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ABSTRACT OF THE DISSERTATION 
 

 
Mechanical and Electrical Properties on Modified Graphene Flakes 

 
 

by 
 

Hang Zhang 
 
 

Doctor of Philosophy, Graduate Program in Physics 
University of California, Riverside, December 2012 

Dr. Chun Ning (Jeanie) Lau, Chairperson 
 
 

Compared with traditional semiconductor materials, graphene has 

unparalleled advantages on mobility, thermal conductivity, mechanical strength 

and so on. Thus it was considered as a promising candidate material for the future 

semiconductor industry. However, since its band structure is gapless, band gap 

engineering has become a significant task for scientists. My dissertation focuses 

on chemical and physical modification methods that could pave the way to 

applications of graphene based devices and reveal a number of interesting 

phenomena. 

The critical roadblock for graphene electronics is the absence of a band gap. 

We first focus on chemical functionalization of graphene as a route to band gap 

engineering. This is first achieved via grafting nitrophenyl groups onto single 

layer graphene sheets. The functionalized graphene samples behave like 



 vi

semiconductors. Substrate supported and suspended samples demonstrate 

transport gaps as large as ~0.1eV and ~1eV, respectively. Secondly, we developed 

a different chemical functionalization approach based on organometallic chemistry. 

Apart from behaving like semiconductors, functionalized samples also retains the 

high mobility of the pristine state.  

The second part of the thesis focuses on physical modifications of graphene a. 

Suspended graphene-based switch was developed using a special pulsing 

breakdown technique. Voltage pulses of 2.5V~4V and 8V can turn a switch device 

to ON (high conductance) state and OFF (low conductance) state, respectively. We 

provide experimental evidence that these behaviors arise from motions of 

atomic-scale carbon chains and reformation of chemical bonds.  

Finally, strain engineering is another approach for modifying transport 

properties of graphene. We proposed and developed novel 

nano-electromechanical system (NEMS)-like devices that allows in situ 

modulation of strain on suspended graphene flakes, which in turn induces 

interesting changes in both transport and morphological properties of graphene.  

In summary, this dissertation presents our studies on chemical and physical 

modification approaches of graphene samples, and related novel phenomena that 

emerge amid these devices, with implications on next generation electronic 

devices.  
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Chapter 1 

 

Introduction 

 

 Graphene is the single atomic layer of planar sheet of sp2-bonded carbon 

atoms that are arranged in a honeycomb crystal lattice. Since its first experimental 

isolation on insulating substrates1 and the development of a wafer scale growth 

technology,2 graphene has rapidly become a promising candidate for next 

generation electronic material.3 Its material properties, such as atomically thin 

dimension, unparalleled room-temperature mobility,4-8 thermal conductivity,9 and 

current carrying capacity,10 are far superior to those of silicon, whereas its 

two-dimensionality (2D) is naturally compatible with standard CMOS-based 

technologies. However, since graphene is a gapless semiconductor, it cannot be 

readily applied in digital electronic devices. Therefore, more research tasks are 

necessary to open a band gap in this “wonder material”, so that it may replace Si 

for continuing miniaturization of next generation electronic devices.  

 In this dissertation, we will demonstrate several experiments on gap 

engineering of graphene (opening a real band gap or transport gap in pristine 
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graphene samples), which have direct implications for graphene electronics. 

Additionally, we have also discovered some new properties of graphene sheets via 

in situ measurement and developed new tools which will contribute to future 

investigation on nanoscale materials. 

 The thesis is organized as following. Chapter 2 presents the background of 

graphene electronics, including graphene’s lattice structure, band structure by 

tight bonding model, and physics properties. Chapter 3 describes detailed steps of 

selecting graphene samples and device fabrication, which constitute an important 

part of our studies. Chapter 4 demonstrates aryl functionalization, a simple but 

very useful chemical functionalization method, on single layer graphene devices. 

This chemical treatment can controllably graft aryl groups onto carbon atoms in 

graphene sheet, changing the original sp2 hybridization into sp3, which, in turn, 

modifies the band structure of graphene or even open a real band gap. As a result, 

the functionalized sample will behave like semiconductor. In Chapter 5, I will 

present another important functionalization method: Cr functionalization on single 

layer graphene devices. Apart from the enhanced on/off ratio, we can also retain 

high mobility from pristine graphene devices. In Chapter 6, I will discuss a switch 

device made from suspended graphene. With the help of electro-migration method, 

we create suspended graphene based switches. In addition to studies on device 

performances, we reveal mechanism of behaviors of our switches by in situ 
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imaging and transport measurement. This project also provides potential 

application in long term information storage from all-carbon-devices. Chapter 7 

discusses suspended graphene samples under in situ strain. We develop a new 

type of nano-electromechanical system (NEMS) which allows transport studies in 

the presence of applied strain. We obtain interesting results from transport 

measurement and in situ SEM imaging. In the last chapter, Chapter 8, I will 

summarize and discuss future follow-up experiments and outlooks for the field of 

graphene electronics.  
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Chapter 2 

 

Background 

 
2.1 The History of Graphene 
 

 Carbon plays an important role in the world of condensed matter physics. In 

0-dimension (0D), it forms buckyballs; in 1-dimension (1D), it is the famous 

carbon nanotube (CNT); when it was piled up to 3-dimension (3D), it becomes 

ubiquitous and is known as graphite. In 2004, the 2-dimensional (2D) member of 

this family, graphene, was exfoliated from graphite onto an insulating substrate by 

Professor A. K. Geim’s research group in UK1. Graphene became an extremely 

popular material virtually overnight and generated an explosion of interest from 

scientists in condensed matter physics.  

 Graphene is a single atomic layer of carbon atoms in a hexagonal lattice. The 

relationship between graphene and 0D, 1D and 3D carbon systems is shown in 

Figure 2.1. Before the discovery of this material, graphene was considered as 

nonexistent in the real world, since scientists thought that finite temperature 

induces atom dislocation or lattice defects that will destroy the 2D crystals.2,3 
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However, the isolation of single layer graphene sheets demonstrates that the 

covalent bonds between carbon atoms are strong enough to withstand thermal 

fluctuations and maintain the hexagon lattice.  

 

FIGURE 2.1. Geometry operation can convert graphene into 0D buckyball, 1D 

carbon nano-tube and 3D graphite.4  

 

2.2 The Unique Dispersion Relation of Graphene 

 In 1947, Wallace first predicted the band structure of graphene.5 The 

dispersion relation can be calculated by tight binding model approach 6. A detailed 
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derivation is given in McCann’s recent review paper (ref. 6). 

Single layer graphene has a 2-dimensional honeycomb crystal structure (See 

Figure 2.2 (a)). The basis of its Bravais lattice consists of two atoms A and B, with 

primitive vectors as:  

1

3
= ,

2 2

a a 
  
 

a , 2

3
= ,

2 2

a a 
  

 
a       

 (2.1) 

where 1 2a  a a  is the lattice constant and, in graphene, 2.46a  Å 6. In each 

unit cell, atom A and B are inequivalent. We denote the “A lattice” as consisting of 

all the A atoms and “B lattice” of B atoms.  
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FIGURE 2.2 (a) The honeycomb crystal structure of monolayer graphene where 

white (black) circles indicate carbon atoms on A (B) sites and straight lines 

indicate σ bonds between them. Vectors 1a and 2a are primitive lattice vectors of 

length equal to the lattice constant a. The shaded rhombus is a unit cell containing 

two atoms: one A and one B. (b) Crosses indicate lattice points of the hexagonal 

Bravais lattice. The honeycomb structure in (a) consists of the hexagonal Bravais 

lattice [shown in (b)] with a basis of two atoms, one A and one B, at each lattice 

point. (ref. 6) 

 

The reciprocal lattice vectors, 1b and 2b , must satisfy 1 2 2 1 0   a b a b and 

1 1 2 2 2   a b a b . Therefore we have: 

                 1

2 2
= ,

3a a

  
 
 

b , 2

2 2
= ,

3a a

   
 

b                 (2.2) 



10 
 

Assuming in one unit cell, we have n atomic orbitals j , where j=1, 2, 3 … n, and 

in a lattice, the system has translational invariance, we can use n Bloch Functions 

( , )j k r  to describe the system:  

,

,
1

1
( , ) ( )j i

N
i

j j j i
i

e
N




   k Rk r r R                 (2.3) 

where the sum is over N different unit cells, labeled by index i = 1, 2, 3… N, k is 

the wave vector in the graphene plane and ,j iR denotes the position of the jth 

orbital in the ith unit cell. In graphene, for each atomic site, we only consider the 

2pz orbital. In each unit cell, there are two atoms denoted as A and B; therefore we 

have n=2 and we can use index A and B to replace 1 and 2 for the index j to 

simplify the expression.  

 For the Hamiltonian matrix H , its the first diagonal element AAH can be 

written as:  

          , ,( )

, ,
1 1

1
( ) ( )A j A i

N N
i

AA A A i A A i
i j

H e
N

  

 

   k R R r R H r R        (2.4) 

By assuming the dominant contribution is from the same site, we have: 

               , ,
1

1
( ) ( )

N

AA A A i A A i
i

H
N

 


   r R H r R               (2.5) 

Electronic states close to the Fermi level in graphene are described well by a 

model taking into account only theπorbital. This means the tight-binding model 

can include only one electron per atomic site, in a 2pz orbital.6 Since in orbital 2pz, 
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the energy is 2 , ,( ) ( )p A A i A A i    r R H r R  and the same holds for atoms in 

the B lattice. Therefore: 

, , 2( ) ( )AA A A i A A i pH      r R H r R            (2.6) 

2BB AA pH H                        (2.7) 

For off diagonal elements, we have:  

, ,( )

, ,
1 1

1
( ) ( )B j A i

N N
i

AB A A i A B i
i j

H e
N

  

 

   k R R r R H r R      (2.8) 

that describes hopping between A and B lattices. Here we assume the main 

contribution to the hopping term is the nearest neighbor hopping. Therefore, for 

each atom in Lattice A, it has three neighbors in Lattice B (see Figure 2.3). Hence 

ABH  can be expressed as 

          , ,

3
( )

, ,
1 1

1
( ) ( )B l A i

N
i

AB A A i A B l
i l

H e
N

  

 

   k R R r R H r R        (2.9) 

We now define 0 , ,( ) ( )A A i A B l     r R H r R                    (2.10) 

and:                         
3

1

( ) li

l

f e 



  k δk ,                   (2.11) 

where , ,l B l A i δ R R . 

Then ABH  can be simplified as:   0 ( )ABH f  k                   (2.12) 

From Figure 2.3, the three vectors from atom A to its three neighbors are:  

         1 (0, )
3

a
δ , 2 ( , )

2 2 3

a a
 δ , 3 ( , )

2 2 3

a a
  δ ,           (2.13) 

where 1 2 3 / 3a  δ δ δ , which is the C-C bond length. By plugging (2.13) 



12 
 

into (2.11), one can get: 

/ 3 /2 3 /2 3 / 3 /2 3/2 /2( ) 2 cos( / 2)y y y y yx x
ik a ik a ik a ik a ik aik a ik a

xf e e e e e e e k a      k   

(2.14) 

Since BAH  is the conjugate of ABH , we have: *
0 ( )BAH f  k          (2.15)  

 

FIGURE 2.3. The honeycomb crystal structure of monolayer graphene. In the 

nearest neighbor approximation, we consider hopping from an A site (white) to 

three adjacent B sites (black), labeled B1, B2, B3, with position vectors 1δ , 2δ , 

3δ , respectively, relative to the A site.6 

 

 To evaluate the jE (the energy of jth band ), we need to calculate the overlap 

integral matrixS  based on the secular equation: det( ) 0jE H S . Since the 
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overlap between a 2pz orbital on the same atom is unity, if we only count on 

contribution from the same atom, we can evaluate the diagonal element of overlap 

integral matrix as following: 

, ,( )

, ,
1 1

1
( ) ( )A j A i

N N
i

AA A A i A A j
i j

S e
N

  

 

   k R R r R r R

, ,
1 1

1 1
( ) ( ) 1 1

N N

A A i A A i
i iN N

 
 

     r R r R . Similarly, we have 1BB AAS S   . 

For those off diagonal elements, we have: 

       , ,

3
( )

, , 0
1 1

1
( ) ( ) ( )B l A i

N
i

AB A A i A B l
i l

S e s f
N

  

 

    k R R r R r R k      (2.16) 

and *
0 ( )BAS s f k . where 0 , ,( ) ( )A A i A B ls    r R r R .  

by solving the secular equation, we can get:  

                      2 0

0

( )

1 ( )
p f

E
s f

 





k

k
 (ref. 6)                (2.17) 

where the parameters 0 0 23.033 , 0.129, 0peV s     are used. (ref. 6) The 

band structure is plotted in Figure 2.4.  
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Figure 2.4. The 3-D view of band structure of single layer graphene.  

 

 

 

Figure 2.5 The Brillouin zone of hexagonal lattice.  

