine Epigraphene at 300 K, 100 K and 2 K and (b) a magnified magnetoresistance 
curve of the pristine Epigraphene at 2K. (c) Naphthazarin-functionalized Epigraphene at 
300 K (black), 100 K (red) and 2K (blue), respectively.  

 

4.4 Conclusion 
 

In conclusion, we demonstrated a room temperature, facile route to covalently 

functionalize graphene with naphathazarin. By comparing the Raman spectra, we 

found that graphene on SiO2/Si substrate is more reactive than graphene on SiC 

or quartz. Furthermore, temperature dependence of resistance shows that the 

transport characteristics of graphene change towards non-metallic dominated 

behavior after the DA reaction. We also observed the effect of DA reaction on the 

magnetic behavior of Epigraphene, which shows that the WAL is quenched by the 

DA reaction to a larger extent at lower temperature, which could be potentially used 

to fabricate future electronics and magneto-electronic devices.22  
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Chapter 5. Conclusions  
 

 

Two novel clean graphene transfer methods have been introduced, which have 

solved the notorious PMMA residue problems, reduced the cost, improved the 

efficiency of graphene transfer, and thus expedited the commercialization of 

graphene based electronics, spintronics and magnetic devices.  These novel 

graphene transfer methods facilitate the research on graphene chemistry as clean 

graphene surface is of paramount significance .  

 

Organometallic chemistry of carbon nanomaterials have been explored 

extensively in this work. First, graphene half sandwich complexes were 

synthesized via a facile photochemical route at room temperature and the 

reactivities of different reagents with single layer graphene was found to follow the 

order: Cr( 6-benzene)2 > Cr( 6-benzene)(CO)3 > Cr(CO)6 > Mo(CO)6 > 

W(CO)6. Voltage gated reactions indicate that organometallic chemistry reach 

optimum condition at the Dirac point, which provides a way to control the graphene 

functionalization.  

 

Second, we successfully “intercalated” two asembled single layer graphene with 

Cr and thus prepared the graphene-transition metal-graphene sandwich strucutre, 

which has the potential to be superconducting at low temperature.  Intercalation of 



 132 

graphite with transition metals has not been achieved because of the absence of 

charge transfer from the transition metal complexes to the graphene sheets.   

 

Morever, the organoemtallic chemistry was employed to interconnect graphene 

nanoplatelets by bridging adjacent nanosheets with bishexahapto bonds, which is 

the first report of 3D graphene materials obtained from GNPs by constructive 

covalent bonding. These new materials showed enhanced bulk electrical 

conductivity.  

 

Engineers have strived to reduce the contact resistance of carbon nanotube thin 

films and pave the way to commercialization of this carbon nanomaterial for the 

next generation electronics. In this research, we prepared aligned single wall 

carbon nanotube (SWNT) thin films and applied organometallic chemistry to 

interconnect not only the two ends of series of SWNTs, but also the sidewalls of 

parallel SWNTs, which preserves the unique electronic structure and thus the 

remarkable optical, electronic and mechanical properties of individual SWNTs 

while extending the dimentionality from 1D to 2D and 3D. With  this method, for 

the first time, we experimentally realized aligned bishexahapto bonds with carbon 

surfaces, which may contribute to the fabrication of carbon based organometallic 

spintronic devices.  
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Last but not least, a room temperature, a facile route to covalently functionalize 

graphene with naphathazarin was realized utilizing Diels-Alder chemistry. Raman 

spectroscopy was used to characterize the reaciton process, and the transport 

properties of the graphene product were measured. 

 