K point 
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From Figure 2.4 and Figure 2.5, it is obvious that single layer graphene is a 

gapless semiconductor and, at the K points, ( ) 0E K . Around the region close 

to K points, we have a linear dispersion relationship: 

( ) FE v   K k k                     (2-18) 

Where 61 10 /Fv m s   is the Fermi Velocity.7 This linear dispersion relationship 

means that electrons behave like photons, i.e. massless particles, with an effective 

“light speed” 61 10 /m s .The main difference between them is: photon is a Boson, 

while electrons in graphene is still Fermion with spin 1/2. 

 

2.3 Synthesis of large scale graphene and the applications 

 One advantage of graphene for applications is that one can synthesis large 

area graphene membranes for wafer-scale (or even larger) devices, which can be 

achieved via two different techniques. The first method is heating up silicon 

carbide (SiC) to high temperatures (>1100 °C) to reduce it to graphene.8 This 

process produces epitaxial graphene with dimensions as large as the size of the 

SiC substrate. The second approach is via chemical vapor deposition (CVD). This 

method takes advantage of a source gas and the atomic structure of a metal 

substrate to seed the growth of the graphene. The most widely used metal is Cu, 
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on which the graphene growth is self-limiting within certain pressure ranges. 

Graphene sheets as large as the underlying Cu foil (up to 30 inch in diameter) can 

be synthesized9,10 These large area synthesis methods paved the way to wide 

applications of graphene. 11 

 In 2010, researchers at IBM developed graphene transistor array with a 

switching rate of 100 gigahertz with epitaxial graphene wafers12. This speed is 

faster than previous results on graphene devices13, and than that of silicon 

transistors with the same gate length. This breakthrough demonstrates that 

graphene may become the candidate material of next generation transistors by 

replacing Si.12 

 Furthermore, graphene has high electrical conductivity and high optical 

transparency, rendering it a promising candidate for transparent conducting 

electrodes. This type of material is in highly demand in touch screens, liquid 

crystal displays, organic photovoltaic cells, and organic light-emitting diodes 

(OLED), etc. In addition, graphene's mechanical strength and flexibility are much 

more superior than those of indium tin oxide (ITO) that is currently the most 

widely used material for transparent electrode applications.14, 15 Since the total 

amount of indium in the earth is much less than that of gold, a cheaper alternative 

material for ITO would be highly desirable.  

 Finally, graphene may even have biomedical applications. The Chinese 
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Academy of Sciences showed that sheets of graphene oxide are very effective in 

eliminating bacteria, thus may have wide application in sterilizing medical filed..16 

 Apart from the applications mentioned above, our recent works demonstrate 

that modified graphene structures provide insights into physics in nanoscale 

systems, and may also be useful for semi-conductor industry and long term 

information storage.17, 18, 19   
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Chapter 3 

 

Sample Preparation and Device Fabrication 

 

 In this chapter, I will describe in detail sample (graphene) preparation, 

localization and identification (See Section 3.1), and a software we developed to 

speed up and simplify the process of sample identification. The process of device 

fabrication will be discussed in Section 3.2.  

 

3.1 Sample (graphene) preparation, localization and identification 

To isolate graphene flakes from bulk graphite, we used mechanical exfoliation 

method with scotch tape, which was first developed by Novoselov and Geim1. The 

process of this method can be divided into the following steps: 

(1) Wafer cleaning: 5mm by 5mm Si/SiO2 wafers are selected and put into a 

beaker contains Acetone. Then the beaker is sonicated for ~20min. Finally, 

wafers are rinsed by IPA (isopropyl alcohol) and dried by N2 gas (nitrogen).  

(2) Exfoliate graphene flakes on top of SiO2 with the method described in ref. 1.  

(3) Locating samples: The dimension of our samples are typically 1μm~ 10μm. 
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On the Si substrate with 300nm SiO2 , the contrast between graphene and 

substrate can be distinguished by naked eyes, therefore, samples are usually 

first located with optical microscopy method. Figure. 3.1 shows the optical 

image of a graphene sheet exfoliated on a Si/SiO2 wafer.  

 

 

FIGURE 3.1. Optical image of Single and double layer graphene samples on 

top of a Si/SiO2 wafer. The thickness of SiO2 is 300nm. Scale bar: 10μm.  

 

(4) Sample identification: To accurately determine the number of layers in a given 

Double layer 

Single layer 

10 μm 
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graphene sheet, one may perform Raman spectroscopy2 or quantum Hall 

measurements1,3. However, both techniques are time consuming. Instead, the 

easiest and fastest method is the optical contrast between sample and the 

substrate. As seen in Figure 3.1, single-layer graphene appears in the upper 

left corner of the flake on the right, and the rest of the flake is bi-layer. The 

number of layers can be rather reliably identified by an experienced user. 

However, to take the guesswork out of this step, we develop a quantitatively 

analysis of the color channels (RBG data) of the sample and the substrate from 

an optical image file (e.g. JPG, BMP…). I have developed a software, named 

graphene layer viewer, for sample identification with the algorithm based on 

the contrast between average RGB values of sample and of the substrate area 

closed to the sample. (Because of the non-uniform illumination of the light 

source, one should select the substrate region close to the sample.) This tool 

can also help a novice identify samples in an efficient way.  

This software and the manual can be found at 

https://sites.google.com/site/graphenelayer/. The latest source code of the software 

(written in java) is appended as Appendix I.  

 

3.2 Device Fabrication 

 To measure transport properties of graphene samples, metal electrodes 
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attached onto samples are necessary. Generally, we use standard electron beam 

(e-beam) lithography (EBL) to define the pattern of electrodes in a PMMA mask, 

and deposit metal electrodes using an electron beam evaporator. For suspended 

structures, wet etching process is needed to etch away SiO2 underneath graphene 

samples and/or electrodes after previous steps4-8. 

 The standard fabrication process is shown in Figure 3.2 and the detailed steps 

are: 

(1) Spin coat and bake two layers of E-beam resists: one can either choose 

MMA ((8.5) MMA EL 9 from Microchem) as the bottom layer and PMMA 

(PMMA 950 A4 from Microchem) as the top layer, or two layers of PMMA. The 

spin speed is 4000 RPM for 40 seconds, and baking time is 180℃ for 10 min. 

(Figure 3.2 a and b) 

(2) Electron-beam exposure and developing: The electrodes pattern is 

designed with software named Design CAD LT 2000. Another tool, Nanometer 

Pattern Generation System (NPGS), converts designed patterns into readable files 

for the SEM machine (LEO SUPRA 55 Scanning Electron Microscope) in order 

to proceed electron beam lithography. For fine features (<2μm in scale), we use 

the 20μm aperture. When the beam current is set as 95pA, the typical dosage is 

650 nC/cm2. For bonding pad and larger electrodes (10μm – 250μm in scale), we 

use the 120μm aperture; the typical dosage is 550nC/cm2 at a beam current of 
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3600pA. After electron beam exposure, our samples are developed by immersing 

into Methyl Isobutyl Ketone/Isopropyl Alcohol (MIBK/IPA) (1:3) solution for 65 

seconds, followed by 60 seconds rinsing in IPA. 

 (3) Metal deposition and lift off: For alignment marks, no metal deposition 

and lift off process are needed, since the contrast between developed region 

(alignment marks) and undeveloped region in SEM is large enough for the 

purpose of alignment. For electrodes, we use electron-beam evaporator (Temescal 

BJD 1800 system) to deposit metals: 5–10nm Cr as an adhesion layer, and 

100–150nm Au. The depositing rate is generally ~0.25 nm/s. The environmental 

vacuum inside the chamber is below 4×10-6 torr before starting deposition.  

The lift off process removes metal deposited on the unexposed resists. We 

place the samples into a hot Acetone beaker (50℃~60℃) for several hours, rinse 

samples with IPA for ~20min and blow dry with nitrogen gas.  

 (4) To complete devices with suspended structure, a final wet etching step is 

needed. The samples are placed in a small flat plastic bowl and submerged into a 

beaker containing hydrofluoric acid (typically buffered oxidant etchant, or BOE) 

to partially or completely etch away SiO2 underneath graphene or metal electrodes. 

(See Figure 3.2e) The thickness of etched SiO2 can be controlled by adjusting 

etching time. Then we transfer the plastic bowl with samples and solution into 

beakers of DI water. This step is repeated several times to completely remove the 
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acid. The plastic bowl is then transferred into several IPA beakers successively to 

remove water. This step is important since IPA has smaller surface tension, so that 

the suspended structures are less prone to collapse during the drying process. The 

final IPA beaker is placed onto a hot plate that is heated to 80℃.Then the samples 

are transferred from the hot IPA onto another hot plate at 70℃. Since the high 

temperature decreased the surface tension of solutions, the final step helps to 

suspend the device. A schematic of a typical suspended device is shown in Figure 

3.2f 

 

 

 

 

 

 

 

 

 

 

 

 

a 

d 

b 

c 



 26

 

 

 

 

 

 

FIGURE 3.2 Device fabrication: (a) Prepare and located graphene samples on top 

of SiO2/Si substrate. (b) Spin coat 2 layers of PMMA, then use electron-beam 

lithography to open windows for metal deposition. (c) Metals are deposited by 

E-beam evaporation. (d) Lift off process removed PMMA resists and metals in the 

non-exposed region. (e) After BOE etching, a suspended structure was finished (A 

profile map for center of the device). (f) Schematics of a suspended device in a 

3-D view. 
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Chapter 4 

 

Aryl functionalization in single layer graphene 

devices 

 

 Chemical functionalization is a promising route to band gap engineering of 

graphene. In this chapter we focus on graphene sheets that are chemically grafted 

with nitrophenyl groups. Our transport measurements demonstrate that 

non-suspended functionalized graphene behaves as a granular metal, with variable 

range hopping transport and a mobility gap ~0.1 eV at low temperature. For 

suspended graphene that allows functionalization on both surfaces, we 

demonstrate tuning of its electronic properties from a granular metal to a 

semiconductor in which transport occurs via thermal activation over a transport 

gap ~80 meV from 4 to 300 K. This noninvasive and scalable functionalization 

technique paves the way for CMOS-compatible band gap engineering of graphene 

electronic devices. 

 I will begin this chapter by discussing previous works in this field and 

significance and breakthrough of our work, especially on application potential of 
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the chemical modification. In Section 4.2, I will describe device preparation, 

chemical modification process, and measurement setup. I will present detailed 

data analysis and transport mechanisms in non-suspended and suspended samples 

in Section 4.3 and 4.4, respectively. Finally, I will summarize our work. 

 

4.1 Band Gap Engineering and Functionalized Graphene 

 Since its experimental isolation on insulating substrates1 and the development 

of a wafer scale growth technology,2 graphene has rapidly become a promising 

candidate for next generation electronic material.3 Its material properties, such as 

atomically thin dimension, unparalleled room-temperature mobility,4-8 thermal 

conductivity,9 and current carrying capacity,10 are far superior to those of silicon, 

whereas its two-dimensionality (2D) is naturally compatible with standard 

CMOS-based technologies. However, as a gapless semiconductor, graphene 

cannot be directly applied in standard digital electronic circuitry. Thus, in order to 

realize its potential to supplement or replace Si, band gap creation and control in 

graphene still pose a major challenge. Various approaches have been proposed 

and implemented, such as the use of biased bilayers, 11,12 graphene nanoribbons, 

13,14 and strain-based device fabrication.15,16 Chemical functionalization,17-20 

because of its simple implementation and potential compatibility with wafer-scale 

heterogeneous integration, is a particularly promising approach. Prior work in this 
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area includes hydrogenation to form graphane,21,22 a wide band gap semiconductor, 

and fluorination to form insulators.23-25 However, such functionalization 

procedures are invasive, thermally unstable, and highly energetic processes that 

are incompatible with standard semiconductor technology. 

In this chapter, we will show the successful aryl-group functionalization26 and 

transport measurements of single layer graphene sheets that are isolated in the 

form of free-standing films or supported on Si/SiO2 substrates. Functionalization 

of graphene is verified by the development of D and D* peaks in Raman 

spectroscopy measurements.27,28 The chemical treatment is simple and 

noninvasive and leads to the formation of stable sp3 C-C bonds to the basal plane 

of graphene and can be easily scaled up for industrial production. The devices’ 

field effect mobility after functionalization is ~50 cm2/(V s) for 

substrate-supported graphene and ~200 for the suspended films, comparable with 

that of Si. By performing electrical measurements at different temperatures, we 

demonstrate that non-suspended functionalized (NSF) graphene behaves as a 

granular metal, displaying variable range hopping (VRH) transport, a 

localization-induced gap ~0.1 V at 4 K, and a charge localization length of 

40~125 nm. In the case of the suspended devices which allow double-sided 

grafting of the aryl groups, we obtain a variable degree of functionalization, and 

consequently the transport mechanism spans a large range: charges traverse across 
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lightly functionalized devices via VRH, while heavily functionalized devices 

behave as gapped semiconductors, in which charges are thermally activated over a 

transport gap of ~80 meV from 4 to 300 K. Our results demonstrate the potential 

for tunable electronic properties of graphene via noninvasive solution chemistry, 

paving the way for wafer-scale manipulation of band gap and electronic properties 

of graphene. 

 

4.2 Device Fabrication and Functionalization Process 

Graphene sheets were extracted from bulk graphite using standard 

mechanical exfoliation techniques, and coupled to Cr/Au (10nm/150nm) 

electrodes via electron beam lithography. The devices are then annealed in 

vacuum by applying a large current29 or using a local heater.  A scanning electron 

microscope (SEM) image of a typical non-suspended device is shown in the 

Figure 4.1a inset. Immediately after fabrication, these pristine devices are 

electrically characterized at different temperatures. Figure 4.1a displays the 

current-voltage (I-V) characteristics of one such device NS1, which is nearly 

linear up to 1V. With the modulation of the gate voltage Vg, which changes the 

charge density induced in the graphene sheet, the devices’ four terminal 

differential conductance G at zero bias increases approximately linearly away 

from the Dirac point, which is at VD=9V, indicating a field effect mobility of 
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~2000 cm2/Vs (Figure 4.1b). Both the I(V) and G(Vg) curves display minimal 

temperature dependence, in agreement with previous experiments4-6. 
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FIGURE 4.1. (a,b). I-V and G(Vg) characteristics of a pristine graphene device 

NS1 on Si/SiO2 substrate at 300K (red traces) and 4K (blue traces). Inset in (a): 

SEM image of a device. Scale bar: 5 µm. (c). Schematics of the chemical 

functionalization process. (d). Raman spectrum of a graphene device before 
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(bottom curve) and after (top curve) functionalization. 

 

These devices are then chemically modified by immersing in an 

acetonitrile solution of 4-nitrophenyl diazonium tetrafluoroborate 

(NO2-C6H4N2
+BF4

-, 10 mM) in the presence of tetrabutylammonium 

hexafluorophosphate ([Bu4N]PF6, 0.1 M). The spontaneous grafting (Figure 4.1c) 

was performed in a glove box in the absence of light; the devices were then rinsed 

with acetonitrile, acetone and isopropanol and dried in air. The functionalization 

process was confirmed by Raman spectroscopy as discussed in previous 

publications28. 

Figure 4.1d shows the evolution of the Raman spectra before and after 

chemical attachment of aryl groups to the carbon atoms of the graphene lattice.  

Pristine graphene exhibits two prominent Raman peaks – a G-band at ~ 1580 cm-1 

associated with the doubly degenerate phonon mode (E2g) at the Brillouin zone 

center, and the 2D-band at ~2700 cm-1 that originates from a second order double 

resonance process. The intensity of the 2D-band relative to the G-band is 

characteristic of monolayer graphene. In some pristine graphene samples, the 

G-band was observed at 1590 cm-1; such blue-shift of G-peak suggests p-doping, 

which is presumably due to environmental oxygen, is confirmed by transport 

measurements. After chemical treatment, the Raman spectra of all of the devices 
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developed strong D-bands at ~1340 cm-1, accompanied by small D*-bands at 1620 

cm-1 and D+D* bands; the reduction in intensity of the 2D band is indicative of 

doping of the films by the reagent30.  The functionalized devices are stable up to 

more than 200 ºC. 

 

            

 

            

 

FIGURE 4.2. Transport data of NS1 after functionalization. (a,b). I-V and G(Vg) 

characteristics. Red and blue traces are taken at 300K and 4K, respectively. (c). 

dI/dV (color) vs. bias V and Vg  at T=4K. (d). Line traces of (c) at Vg =38V (Dirac 

point) and -28.5V, respectively. 
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 After functionalization, the devices are annealed again at T<≈150ºC. 

Transport characteristics through the NSF devices are dramatically altered from 

those of pristine graphene. As shown by the red traces in Figure 4.2a-b, at 300K, 

the I-V curves of device NS1 are approximately linear; however, the device 

conductance decreases by a factor of 20 from that of pristine graphene, while  

decreases to ~ 50 cm2/Vs. At low temperature T=4.2K, the I-V characteristics 

becomes markedly non-linear. For small bias, the conductance is effectively zero 

for all values of Vg; at higher bias, the G(Vg) curve recovers its high temperature 

behavior, albeit with ~20% reduction in conductance. We note that at 4K, the 

Dirac point shifts to 38V, presumably due to random charge fluctuations in the 

electromagnetic environment of the device. 

 At low temperature, the most notable feature of the device’s behavior is the 

zero or extremely small conductance at small bias. Figure 4.2c displays the 

differential conductance dI/dV of the device (color), which is obtained by 

numerically differentiating the I-V curves taken at different Vg value, as functions 

of Vg (horizontal axis) and V (vertical axis). Two line traces, dI/dV vs. V at the 

Dirac point Vg=38V and at the highly hole-doped regime Vg=-28.5V, are shown in 

Figure 4.2d. The blue region, which has effectively zero conductance (<0.1 S), 

appears as a half diamond. Similar diamond-shaped low G regions have been 

observed in extremely narrow graphene nanoribbons14, and suggests the formation 
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of a transport gap or mobility gap at low temperature. From the height of region 

with dI/dV<0.1 S in Figure 4.2c, we estimate the magnitude of the transport gap 

to be ~0.1 eV.   

 

4.3 Mechanisms of Transport properties 

In order to elucidate the transport mechanism of the device, we investigated 

the temperature dependence of its I-V characteristics. For transport across a true 

band gap , one expects thermally activated behavior, G  e /2kBT , where kB is 

Boltzmann constant. Figure 4.3a displays the I-V characteristics of device NS1 

taken at different temperatures between 14 K and 300K, which exhibits a 

transition from non-linear to linear IV as T increases. The low bias conductance G 

in the linear response regime is extracted and plotted in Figure 4.3b as a function 

of 1/T, where the red and green data points corresponding to those taken at the 

Dirac point and at highly electron-doped regime, respectively. The non-linearity of 

the data excludes thermal activation as the transport mechanism.  

 Another possible mechanism is variable range hopping (VRH)31-33, in which 

the electrons in a strongly disordered or granular system traverse the system via a 

series of hops to neighboring localized states. The hopping distance is determined 

by a competition that maximizes the wave function overlap and minimizes the 

activation energy between the two sites. As a result, the zero bias conductance has 
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a stretched-exponential dependence on T  

 G  Aexp 
T0

T

















   (1) 

where A and T0 are constants. The exponent  , which depends on the 

dimensionality and anisotropy of the system, strength of disorder and dielectric 

constant, has been theoretically and experimentally determined to vary from ¼ to 

3/4 in systems as varied as carbon nanotube networks34,  polymers35, arrays of 

nanoparticles36, 37 and the 2D electron gas in the quantum Hall regime38. Generally, 

there exist two different VRH regimes. In the Mott VRH regime32, the system has 

a constant density of states (DOS) near the Fermi level, and negligible Coulomb 

interaction between the hopping sites. This regime dominates at high temperature, 

yielding =1/(d+1), where d is the dimensionality of the system. At sufficiently 

low temperatures, Coulomb interaction between the sites gives rise to a Coulomb 

gap at the Fermi level; in this Efros-Shklovskii (ES) regime, =1/2 for all d31.  

Since d=2 for graphene, we expect =1/3 in the Mott regime and =1/2 in the ES 

regime. The ES VRH model also applies for granular metals39, 40, where transport 

occurs via multiple electron co-tunneling among different grains40. 

 To quantitatively account for our results, we fit the data in Figure 4.3b to Eq. 

(1), as shown by the solid lines in Figure 4.3b. Excellent agreement with data over 

the entire T range was obtained – for the data set at the Dirac point, the best-fit 
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parameters are A=86.9, T0=1670K and for the data set at highly doped 

regime, A=42.2, T0=317K and For both regimes,  is determined to be ~ 

0.4, which may indicate a crossover from the Mott to ES VRH regimes; 

alternatively, it could suggest that the DOS g()~ for functionalized graphene33, 

where  is the energy measured relative to the Fermi level. Further experimental 

and theoretical investigation of functionalized graphene will be necessary to 

ascertain the exponent and understand the rich underlying physics. 

 At low temperatures the system is expected to be in the ES regime; as shown 

in Figure 4.3c, the data points in the range T =14-150K fall on a straight line in the 

log plot of G against T-1/2 ( adequate but slightly more non-linear traces are 

obtained if we plot against T1/3). The data are well fit by the function 

G  Aexp  T0
T







, with a T0  value of 450K and 150K in the DP and highly 

doped regime, respectively. Since T0 is related to electron localization length 31 

  kBT0  C
e2

40r
,   (2) 

we infer ≈42 nm at the DP and in the doped regime, ≈125 nm. Here e is electron 

charge, 0 and r≈2.5 are the permittivity of vacuum and of the electromagnetic 

environment of the device, respectively, and C~2.8 is a constant.  

 To check the self-consistency of the model, we also estimate the size of the 
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Coulomb gap Cand the onset temperature T* of the ES regime. In 2D, 

C ~
e4g0

(4 0r )2
, kBT * ~

e6

40r 3
g0

2 , where g0 is the “bare” DOS at the Fermi 

level. We note that these expressions contain unknown prefactors of order unity, 

which need to be determined by computer simulations. g0 for our devices are not 

known, but we can obtain an order-of-magnitude estimate by using graphene’s 

DOS at charge density n~5x1011 cm-2, which is the typical doping level induced by 

impurities. Given g0=

2

n


1

hvF

, where vF ~ 106 m/s is the Fermi velocity, we find 

that C~500 K, which is consistent with our observation of a transport gap ~100 

meV, and T*~3000K.  Considering the uncertainties in the prefactors and g0, 

these values are indeed reasonable, and also consistent with those found in other 

2D systems41, 42. 

 The agreement between our data and VRH model, together with the relatively 

small localization length, suggest that at low temperature, aryl-functionalized 

graphene behaves as a granular metal. Thus, the NSF device can be modeled as a 

2D array of metallic islands; theoretical predictions for such a system43 suggest 

that at low temperature, disorder and charging effects lead to a conduction 

threshold Vt, below which G=0. At large bias V>Vt, the charges percolate through 

the array via multiple branching paths which optimize the total charging energy, 

giving rise to a current with a power-law dependence on the reduced voltage 
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   I ~ (V Vt )
     (3) 

where  is predicted to be 5/3 for a 2D array and the threshold voltage Vt is 

expected to decrease linearly with increasing T43.  For a given system, Eq. (3) is 

expected to be universal at low temperatures.  

 

 

 

 

 

FIGURE 4.3. T-dependent transport data of NS1. (a). I-V curves of functionalized 

NS1 at T=14, 30, 60, 90, 120, 150, 178, 227, 257 and 283K. The data are taken at 

the Dirac point. (b). Linear response G vs. 1/T for data taken at the Dirac point 

(red dots) and highly doped regimes (green dots). The solid lines are best-fitted 

a d 

b c 
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curves to Eq. (1). Data at T=4K and 14K are not shown, since the measured G 

<10-8 -1 is limited by the instrument noise floor. (c). The same data points in (b), 

plotted as G vs. T-1/2. The solid lines are curves fitted to Eq. (1) with =1/2. (d). I 

vs. reduced voltage V-Vt for data taken at the Dirac point and T=4K and 14K, 

which collapse into a single curve. The red and green lines (indistinguishable) are 

best fits to Eq. (3), with exponent =1.6. 

 

In Figure 4.3d, we plot I vs. V-Vt at T=4K and 14K; the data are taken at the 

DP, and Vt is chosen to be 80mV and 55mV, respectively. On the log-log plot, both 

curves collapse into a single straight line, indicating a power-law behavior. The 

best-fit exponent  is found to be 1.66, in excellent agreement with the theoretical 

value of 1.6. This establishes that aryl-grafted graphene is a granular metal, with a 

localization induced transport gap ~ 100mV at T=4K. Furthermore, since 

disordered arrays often display IV characteristics that have a variety of   values, 

and sometimes even deviate from the simple power law behavior37, 44, the 

excellent fit of Eq. (3) to the data suggests that the grafting sites are relatively 

well-ordered. 

 

4.4 Suspended Samples 

Finally, we focus on transport in chemically functionalized free-standing 
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graphene membranes. Since both sides of these membranes are exposed to the aryl 

solution, we expect more effective grafting due to the minimization of 

incommensurate ordering and relaxation of strains that result from the sp2-to-sp3 

conversion.  Moreover, functionalization of suspended graphene is critical for 

chemical and biological sensors based on graphene nanomechanical resonators, 

which promise to be highly sensitive as well as selective. 

 To this end, we functionalized suspended graphene devices obtained by 

acid release of the underlying SiO2 layer 7, 8(Figure 4.4a). As described in Chapter 

3, our sample with Au/Cr (150nm/10nm) electrodes was first prepared on 300nm 

SiO2 substrate with traditional E-Beam Lithography. Cr was adopted as the 

sticking layer because it is stable in the BOE etching solution. Then the whole 

device was immersed into BOE (Buffered Oxide Etch) solution for 70s (etching 

away ~120nm SiO2) or 90s (etching away ~150nm SiO2). The sample was washed 

by transferring from BOE to water beakers and finally IPA (Isopropanol) beakers. 

The last IPA beaker should be heated up to 70~80℃, in order to minimize the 

surface tension, which may collapse the fragile suspended structure. Finally, we 

dried the device by placing it on a hot plate at ~70℃. The device was then 

chemically functionalized as described in the previous section, and the same 

rinsing and drying process was repeated.  

The mobility of a typical pristine suspended device is ~5,000 to 15,000 
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cm2/Vs at room temperature (Figure 4.4b). After chemical treatment, the device 

mobility decreases significantly, to ~ 1-200 cm2/Vs. A lightly functionalized 

suspended graphene sample displays similar VRH transport characteristics to 

those of the NSF devices. In contrast, transport across a heavily functionalized 

suspended device is dramatically different. Figure 4.4c-d display the electrical 

characteristics of a device after 20 hours of functionalization. Its I-V curves are 

non-linear even at 300K; at 4K, the conductance is effectively zero (< 0.01 nS) for 

V<1V (Figure 4.4c). Its zero bias conductance decreases exponentially with 1/T at 

high temperature, and crosses over to a constant value for T<30K (Figure 4.4d).  

The data can be satisfactorily described by the equation G(T)=G0+Aexp(-EA/kBT), 

where EA≈39±10 meV is the activation energy and G0 is the constant background 

conductance, which is likely the noise floor of this measurement setup. This 

activation energy may arise from the formation of a true band gap – in fact, our 

previous study using ARPES measurement has shown the presence of a band gap 

of ~ 360 meV28; alternatively, the Arrhenious behavior may arise from nearest 

neighbour hopping. Thus, we demonstrate the formation of a gap 2EA ~80 meV at 

room temperature in graphene sheets that are functionalized on both surfaces, 

though further experimental work will be necessary to ascertain the nature and 

magnitude of the gap.  
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FIGURE 4.4. (a). False-color SEM image of a suspended graphene device. (b). 

G(Vg) of a typical suspended device before functionalization. Scale bar: 1 m. (c). 

I-V curves of a suspended functionalized device at Vg=0 and T=300K (red curve, 

right axis) and 4K (blue curve, left axis), respectively. (d). Linear response G vs. 

1/T. The solid line is the best-fit to G(T)=G0+Aexp(-EA/kBT), where EA ~40 mV. 

 

In conclusion, we have demonstrated single- and double-sided chemical 

functionalization of graphene sheets via grafting of aryl groups using simple 

solution chemistry. Via control of the functionalization, graphene can be tuned 

from a gapless semi-metal to granular metal with a Coulomb-induced transport 

a b 

d c 
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gap at low temperature, and to a semiconductor with a transport gap ~100 meV. 

Since the aryl-grafting technique is non-invasive and compatible with CMOS 

technologies, our results have significant impact for band gap engineering and 

control in graphene electronics. 
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Chapter 5 

 

Organometallic Hexahapto Functionalization of 

Single Layer Graphene Devices 

 

 Apart from the Aryl group functionalization method, we also adopt other 

chemical approaches to functionalize pristine graphene samples. In this chapter, I 

will discuss a gentler chemical modification -- organometallic hexahapto 

functionalization, which provides a good compromise between the often 

conflicting goals of achieving both high ON-OFF ratio and maintaining the high 

mobility of graphene devices.  

 In Section 5.1, I will introduce the motivation behind this approach, the 

chemical treatment process and chemical properties of functionalized graphene. 

Detailed setup of the experiment, apparatus and parameters are described in 

Section 5.2. Section 5.3 discusses the transport properties of devices that are 

functionalized to various degrees.  Finally, Section 5.4 summarizes this work.   

 

5.1 Organometallic Hexahapto Functionalization  
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Pristine single layer graphene (SLG) has exceedingly high mobility, which is 

~4,000–20,000 cm2/Vs for typical devices supported on Si/SiO2 substrates, and 

may reach as high as 250,000 cm2/Vs in suspended devices at room temperature.1 

Such high mobilities makes graphene an extremely attractive candidate for next 

generation  electronic materials. However, the absence of a band gap that is 

necessary for digital electronics presents a technological challenge. One effective 

approach to band gap engineering is the (partial) saturation of the valences of 

some of the conjugated carbon atoms.2-16  Nitrophenyl functionalization, in 

which a fully rehybridized sp3 carbon atom is created in the lattice, dramatically 

modifies the electronic and magnetic structure of graphene, with significantly 

reduced field effect mobility.17-21 Since this type of functionalization scheme 

introduces resonant scatters22 into the graphene lattice, we refer to this as 

destructive rehybridization.23   

Most approaches for chemical modification of graphene involve the creation 

of sp3 carbon centers at the cost of conjugated sp2 carbon atoms in the graphene 

lattice. We have recently investigated the application of organometallic chemistry 

by studying the covalent modification of graphitic surfaces with hexahapto 

zero-valent transition metals such as chromium.12,24 The formation of the 

hexahapto (6)-arene metal bond brings about very little structural reorganization 

of the -system; in the reaction of the zero-valent chromium metal with graphene, 
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the vacant d orbital of the metal (chromium) constructively overlaps with the 

occupied -orbitals of graphene, without removing any of the sp2 carbon atoms 

from conjugation.12,24 Previously we have shown that the formation of such 

bis-hexahapto transition metal bonds between the conjugated surfaces of the 

benzenoid ring systems present in the surfaces of graphene and carbon nanotubes 

can dramatically change their electrical properties.12,23-26 These prior works focus 

on using the bis-hexahapto-metal bond as an interconnect for electrical transport 

between the conjugated surfaces, thereby increasing the dimensionality of the 

carbon nanotube and graphene materials and thus we were concerned with the use 

of the bis-hexahapto-metal bond as a conduit for electron transport between 

surfaces. In contrast, the goal of the present study is to investigate the effect of the 

hexahapto-bonded chromium atoms on the electronic properties of graphene itself 

(within the plane of a single layer), by using mono-hexahapto-metal bonds to the 

graphene surface.  

Single layer graphene (SLG) flakes are extracted from bulk graphite using a 

standard mechanical exfoliation method and placed on a Si substrate with 300 nm 

SiO2. Contacts consisting of 10 nm of Cr and 150 nm of Au are deposited on SLG 

by standard e-beam lithography. The devices are annealed in vacuum by passing a 

high current for a short time to remove contaminants from the surface.27 After 

characterization the devices are immersed in a chromium hexacarbonyl solution 
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for organometallic functionalization.  

Three different functionalization approaches are employed to chemically 

modify the graphene flakes as shown in Figure 5.1. In the first method (method A), 

SLG devices are functionalized in a solution of chromium hexacarbonyl [Cr(CO)6] 

in dibutyl ether/tetrahydrofuran under refluxing conditions (140 oC, 48 h). In the 

second method (method B), the SLG devices were immersed in a solution of 

Cr(CO)6 as in method A, but in presence of an additional ligand, naphthalene (80 

oC for 12 h). The naphthalene was added in order to form the 

(naphthalene)Cr(CO)3 complex,28-30 which is known to be a very effective reagent 

for the transfer of the Cr(CO)3 group between ligands. In our experience there is a 

facile arene exchange reaction between naphthalene and the more reactive 

graphene layer, which allows the reaction to proceed at relatively low temperature. 

In the third method (method C), the SLG device is functionalized using a solution 

of tris(acetonitrile) tricarbonylchromium(0) [Cr(CO)3(CH3CN)3]
30-33 in THF (40 

oC, 6 h).  
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FIGURE 5.1. Organometallic functionalization of single-layer graphene devices 

(SLG, 1): (a) Schematics of functionalization approaches  using three different 

reaction routes to obtain hexahapto-chromium complex, (6-SLG)Cr(CO)3 (2);  

routes: A: Cr(CO)6, n-Bu2O/THF, 140 oC, 48 h, under argon, B: Cr(CO)6, 

naphthalene, n-Bu2O/THF, 80 oC, 12 h, under argon, and C: Cr(CO)3(CH3CN)3, 

THF, room temperature to 40 oC, 6 h, under argon. (b) Illustration of the graphene 

device and the functionalization process; and (c) Three-dimensional model of the 

(6-SLG)Cr(CO)3 organometallic complex. 

 

To probe the effectiveness of the functionalization approaches the graphene 

sheets were characterized with Raman spectroscopy before and after the reaction 
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(ex = 532 nm, Nicolet Almega XR). The Raman spectra of the pristine single 

layer graphene (SLG, Figure 5.2a-i) show the characteristic G-band (1585 cm-1) 

and 2D-band (2680 cm-1), while organometallic covalent hexahapto (6-) 

functionalization leads to development of a D-band located at ~1345 cm-1 with a 

relatively low intensity (Figure 5.2a, ii-iv). The Raman measurements showed that 

all three methods were effective in the formation of Cr-complexed graphene, 

although method C was found to provide functionalized graphene flakes with 

slightly weaker D-band intensity, which may be due to a lower degree of 

hexahapto (6-) complexation. We also observe that the reactivity of the flakes 

towards hexahapto organometallic functionalization reaction was dependent on 

the number of graphene layers; analysis of the integrated ID/IG ratios indicated that 

single-layer graphene (SLG) was more reactive than few-layer graphene (FLG) 

and HOPG was least reactive.   
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FIGURE 5.2. Organometallic functionalization of graphene and graphite. (a) 

Raman spectra of pristine SLG and Cr-functionalized graphene flakes, prepared 

by methods A, B and C. (b) Optical image of single-layer graphene (SLG), few 

layers graphene (FLG) and graphite (HOPG) on SiO2/Si substrate. (c) Changes in 

chemical reactivity with stacking demonstrated by the evolution of Raman spectra 

before and after functionalization using method B on (i) SLG, (ii) FLG and (iii) 

HOPG. 

 

5.2. Experiment Setup and Procedures 

 Materials and Instruments: Chromium(0) hexacarbonyl [98%, Cr(CO)6, F.W. 
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= 220.06, m.p. = 150 C, b.p. = 210 oC (decomposes)], 

tris(acetonitrile)tricarbonylchromium(0) [Cr(CO)3(CH3CN)3, F.W. = 259.18, m.p. 

= 67-72 oC (decomposes)], naphthalene (F.W. = 128.17, m.p.= 80.26 oC), 

n-dibutylether (b.p.= 140-142 oC), anhydrous tetrahydrofuran (b.p.= 66 oC), and 

anisole (b.p. = 154 oC) were all obtained from Sigma-Aldrich. All chromium 

reagents have high vapor pressures and direct exposure to the reagents should 

therefore be avoided. Raman spectra were collected in a Nicolet Almega XR 

Dispersive Raman microscope with a 0.7 μm spot size and 532 nm laser excitation. 

Scanning electron microscopy (SEM) images were acquired in a XL30-FEG SEM 

instrument. Electrospray ionization mass spectroscopy (ESI-MS) analysis was 

performed using the Agilent LCTOF instrument. 

Device Farbication: Single-layer graphene flakes were isolated from bulk 

graphite by using standard micromechanical exfolaition technique and are placed 

on an oxidized silicon wafer (with 300 nm SiO2). The  contacts were deposited 

by standard e-beam lithography (Cr/Au – 10 nm/150 nm).  

Organometallic Complexation Reactions: The hexahapto metal complexations 

reactions were perfomed at elevated temperatures under argon atmosphere using 

either chromium hexacarbonyls (in absence or presence of naphthalene as an 

additional ligand, method A and B respectively), or 

tris(acetonitrile)tricarbonylchromium (method C).  
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Method A: SLG devices were immersed in a chromium hexacarbonyl 

[Cr(CO)6, 0.1M] solution in dibutyl ether/tetrahydrofuran (THF) (5:1) and 

refluxed under argon atmosphere at 140 oC for 48 h. After functionalization the 

graphene devices were washed carefully with THF.  

Method B: SLG devices were immersed in a solution of Cr(CO)6 (as in 

method A), with the addition of 0.25 equivalents of naphthalene ligand and heated 

to 80 oC for 12 hours.  

Method C:  SLG device was immersed in a solution of tris(acetonitrile) 

tricarbonylchromium(0) [Cr(CO)3(CH3CN)3] in THF (~0.1 M) inside a glove-box 

and the reaction vessel was closed with rubber septum to maintain the argon 

atmosphere. The reaction vessel containing the graphene device and the solution 

were removed from the glove-box, connected to an argon line and heated slowly 

from room temperature to 40 oC for 6 hours. This procedure required rigorous 

exclusion of the atmosphere in order to avoid doping the graphene as a result of 

the decomposition of the chromium reagent to chromium oxide. 

Decomplexation Reactions:  In a typical reaction, the organometallic 

(6-SLG)Cr(CO)3 complex was refluxed (150 oC) in presence of excess anisole 

(~10 mL) under an atmosphere of argon  overnight. The resulting SLG flake was 

washed with chloroform, acetone, and hexane; dried with gentle flow of argon. 

The decomplexation product of (6-SLG)Cr(CO)3 with anisole yielded a light 
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yellow solution, which was analyzed (after concentration with a rotary evaporator) 

using electrospray ionization mass spectroscopy (ESI-MS), which confirmed the 

chemical composition as (6-anisole)Cr(CO)3 (chemical formula: C10H8CrO4, F.W. 

= 243.98). ESI-MS data shows: m/z = 243.9832 [{(M+H)+[-H]}, diff(ppm): 3.88, 

C10H8CrO4, calculated m/z = 243.9822], and m/z = 244.9904 [(M+H)]+, diff(ppm): 

1.36, C10H9CrO4, calculated m/z = 244.9901].  

Transport Measurements of the Devices: The devices were placed into a 

custom-built helium cryostat.  All the measurements were performed in a high 

vacuum enviornment. The temperature of the devices was measured with a 

semiconductor thermometer mounted in close proximity to the chip carriers. Data 

were acquired by National Instrument PCI-6251 card controlled by a C++ based 

program.     

 

5.3. Transport Features 

 In order to understand the effect of the hexahapto (6-) covalent binding of 

chromium (Cr) atoms on the electronic properties of graphene, transport 

measurements were performed before and after functionalization of the devices. 

Because the Cr-graphene product can decompose at elevated temperatures,12,24 the 

(6-SLG)Cr(CO)3 devices were characterized without annealing prior to the 

measurements. More than 10 devices were studied; in the present manuscript we 
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report results on two devices prepared with Method A and Method C, respectively. 

Based on the Raman spectra (Figure 5.2a) and the transport measurements, the 

former device appears to have a higher degree of functionalization.   

Figure 5.3a shows the zero-bias conductance (G) as a function of the applied 

gate voltage (Vg) of one pristine graphene device. The estimated room temperature 

field effect mobility of this device is  ~4000 cm2/Vs.  
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FIGURE 5.3. (a) G(Vg) characteristic from a device before and after 

functionalization. (b) G (Vg) characteristic of the functionalized device at 300K 

and 4.5K. (c) I(V) curves of the device before and after functionalization. (d) I(V) 

curves of the functionalized device at 300K and 4.5K. 

 

The pristine graphene device shows linear current-voltage (I-V) 

characteristics up to 0.5 V (Figure 5.3c). Both the I-V and G(Vg) curves of the 

pristine graphene device displayed weak temperature dependence, in agreement 

with previous experiments.20 After functionalizing with chromium (method A), the 

device’s transport characteristics changed significantly: the conductance of the 

device decreased 10 times (Figure 5.3a, 5.3b) and the I(V) curves became 

non-linear in the temperature interval 4 K – 300 K, as shown in Figure 5.3c and 

5.3d. The estimated field effect mobility of the functionalized device is ~200 

cm2/Vs, which while significantly diminished, is higher than previously reported 

values for functionalized graphene.3,20,34,35 

In order to explore the possibility of achieving high-mobility functionalized 

graphene devices, Cr-SLG devices derived by method C were characterized. 

Typically method C produced (6-SLG)Cr(CO)3 devices with room temperature 

field effect mobility in the range of ~2,000 cm2/Vs and a current ON/OFF ratio of 

5 to 13. The G(V) and I(V) curves at room temperature and 4.5 K of a weakly 
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functionalized device [(6-SGL)Cr(CO)3 – method C] are shown in Figure 5.4. 

To understand the transport mechanism of the functionalized graphene device, 

the temperature dependences of conductance at the Dirac point and highly-doped 

regimes, were recorded in the range of 4 K to 300 K. The two most common 

transport mechanisms in functionalized devices are[20]: (1). thermal activation, in 

which conductance decreases exponentially with the ratio between the activation 

barrier Δ and thermal energy kBT, G  e /2kBT  ( kB - Boltzmann constant); (2). 

variable range hopping (VRH), which displays a stretched exponential 

dependence G  e T0 /T  , where T0 is a characteristic temperature and α~ ½ to ¼ 

is the exponent. To analyze the data, we plot G on a logarithmic scale as a 

function of T-1 or T-1/3 (see SI). In both plots, the data points do not fall on a 

straight line, suggesting that neither thermal activation nor VRH is the underlying 

transport mechanism in the functionalized devices. One possible complication is 

the variation in the mobility of the chromium atoms with temperature; such 

fluxional behavior has been observed in previous studies of polyaromatic 

hydrocarbon ligands,36,37 and may be operative on the two-dimensional surface of 

the organometallic (6-SLG)Cr(CO)3 complexes.12 
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FIGURE 5.4. (a,b) G(V) characteristics and I(V) curves of a weakly functionalized 

device at 300 K and 4.5 K. The functionalized device has a mobility of ~2,000 

cm2/Vs at room temperature and ~3,500 cm2/Vs at 4.5 K. (c) Conductance G as a 

function of bias V and gate Vg at 4.5 K of the same device. (d) SEM image of a 

typical device (scale bar 2 μm).  

 

Another important characteristic of the chromium functionalization is its 

reversibility via decomplexation reactions. To achieve decomplexation the 

functionalized devices, (6-SLG)Cr(CO)3, were exposed to an electron-rich ligand, 

such as anisole (Figure 5.5a). In a typical reaction, the device with an 

organometallic (6-SLG)Cr(CO)3 complex was heated (150 oC) in presence of 
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excess anisole (~10 mL) under argon for 12 hours. The device was then washed 

with chloroform, acetone, and hexane and dried under argon.  
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FIGURE 5.5. Decomplexation of chromium-graphene complexes. (a) Schematics 

of the complexation of the aromatic rings of graphene with Cr(CO)3 moieties by 

use of Cr(CH3CN)3(CO)3 reagents (method C), and decomplexation of the same 

using electron-rich ligand – anisole, to regenerate a clean graphene and 

(6-anisole)Cr(CO)3. (b) Raman spectra of single layer graphene (SLG) – i: before 

reaction, ii: after reactions with tris(acetonitrile)tricarbonylchromium 
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[Cr(CO)3(CH3CN)3], and iii: after decomplexation. (c) I(V) curves and (d) G (Vg) 

curves of SLG device: green - pristine device, red – Cr-functionalized graphene 

device,  blue – functionalized device after chemical recovery with anisole ligands. 

The measurements were performed at room temperature. 

The complexation and decomplexation reactions were followed by Raman 

spectroscopy. As shown in Figure 5.5b, the intensity of the D-band was 

significantly reduced after the decomplexation reaction (ID/IG = 0.03). Mass 

spectroscopic (ESI-MS) analysis of the concentrated extract, which resulted from 

the competitive arene exchange reaction between (6-SLG)Cr(CO)3 and anisole, 

led to the identification of a product corresponding to (6-anisole)Cr(CO)3, which 

was detected with m/z = 243.9832. The transport measurements showed that the 

conductance and mobility of the devices were increased, although a complete 

recovery of the pristine device performance was not observed. 

To further investigate the properties of our devices, we compare the 

temperature dependence of pristine and functionalized devices. Typically, the 

conductance of pristine single-layer graphene devices has very weak temperature 

dependence, as shown in Figure 5.6 In contrast, a moderate temperature 

dependence of conductance is observed for the chromium functionalized 

single-layer graphene devices. The zero bias conductance of a Cr functionalized 

graphene device as a function of temperature in different doping regimes is 
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illustrated in Figure 5.7. The conductance data is plotted as a function of T-1 and 

T-1/3. The results thus suggest that transport through functionalized devices is via 

variable range hopping. 
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FIGURE 5.6. I-V curves at Dirac point of a pristine graphene device at T = 300 K 

and 4.5 K.  
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FIGURE 5.7. (a,b) Zero bias conductance, G at the Dirac point vs T-1 and T-1/3 for 

a chromium (Cr) fuctionalized graphene device. (c, d) Zero bias conductance G at 

a highly doped regime (Dirac point – 62V) vs T-1 and T-1/3.  

 

5.4. Conclusion 

 In summary, we find that the mono-hexahapto-chromium complexation of 

single layer graphene allows the fabrication of high performance chemically 

functionalized devices. We demonstrated that chemically modified graphene 

devices with a room-temperature field effect mobility in the range of µ ~200 - 
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2,000 cm2/Vs and an on/off ratio of 5 to 13 can be fabricated via 6-metal 

complexation of graphene. Furthermore the graphene organometallic 

complexation chemistry may be reversed by treatment of the devices with electron 

rich ligands. These graphene-metal complexes are potential candidates for 

advanced molecular wires,38  spintronic devices,39 and organometallic catalyst 

supports12,40. The finding that the in-plane transport properties are retained in the 

presence of mono-hexahapto-coordinated transition metals encourages the pursuit 

of this mode of bonding in 2-D and 3-D structures, which employ 

bis-hexahapto-metal complexation.12,23-26 
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Chapter 6 

 

Suspended graphene based switch 

 

 In this chapter, we focus on switching behavior in suspended few layer 

graphene devices that are “broken” using a pulsed electrical breakdown technique. 

The conductance of the resulting devices can be programmed by the application of 

voltage pulses, with a voltage of 2.5V~4.5V corresponding to an ON pulse and 

voltages ~8V corresponding to OFF pulses. Electron microscope imaging of the 

devices shows that the graphene sheets typically remain suspended and that the 

device conductance tends to zero when the observed gap is large. The switching 

rate is strongly temperature dependent, which rules out a purely electromechanical 

switching mechanism. This observed switching in suspended graphene devices 

strongly suggests a switching mechanism via atomic movement and/or chemical 

rearrangement, and underscores the potential of all-carbon devices for integration 

with graphene electronics. 

 We will start this chapter by introducing electronic break down carbon 

systems (carbon nano-tubes and graphene/graphite flakes) and behaviors of our 
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devices in working state. In Section 6.2 we will describe the detailed fabrication 

and electronic breakdown process of suspended graphene devices. In Section 6.3 

we will discuss the measurement process, performance of our devices and in situ 

observation via SEM (scanning electron microscope) imaging. Based upon those 

data and observations, we proposed mechanisms behind switching behavior.  

 

6.1 Electronic Breakdown in Carbon System 

 Long-term archival information storage is an open challenge with a variety of 

approaches proposed, 1 including periodic migration to new media. However, such 

approaches require constant effort to avoid loss due to data errors caused by finite 

storage medium lifetime. A nonvolatile means of storing information densely 

which is stable for extended time periods is therefore highly desirable. One 

approach to address this issue is to store information in the arrangement of atoms 

rather than electrical charges. Previous work has shown the electromigration of 

metallic particles in multiwalled carbon nanotubes (MWNTs).2,3 More recently, 

conductance switching was observed in graphene and graphitic break junctions, 

and the proposed switching mechanism was the formation and breakdown of 

carbon chains or filaments.4,5 However, later works reported cyclable conductance 

switching in devices solely consists of electrodes on SiO2 interrupted by 

nanogaps,6,7 thus it remains controversial whether the swiching behavior in 
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substrate-supported devices is intrinsic or merely arising from the underlying 

substrate. 

To determine the role of the substrate in producing the switching behavior 

and to gain more insight into electromigration and switching in graphene, we 

study switching in suspended graphene layers that are isolated from the 

substrate.8−10We demonstrate that switching in such suspended graphene break 

junctions has similar behavior to that of substrate-supported devices. The switches 

are formed by a breakdown of graphene which leaves a small gap, using a 

sequential breakdown technique. The junction resistance can be controlled by the 

application of voltage pulses, with 4 V corresponding to an ON pulse that 

decreases the device resistance and 8 V corresponding to an OFF pulse that 

increases the device resistance. The devices can be cycled up to hundreds of times 

before becoming inoperative. Scanning electron microscopy (SEM) imaging of 

the gap in the ON and OFF states shows a larger gap in the OFF state than the ON 

state. The similarity of the switching characteristics in suspended devices strongly 

suggests that the switching mechanism is the same as on substrate supported 

samples (though oxide breakdown cannot be unequivocally excluded). The 

switching rate depends strongly on temperature, which indicates that atomic 

motion, chemical rearrangement, or both are essential to the switching 

mechanism. 
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6.2 Device Fabrication and Breakdown Process 

Few-layer graphene sheets (typically 1−5 layers thick) are mechanically 

exfoliated over Si substrates covered by a layer of 300 nm thick SiO2 and 

identified by optical microscopy.11 The switch devices are fabricated with two 

different methods: (i) Using electron beam lithography (EBL) to fabricate the 

device on a graphene sample on the SiO2/Si substrate and then etching ∼120 nm 

SiO2 under the graphene flakes by dipping the device into a buffered oxide etch 

solution;9,10 and (ii) graphene is exfoliated onto substrates that are prepatterned 

with trenches, which are 250 nm deep and 2.5−5 μm wide. Source and drain 

electrodes that consist of 10 nm of Ti and 70 nm of Au are deposited by 

evaporation through a shadow mask, 12 which is aligned carefully with the edge of 

the trenches. This approach minimizes the risk of sample collapse during the 

conventional EBL procedure. A completed device is shown in the inset to Figure 

6.1a, while the main panel plots the current I and the voltage V applied to the 

device versus time. I is approximately linear in V up to ∼0.5 V, with a 

two-terminal conductance G ∼ 0.5 mS. 
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FIGURE 6.1. (a) The IV−time curve of a suspended graphene device. The blue 

curve indicates the bias voltage, and the red curve indicates the corresponding 

current. The inset shows the SEM image of the device. The scale bar is 1 μm. (b, 

upper panel) The voltage sequence which is used to break down suspended sample. 

The pulse voltage is 3.9 V, the test voltage after the pulse is 1.95 V. (b, lower 

panel) The current response of the device during breakdown. After the last pulse, 

the sample is completely broken, and under the test voltage (1.95 V), the 

corresponding current is zero. 

 

To create the switch, we perform the breakdown step using a modification of 

the electromigration technique that was reported previously.4The completed 

device is placed in a high vacuum, typically ∼10−6 Torr, and voltage pulses (∼4 

V, typical duration 0.1 s) are applied. These pulses sequentially reduce the device 
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conductance until it becomes zero (Figure 6.1b). The advantage of 

“pulse-breakdown” technique is protecting the suspended graphene flakes from 

failing down to the substrate at the right moment when they are breaking down. 

Since a constant or a constant increasing voltage can drag the suspended halves of 

graphene flakes down to the bottom after cracks extending across the whole flakes. 

(This condition can be observed in our Supporting Information: 

http://pubs.acs.org/doi/suppl/10.1021/nl203160x ) The typical breaking current 

density is ∼2 mA/μm. Figure 6.2a−c shows the breakdown of another device. The 

device began its breakdown near the geometric center, and the broken region 

expanded upon further application of voltage until the breakdown was complete 

(Figure 6.2c). An in situ SEM video of the breakdown process is available as 

Supporting Information. While breakdown often began at the center, for some 

samples, the breakdown began at the edge but was still centrally located relative to 

the electrodes. This suggests that the device temperature plays a critical role in the 

breakdown, 13, 14 though it is not the only factor. Other factors, such as fluctuations 

and defects, are also likely to be important parameters during electromigration. 
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FIGURE 6.2. (a) A suspended sample before breakdown and (b) the broken region 

started from the center and expanded. The image was taken after a 3 V pulse was 

applied. (c) After increasing the amplitude of the pulse voltage, the sample was 

completely broken but still freestanding. The image was taken after an 8 V pulse 

was applied. The scale bar indicates 500 nm. 

 

6.3 Measurement and Mechanisms 

Figure 6.3a shows the IV characteristic of a device following a successful 

breakdown. When the voltage is swept from −8 to +8 V, at first the current is zero. 

When the voltage is ∼4 V, the current rises, often by a series of step-like current 

jumps, indicating that the device is entering the “ON” state. As the voltage is 

raised further, the device conductance decreases to zero, turning the device 

“OFF.” The sweep in the reverse direction from +8 to −8 V shows similar 

behavior. We note that the high vacuum is crucial for producing an operable 

switch device, presumably because of the removal of molecules that may 

contaminate or react with graphene devices, such as oxygen or water vapor. To 
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exclude the possibility that the substrate contributes to the measured current by a 

parallel conduction path, we made a control device with the same exact 

fabrication procedure, including electrodes that are partially released from the 

substrates via etching, but without the graphene. These devices showed little or no 

measurable current up to the maximum voltage (10 V) used in our experiments 

(Figure 6.3b). Breakdown did occur, however, at significantly higher voltages 

∼210 V. This demonstrates the presence of the graphene layer is essential for 

obtaining a measurable current within the 10 V voltage range employed in the 

experiment. 
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FIGURE 6.3. (a) The IV curve after breakdown. The voltage ramp from −8 to +8 

V is shown as the blue curve, and the voltage ramp back from +8 V to −8 V is 

shown as the red curve. (b) The IV−time curve of a pure SiO2 device, which has 

the same geometry and etching procedure as the device shown in Figure 6.1a, 

without the presence of graphene. The blue curve indicates the voltage, and the 

red curve indicates the current. The current is approximately zero for voltage up to 

10 V. The inset shows the SEM image of the control device. The scale bar is 10 

μm. (c) The repeatability of the switching behavior. From top to bottom, the 

panels display the applied voltage V, the current response I, and the device 

conductance G = I/V as a function of time t, respectively. Left panel: initial 

behavior. Right panel: after 300 switching cycles. (d) The SEM images of ON and 

OFF state for a different device. The scale bar is 1 μm. 

 

The switching behavior in the suspended devices was reproducible, and the 

most stable devices could be switched many times. The switching behavior is 

shown in Figure 6.3c. Applying an ON pulse of 4 V switches the device “ON”, 

with typical conductance G ∼ 25−40 μS; an OFF pulse of 8 V, on the other hand, 

reduces the conductance to ∼1 μS. This behavior in suspended devices is very 

similar to that from single-layer graphene devices that are supported on the SiO2 

substrates.4 This strongly suggests that the switching mechanisms are the same in 
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both cases and that switching occurs in an all-carbon device. Notably, these 

switches are nonvolatile and robust. For suspended devices, they can be switched 

up to hundreds of cycles. As a demonstration, the device behavior after 300 cycles 

is shown in the right panels of Figure 6.3c, which is very similar to that of the first 

two cycles. However it was found that the number of switching cycles before the 

device failure was less than that of those on substrates, as one may expect for the 

greater degree of fragility of suspended devices. 

 To understand better how the switching behavior occurred, we also imaged a 

different device by SEM in both the ON and OFF states (Figure 6.3d). We note 

that imaging the device during the switching cycles results in device degradation 

and failure, which is likely due to accumulation of amorphous carbon and 

destabilization by the electron beam.15−17 In the OFF state, a gap is clearly visible 

in the image, while in the ON state, the gap appears considerably smaller. This 

provides another indication that the current flow in the device is strictly through 

the graphene sheet. Since the devices are suspended and can move freely, also 

suggesting the possibility that there is a nanomechanical component to the 

switching behavior.18−21 For example, due to slack in the graphene sheet, the two 

halves of the original sheet that are present after the breaking procedure may be 

electrostatically attracted to each other when the source drain voltage is applied, 

completing the circuit when they come into contact. This step is expected to be 
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relatively fast. We estimate the characteristic frequency of a graphene cantilever 

with the typical geometry of our devices to be ∼1 MHz. This sets an upper bound 

for initial switch closure of ∼1μs. In this situation it is possible that there is some 

“switch bounce”, where the layers rebound from each other after their initial 

contact. This motion would be damped by the intrinsic quality factor of the 

graphene layers, and with a typical quality factor∼300 at room temperature,22 the 

motion would be reduced to the atomic scale in t ∼ 1 ms. Note that this estimate 

neglects dissipation by the collisions themselves23 and is therefore an upper bound, 

likely an extreme one. 
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FIGURE 6.4. Typical current response versus time in a single switching cycle at 

different temperatures. 
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FIGURE 6.5. (a) Average waiting time vs temperature. (b) Statistical analysis of 

the waiting time. 

 

 To further investigate the switching mechanism, we studied the temperature 

dependence of the switching rate. Figure 6.4 shows the time lapse to switch into 

the ON state when a square pulse of height 3.0 V is applied, using curves with a 

switching time approximately equal to the average time measured for events 

within 1 s at each temperature, plotted versus temperature in Figure 6.5a. The 

switching rates are highly temperature sensitive and show a rapid increase as the 

temperature is raised. A histogram of the measured switching time for a range of 

temperatures is plotted in Figure 6.5b. As the temperature is lowered, longer 

intervals to switch become more common and very short intervals less common. 

The switching rates were also measured at lower temperatures; no switching was 
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observed at 4.5 K and indeed becomes very rare even below temperatures as large 

as 280 K. The long time scale for switching under appropriate conditions of >1 s 

greatly exceeds the upper bound estimate above t = 1ms. In addition, the rate of 

nanomechanical switching would be expected to have little temperature 

dependence over the temperature range studied based on the relatively constant 

elastic properties of the graphene sheets. This strongly indicates that the switching 

rate is not limited by nanomechanical motion but rather by a step that involves the 

motion of atoms and/or the rearrangement of chemical bonds that must overcome 

a barrier, which is on the order of ∼eV, for example, by the formation of carbon 

chains.4, 24, 25 Such atomic rearrangement, if elucidated in detail, may provide the 

basis for long-term storage. Estimates of the ultimate lifetime will require detailed 

understanding of the atomic motion that underlies the switching behavior. Such 

understating will require new experiments, such as STM studies, or observation of 

the switching using a transmission electron microscope. 
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Chapter 7 

 

Transport in Suspended graphene under strain 

 

Graphene is a two dimensional carbon allotrope. Since its first isolation onto 

insulating substrates1 and the subsequent development of wafer scale synthesis 

technology2,  graphene has attracted wide attention as a promising candidate for next 

generation nano-electronics3-6. Since it is also nature’s thinnest membrane, inducing 

strain is an effective approach to modify the transports properties or band structure of 

pristine graphene7-10. Despite some progress in this area using optical methods11,12, 

transport studies with in situ strain and the development of research platforms is still 

an opening field. 

In this chapter, I will describe transport measurements of suspended graphene 

samples under in situ strain manipulation. These free-standing samples have free 

standing electrodes whose height can be controlled by adjusting back gate voltage, 

thus inducing strain in the suspended membranes. In situ SEM imaging shows 

successive stretching and relaxing of the graphene sheets. After a few cycles, the 
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conductance-gate response of either single- or bi-layer graphene becomes sharper and 

smoother, and such change is reversible. We attribute this effect to releasing of pre-

existing tension or wrinkles in the devices. On the other hand, after the strain cycles, 

the minimum conductance of single layer samples is only minimally altered; in 

contrast, that of bilayer samples consistently decreases, which could result from 

relative shearing or sliding between the two atomic layers. Our results have 

implications for strain engineering of graphene, and can also be extended to other 

type of 2D materials.  

I will begin this chapter by describing the device design and fabrication 

process in Section 7.1. In Section 7.2, transport measurement and data analysis will 

be shown on both single layer graphene devices and bi-layer graphene deivces. 

Finally, in Section 7.3, I will discuss possible mechanisms underlying these 

observations and conclude our work. 

 

7.1 Device Design and Fabrication 

Graphene sheets were extracted from bulk graphite using standard mechanical 

exfoliation techniques on top of SiO2/Si substrates or a layer of the LOR resist. The 

number of layers was initially identified via optical microscopy and subsequently 

confirmed with Raman spectroscopy after completion of transport measurements 

(Figure 7.1a).   
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To perform transport measurement and in situ stretching, we developed a new 

type of nano-electromechanical systems (NEMS) with two different fabrication 

methods. In Method A, devices were fabricated with multi-level lithography based on 

the resists consist of LOR layer on top of PMMA layer. The detailed fabrication 

process is described in our previous work13. (Figure 7.1b). Devices thus fabricated 

have relatively large areas, and both the electrodes and graphene are suspended above 

the substrates (Figure 7.1c). The central electrode was designed wider and shorter 

than the neighboring electrodes, so that it can sustain higher actuating voltages.  

 

                    

 

                

a 
b 

d c 
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FIGURE 7.1. (a). Graphene sample exfoliation and identification. (b). Fabrication 

process using  Method A and angled deposition. (c). Three dimensional schematic of 

a device fabricated with Method A. (d). Fabrication of a device using Method B, 

which is initially non-suspended. (e) BOE etching selectively removes SiO2 

underneath graphene samples and electrodes. (f). Three dimensional schematic of a 

device fabricated with Method B. 

 

In Method B, which is used to fabricate the majority of the devices, three 

Cr/Au (10nm/150nm) electrodes were attached to graphene flakes using standard 

electron beam lithography (Figure 7.1d). Then the whole device was submerged into 

buffered oxidant etchant (BOE) solution for 90~120s.14-16 For each device, the central 

electrode is designed to be 2-3 times wider  (800nm~1000 nm wide, 25 ~40 μm long ) 

than the two neighboring electrodes (300~400nm, 20 ~30 μm long). All electrodes are 

anchored by large contact pads at the ends. By controlling etching time, we can 

f e 



96 

 

control the extent of SiO2 etched underneath the electrodes and graphene flake, so 

that narrower features and graphene flakes are suspended, whereas the wider features 

(central electrodes and anchors) remain supported by residual of SiO2 underneath 

(Figure 7.1e ). After etching, the device was transferred into water and isopropyl 

alcohol (IPA) in succession, in order to rinse and cover the sample with a liquid with 

lower surface tension. Finally, the device was taken out from hot IPA (to further 

decrease surface tension of IPA) and placed onto a hot plate at 70℃. The fabrication 

process is very robust: despite the fragility of suspended graphene devices, the yield 

is ~90%.  Figure 7.1f illustrates the schematics of  a typical device.  

Figure 7.2a illustrates the general principle of applying in situ strain. A 

suspended electrode and the back gate (Si substrate) formed a capacitor. Initially both 

electrodes and the back gate are grounded, thus they remain parallel, as outlined by 

solid lines in Figure 7.2a. Upon applying the actuating voltage (bias voltage between 

electrodes and back gate), the electrostatic force induces deflection in the outer 

suspended or longer electrodes toward the substrate, whereas the central electrode 

(that is shorter, wider and/or partially supported by the substrate) remain suspended; 

thus the far ends of the attached graphene sheet move downward accordingly. From 

the geometry of our device, we can estimate the strain γexerted on graphene 

2

2
0

1 1
h

L
                                                            (1) 
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where h denotes the maximum vertical deflection of the suspended electrode under 

the electrostatic force, L0 indicates the initial length of suspended graphene sample. 

We estimate that at maximum load, up to 5% strain can be induced in the graphene 

sheets. 

Figure 7.2b-c show a device fabricated using method A at gate voltage Vg=0 

and 30V, respectively. Initially all electrodes and the graphene sheet are well-

suspended. When the gate voltage ramps, the narrower electrode on the left slowly 

deflects downward; at Vg=30 V, it buckles and collapses to the substrate. This 

collapse is irreversible even when Vg is reduced to 0. We note that when the 

measurement on a device is repeated on a device with the same geometry but without 

the graphene flake, the suspended electrode collapses at much smaller voltage Vg~7V. 

Since the electrostatic force is proportional to Vg
2, we estimate that at Vg=30V, ~95% 

of the electrostatic force is exerted on the graphene sheet. Figure 7.2d shows another 

device before and upon applying Vg~100V. Periodic ripples appears in the graphene 

sheet afterwards arises from the longitudinal strain induced8.   

        

a b 
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FIGURE 7.2. (a). Schematic of a device with and without applying the actuating 

voltage between electrodes and back gate. (b-c) SEM images of a device fabricated 

with Method A at Vg=0 and Vg=30V, respectively. Scale bars: 2μm. (d). SEM images 

of another graphene sample fabricated  before (upper panel) and after stretched (lower 

panel). Scale bars: 2μm. (e,f,g) SEM images of a device made by Method B at Vg=0, 

Vg=50V, and when Vg is returned to 0. Scale bars: 1μm in (e) and (g),  2μm in (f). The 

inset in (f) shows a zoom-in image of the deflected region.  

 

c d 

e 

f 

g 



99 

 

For devices fabricated with method B, the suspended electrodes can reversibly 

move between parallel and deflected positions. Figure 7.2e shows a device made by 

method B before stretching. Figure 7.2f displays SEM image of the same device is 

stretching a suspended sample under a Vg ~50V. A zooming in image shows one 

narrower electrode clearly deflected toward the substrate (inset in f). Figure 7.2g 

displays the same device when Vg is returned to 0V, and the suspended electrode 

returns to its original height. To avoid collapsing the samples, we typically limit the 

actuating voltage to less than 60V. 

 

7.2 Transport Properties Under in situ Train 

To perform transport measurements, the devices are cooled down to 4.2K in 

vacuum. Current annealing was applied to remove contaminants on the graphene 

sheet. The devices are first characterized by measuring its conductance G as a 

function of Vg; (Figure 7.3a, red curve) here Vg is limited to <±10V, so that strain is 

negligible. All devices show repeatable G(Vg,) curves over such small Vg range.  

After extracting data from its initial state, we start stretching the sample by 

gradually ramping up actuating voltage to -50V. Figure 7.3b shows the conductance 

changes as time elapsed, when the actuating voltage is maintained at 50V. The 

conductance fluctuates noticeably and decreased by more than 20 μS (~ 1%). We note 

that this effect cannot be explained by the changing capacitance between graphene 

and the gate – at the strained position, the device has stronger coupling to the gate, 
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thus should give rise to a higher conductance value. Thus the modulation in 

conductance must be induced by movement of the electrode itself, e.g. strain and/or 

changing the graphene-electrode interface. 
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FIGURE 7.3.  (a) Conductance as a function of back gate voltage, before (red curve) 

and after (blue curve) stretching process, from a single layer graphene device. (b). 
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Conductance vs. time when the actuating voltage is kept at 50V. (c). Conductance as 

a function of back gate after several stretching cycles. (d). IV curves of a typical 

single layer device before and after stretching process.  

 

The tension in the sample is then released by lowering the actuating voltage 

back to 0V, and characterized again by measuring G(Vg) for limited Vg range (Figure 

7.3a, blue curve). For single layer graphene, minor changes such as slightly improved 

mobility are observed, but generally the minimum conductivity and the current-

voltage (I-V) characteristics (Figure 7.3d) stay relatively constant. After several 

repeated sweeping cycles (between +/- 50V), the gate response became stable (Figure 

7.3c) even at large gate voltage.  

Compared with single layer samples, bilayer devices demonstrate even more 

interesting changes. Figure 7.4a shows the G(Vg) curves before and after stretching 

from a typical bilayer devices. After releasing from external strain, the curve becomes 

steeper and smoother, and the mobility improves. Interestingly, the minimum 

conductance decreased considerably. This can also been seen in the I-V curves, which 

is more non-linear after stretching (Figure 7.4b). Typically, after stretching process, 

the conductance of bilayer devices decreases by 10%~20%. After several stretching 

cycles several times, the device’s G(Vg) becomes stable (Figure 7.4c) with the 

improved mobility and lower minimum conductance. The device shows no 

appreciable change in appearance after the stretching cycles (Figure 7.4d). 
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FIGURE 7.4. (a) Conductance as a function of back gate voltage, before (red curve) 

and after (blue curve) stretching process, from a bi-layer graphene device. (b). IV 

curves from one typical bi-layer device before and after the stretching process. (c). 

Conductance as a function of back gate after several cycles. (d) SEM image of one bi-

layer graphene device after stretching. Scale bar: 1μm. 
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7.3 Possible Mechanisms 

 

These intriguing observations suggest the rich interplay between strain and 

transport offered by suspended devices. The improvement in device mobility likely 

arises from releasing the strain or ripples that are built-in during the fabrication 

process. The different behaviors between single layer and bilayer devices are 

particularly intriguing, e.g. the significant decrease in minimum conductance is 

unique to bilayer devices. A possible explanation is the improved contact at the 

electrode-graphene interface; however, one expects that this scenario should occur in 

single-layer devices as well. We also exclude strain-induced cracks, which should 

occur at much higher strain17 and also lead to lower mobility. Our present proposal is 

that the decrease in minimum conductance may be caused by relative shift and/or 

shear between two layers induced by the stretching cycles.18-20 This hypothesis can be 

verified by low temperature transport measurements, as the modified band structure is 

expected to lead to reduced density of states and different Landau level spectrum than 

that of an AB-stacked bilayer graphene.  

In conclusion, we developed two types of NEMS-like devices to stretch 

suspended single crystal graphene samples and perform in situ measurements. The 

stretching process can be observed via SEM imaging. Transport property 

investigation shows that after stretching process, the gate response of conductance 
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from graphene samples improved, and dramatic decrease in minimum conductance is 

observed in bi-layer graphene samples. The experimental system and method 

introduced in this work provides a new approach in strain engineering researches.  
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Chapter 8 

 

Conclusion and Outlook 

 

In summary, my doctorial research work focuses on modified graphene 

devices that may be applied towards electronic devices. It consists of three 

separate yet related topics: chemically functionalized graphene, suspended 

graphene -based switches and transport properties of suspended graphene under in 

situ strain.  

 Chemical functionalization by grafting aryl groups onto carbon sites in 

graphene flakes can change the hybridization of C-C bonds, which will in turn 

modify the band structure of pristine graphene to open a band gap. A different 

approach based upon organometallic chemistry provides enhanced on/off ratios, 

while retaining the high mobility of pristine graphene samples. Thus, 

functionalized graphene is a promising candidate material for next generation 

semiconductor devices or serve as chemical/bio- sensors.  

 Suspended graphene-based switch serves as a nice platform that reveals the 

mechanism of the repeatable switching behavior from electrically breakdown 
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carbon system. Suspended structure completely isolates the all-carbon-system; 

combined with temperature dependent studies on switching behaviors, the 

mechanism is confirmed to be the motion of atomic scale carbon chains and 

rearrangement of carbon bonds. To breakdown the delicate suspended graphene 

membrane, we also developed a pulsing-breakdown method, which can be 

adopted in other suspended structures. In the application front, graphene based 

switches can work as long term information storage devices.  

 Based on a new type of nano-electromechanical system (NEMS) devices 

proposed and developed by us, we studied suspended graphene samples under in 

situ strains. Strains were confirmed by in situ SEM imaging system. The changes 

on mobility and gate response were observed in single and bilayer devices that are 

subjected to repeated strain. In particular, strain can significantly lower the 

conductance of bilayer graphene at the charge neutrality point. This type of NEMS 

devices can be extended to other materials to study their transport or optical 

properties under in situ strain. 

 These discoveries demonstrate interesting sciences amid carbon systems and 

suggest a number of directions for future work. For instance, modified graphene 

devices with both high mobility and a true band gap, is still not yet synthesized. 

Observing and manipulating the motion carbon chains in atomic scale with help of 

high resolution tools such as TEM will provide not only the final confirmation for 
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our model outlined in Ch 6, but also a platform for investigating electronic 

behavior in 1D atomic chains. In the long term (and in the hope of the writer), 

developing and commercializing all-carbon electronic devices, e.g. 

graphene-based CPU, all-carbon storage devices, could give rise to another 

revolution in future IT industry.  
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Appendix I 

 

Source Code and introduction of Graphene Layer 

Viewer 

 

Graphene layer viewer is a tool designed to help researchers to determine the 

number layers of graphene samples. Since it was developed in java, it is 

compatible with Windows/Mac/Linux operating systems. The user simply needs 

to select the substrate area and sample area from an optical image, and the 

software displays the number of layers of the selected sample based on relative 

intensities of the RGB channels of the two areas. The detailed manual can be 

downloaded from the following link: 

https://sites.google.com/site/graphenelayer/faq 

 

import java.awt.*; 

import java.awt.event.*; 
import javax.swing.*; 
import java.io.*; 
import javax.imageio.*; 
import java.awt.image.*; 
import javax.swing.event.HyperlinkEvent; 
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import javax.swing.event.HyperlinkListener; 
 
public class GLayer2 extends JFrame implements ActionListener{ 
    JButton substrate,sample; 
    JPanel p1,p2,p3; 
    JEditorPane editorPane1; 
    JScrollPane scrollPane;   
    BufferedImage get1,get2; 
    int s1=0,s2=0; 
    float sumRC1=0,sumBC1=0,sumGC1=0,aveRC1=0,aveBC1=0,aveGC1=0; 
    float sumRC2=0,sumBC2=0,sumGC2=0,aveRC2=0,aveBC2=0,aveGC2=0; 
     
    public GLayer2() { 
        super("V1.0  BY HANG ZHANG & JHAO-WUN HUANG"); 
        initWindow(); 
    } 
    public void initWindow(){ 
        
        substrate=new JButton("SUBSTRATE"); 
        sample=new JButton("   SAMPLE   "); 
 
        substrate.addActionListener(this); 
        sample.addActionListener(this); 
        JPanel buttonJP =new JPanel(); 
        
        p1=new JPanel(new BorderLayout()); 
        p2=new JPanel(); 
        p3=new JPanel(); 
        /*editorPane1 = new JEditorPane();   
        editorPane1.setEditable(false); 
        editorPane1.setContentType("text/html"); 
        editorPane1.setText("<html><body><a 
href=http://pubs.acs.org/doi/abs/10.1021/nl200803q>Aryl Functionalization as a 
Route to Band Gap Engineering in Single Layer Graphene 
Devices</a><p></p><a 
href=http://pubs.acs.org/doi/abs/10.1021/nl203160x>Visualizing Electrical 
Breakdown and ON/OFF States in Electrically Switchable Suspended Graphene 
Break Junctions</a></body></html>"); 
         
        editorPane1.addHyperlinkListener(new HyperlinkListener() { 
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            public void hyperlinkUpdate(HyperlinkEvent e) { 
             if (e.getEventType() == 
HyperlinkEvent.EventType.ACTIVATED) { 
              try { 
               String command = "explorer.exe " 
                 + e.getURL().toString(); 
               Runtime.getRuntime().exec(command); 
              } catch (Exception ex) { 
               ex.printStackTrace(); 
               System.err.println("connection error"); 
              } 
             } 
 
            } 
        }); 
         
        scrollPane = new JScrollPane(editorPane1);*/ 
         
        JLabel title=new JLabel("GLAYER V2.0",JLabel.CENTER); 
        /*JLabel group=new JLabel("PLEASE CITE OUR PAPERS, IF YOU 
FEEL THIS TOOL IS HELPFUL :)",JLabel.CENTER);*/ 
 
        title.setFont(new Font("ARIAL",Font.BOLD,24)); 
        /*group.setFont(new Font("ARIAL",Font.BOLD,12));*/ 
        title.setForeground(Color.RED); 
        /*group.setForeground(Color.BLUE);*/ 
         
        p1.add(title,BorderLayout.NORTH); 
       /* p1.add(group,BorderLayout.CENTER);*/ 
         
        p2.add(new JLabel(new 
ImageIcon(getClass().getResource("init.jpg")))); 
        p3.add(new JLabel(new 
ImageIcon(getClass().getResource("init.jpg")))); 
        buttonJP.add(substrate); 
        buttonJP.add(sample); 
         
        this.add(p1,BorderLayout.NORTH); 
        this.add(p2,BorderLayout.WEST);         
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        /*this.add(scrollPane,BorderLayout.CENTER);*/ 
        this.add(p3,BorderLayout.EAST); 
        this.add(buttonJP,BorderLayout.SOUTH); 
        this.setSize(240,220); 
        this.setLocationRelativeTo(null); 
        this.setVisible(true); 
        this.setAlwaysOnTop(true); 
        this.setDefaultCloseOperation(JFrame.EXIT_ON_CLOSE); 
        SwingUtilities.updateComponentTreeUI(this); 
    } 
    public void updates(){ 
        this.setVisible(true); 
        if(s1!=0){ 
         ImageIcon ii1=new ImageIcon(get1); 
         int width =get1.getWidth(); 
         int height =get1.getHeight(); 
         sumRC1=0; 
         sumBC1=0; 
         sumGC1=0; 
         ColorModel cm = ColorModel.getRGBdefault(); 
         for (int i=0;i<width;i++){ 
          for (int j=0;j<height;j++){           
           sumRC1=sumRC1+(float)(cm.getRed(get1.getRGB(i, j)));  
           sumBC1=sumBC1+(float)(cm.getBlue(get1.getRGB(i, j))); 
           sumGC1=sumGC1+(float)(cm.getGreen(get1.getRGB(i, 
j)));  
          } 
         } 
         aveRC1=sumRC1/width/height; 
         aveBC1=sumBC1/width/height; 
         aveGC1=sumGC1/width/height; 
          
         ii1.setImage(ii1.getImage().getScaledInstance(100, 100, 
              Image.SCALE_DEFAULT)); 
         JLabel im1=new JLabel(ii1); 
          
         p2.removeAll(); 
         p2.add(new JScrollPane(im1),BorderLayout.NORTH); 
 
            SwingUtilities.updateComponentTreeUI(this); 
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        } 
        if(s2!=0){ 
         ImageIcon ii2=new ImageIcon(get2); 
         int width =get2.getWidth(); 
         int height=get2.getHeight(); 
         sumRC2=0; 
         sumBC2=0; 
         sumGC2=0; 
         ColorModel cm = ColorModel.getRGBdefault(); 
         for (int i=0;i<width;i++){ 
          for (int j=0;j<height;j++){           
           sumRC2=sumRC2+(float)(cm.getRed(get2.getRGB(i, j)));  
           sumBC2=sumBC2+(float)(cm.getBlue(get2.getRGB(i, j))); 
           sumGC2=sumGC2+(float)(cm.getGreen(get2.getRGB(i, 
j)));  
          } 
         } 
         aveRC2=sumRC2/width/height; 
         aveBC2=sumBC2/width/height; 
         aveGC2=sumGC2/width/height; 
          
         ii2.setImage(ii2.getImage().getScaledInstance(100, 100, 
              Image.SCALE_DEFAULT)); 
         JLabel im2=new JLabel(ii2); 
          
         p3.removeAll(); 
         p3.add(new JScrollPane(im2),BorderLayout.NORTH); 
          
         p1.removeAll(); 
             
            JLabel ratio; 
            String info=""; 
            float r= 
Math.abs((aveRC1-aveRC2)/aveRC2)+Math.abs((aveGC1-aveGC2)/aveGC2)+M
ath.abs((aveBC1-aveBC2)/aveBC2); 
 
            if(r < 0.02){ 
             info="NOT A GRAPHENE SAMPLE"; 
            } 
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            if(r >= 0.02 && r < 0.117632){ 
             info="LAYER = 1"; 
            } 
            if(r >= 0.117632 && r < 0.204503){ 
             info="LAYER = 2"; 
            } 
            if(r >= 0.204503 && r < 0.291434){ 
             info="LAYER = 3"; 
            } 
            if(r >= 0.291434){ 
             info="MULTI-LAYER"; 
            } 
            JLabel title=new JLabel(info,JLabel.CENTER); 
           /* ratio=new JLabel("THE RATIO OF THE COLOR CHANNEL IS 
"+r,JLabel.CENTER);*/ 
             
            title.setFont(new Font("ARIAL",Font.BOLD,32)); 
            /*ratio.setFont(new Font("ARIAL",Font.BOLD,12));*/ 
            title.setForeground(Color.BLUE); 
            /*ratio.setForeground(Color.BLUE);*/ 
             
            p1.add(title,BorderLayout.NORTH); 
            /*p1.add(ratio,BorderLayout.CENTER);*/ 
 
            SwingUtilities.updateComponentTreeUI(this); 
        } 
    } 
     
     
    private void snapshot(){ 
        try{ 
            this.setVisible(false); 
            Thread.sleep(500); 
            Robot robot =new Robot(); 
            Toolkit tk=Toolkit.getDefaultToolkit(); 
            Dimension di=tk.getScreenSize(); 
            Rectangle rec=new Rectangle(0,0,di.width,di.height); 
            BufferedImage bi=robot.createScreenCapture(rec); 
            JFrame jf=new JFrame(); 
            Temp temp=new Temp(jf,bi,di.width,di.height); 
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            jf.getContentPane().add(temp,BorderLayout.CENTER); 
            jf.setUndecorated(true); 
            jf.setSize(di); 
            jf.setVisible(true); 
            jf.setAlwaysOnTop(true); 
        } catch(Exception e){ 
            e.printStackTrace(); 
        } 
    }  
   
    public void actionPerformed(ActionEvent ae){ 
     if(ae.getSource()==substrate){ 
            s1=1; 
            s2=0; 
            snapshot(); 
 
        }else if(ae.getSource()==sample){ 
          s1=0; 
             s2=1; 
             snapshot(); 
 
        } 
    } 
 
    class PicturePanel extends JPanel { 
        public void paint(Graphics g, Image img) { 
          g.drawImage(img, 0, 0, this); 
        } 
      } 
    private class Temp extends JPanel implements 
MouseListener,MouseMotionListener{ 
        private BufferedImage bi; 
        private int width,height; 
        private int startX,startY,endX,endY,tempX,tempY; 
        private JFrame jf; 
        private Rectangle select=new Rectangle(0,0,0,0); 
        private Cursor cs=new Cursor(Cursor.CROSSHAIR_CURSOR); 
        private States current=States.DEFAULT; 
        private Rectangle[] rec; 
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        public static final int START_X=1; 
        public static final int START_Y=2; 
        public static final int END_X=3; 
        public static final int END_Y=4; 
        private int currentX,currentY; 
        private Point p=new Point(); 
        private boolean showTip=true; 
        public Temp(JFrame jf,BufferedImage bi,int width,int height){ 
            this.jf=jf; 
            this.bi=bi; 
            this.width=width; 
            this.height=height; 
            this.addMouseListener(this); 
            this.addMouseMotionListener(this); 
            initRecs(); 
        } 
        private void initRecs(){ 
            rec=new Rectangle[8]; 
            for(int i=0;i<rec.length;i++){ 
                rec[i]=new Rectangle(); 
            } 
        } 
        public void paintComponent(Graphics g){ 
            g.drawImage(bi,0,0,width,height,this); 
            g.setColor(Color.RED); 
            g.drawLine(startX,startY,endX,startY); 
            g.drawLine(startX,endY,endX,endY); 
            g.drawLine(startX,startY,startX,endY); 
            g.drawLine(endX,startY,endX,endY); 
            int x=startX<endX?startX:endX; 
            int y=startY<endY?startY:endY; 
            select=new 
Rectangle(x,y,Math.abs(endX-startX),Math.abs(endY-startY)); 
            int x1=(startX+endX)/2; 
            int y1=(startY+endY)/2; 
            g.fillRect(x1-2,startY-2,5,5); 
            g.fillRect(x1-2,endY-2,5,5); 
            g.fillRect(startX-2,y1-2,5,5); 
            g.fillRect(endX-2,y1-2,5,5); 
            g.fillRect(startX-2,startY-2,5,5); 
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            g.fillRect(startX-2,endY-2,5,5); 
            g.fillRect(endX-2,startY-2,5,5); 
            g.fillRect(endX-2,endY-2,5,5); 
            rec[0]=new Rectangle(x-5,y-5,10,10); 
            rec[1]=new Rectangle(x1-5,y-5,10,10); 
            rec[2]=new Rectangle((startX>endX?startX:endX)-5,y-5,10,10); 
            rec[3]=new Rectangle((startX>endX?startX:endX)-5,y1-5,10,10); 
            rec[4]=new 
Rectangle((startX>endX?startX:endX)-5,(startY>endY?startY:endY)-5,10,10); 
            rec[5]=new Rectangle(x1-5,(startY>endY?startY:endY)-5,10,10); 
            rec[6]=new Rectangle(x-5,(startY>endY?startY:endY)-5,10,10); 
            rec[7]=new Rectangle(x-5,y1-5,10,10); 
            if(showTip){ 
                g.setColor(Color.CYAN); 
                g.fillRect(p.x,p.y,170,20); 
                g.setColor(Color.RED); 
                g.drawRect(p.x,p.y,170,20); 
                g.setColor(Color.BLACK); 
                g.drawString("PLEASE SELECT THE 
REGION",p.x,p.y+15); 
            } 
        } 
         
        private void initSelect(States state){ 
            switch(state){ 
                case DEFAULT: 
                    currentX=0; 
                    currentY=0; 
                    break; 
                case EAST: 
                    currentX=(endX>startX?END_X:START_X); 
                    currentY=0; 
                    break; 
                case WEST: 
                    currentX=(endX>startX?START_X:END_X); 
                    currentY=0; 
                    break; 
                case NORTH: 
                    currentX=0; 
                    currentY=(startY>endY?END_Y:START_Y); 
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                    break; 
                case SOUTH: 
                    currentX=0; 
                    currentY=(startY>endY?START_Y:END_Y); 
                    break; 
                case NORTH_EAST: 
                    currentY=(startY>endY?END_Y:START_Y); 
                    currentX=(endX>startX?END_X:START_X); 
                    break; 
                case NORTH_WEST: 
                    currentY=(startY>endY?END_Y:START_Y); 
                    currentX=(endX>startX?START_X:END_X); 
                    break; 
                case SOUTH_EAST: 
                    currentY=(startY>endY?START_Y:END_Y); 
                    currentX=(endX>startX?END_X:START_X); 
                    break; 
                case SOUTH_WEST: 
                    currentY=(startY>endY?START_Y:END_Y); 
                    currentX=(endX>startX?START_X:END_X); 
                    break; 
                default: 
                    currentX=0; 
                    currentY=0; 
                    break; 
            } 
        } 
        public void mouseMoved(MouseEvent me){ 
            doMouseMoved(me); 
            initSelect(current); 
            if(showTip){ 
                p=me.getPoint(); 
                repaint(); 
            } 
        } 
         
        private void doMouseMoved(MouseEvent me){ 
            if(select.contains(me.getPoint())){ 
                this.setCursor(new Cursor(Cursor.MOVE_CURSOR)); 
                current=States.MOVE; 



120 
 

            } else{ 
                States[] st=States.values(); 
                for(int i=0;i<rec.length;i++){ 
                    if(rec[i].contains(me.getPoint())){ 
                        current=st[i]; 
                        this.setCursor(st[i].getCursor()); 
                        return; 
                    } 
                } 
                this.setCursor(cs); 
                current=States.DEFAULT; 
            } 
        } 
        public void mouseExited(MouseEvent me){ 
             
        } 
        public void mouseEntered(MouseEvent me){ 
             
        } 
        public void mouseDragged(MouseEvent me){ 
            int x=me.getX(); 
            int y=me.getY(); 
            if(current==States.MOVE){ 
                startX+=(x-tempX); 
                startY+=(y-tempY); 
                endX+=(x-tempX); 
                endY+=(y-tempY); 
                tempX=x; 
                tempY=y; 
            }else if(current==States.EAST||current==States.WEST){ 
                if(currentX==START_X){ 
                    startX+=(x-tempX); 
                    tempX=x; 
                }else{ 
                    endX+=(x-tempX); 
                    tempX=x; 
                } 
            }else if(current==States.NORTH||current==States.SOUTH){ 
                if(currentY==START_Y){ 
                    startY+=(y-tempY); 
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                    tempY=y; 
                }else{ 
                    endY+=(y-tempY); 
                    tempY=y; 
                } 
            }else 
if(current==States.NORTH_EAST||current==States.NORTH_EAST|| 
                    
current==States.SOUTH_EAST||current==States.SOUTH_WEST){ 
                if(currentY==START_Y){ 
                    startY+=(y-tempY); 
                    tempY=y; 
                }else{ 
                    endY+=(y-tempY); 
                    tempY=y; 
                } 
                if(currentX==START_X){ 
                    startX+=(x-tempX); 
                    tempX=x; 
                }else{ 
                    endX+=(x-tempX); 
                    tempX=x; 
                } 
                 
            }else{ 
                startX=tempX; 
                startY=tempY; 
                endX=me.getX(); 
                endY=me.getY(); 
            } 
            this.repaint(); 
        } 
        public void mousePressed(MouseEvent me){ 
            showTip=false; 
            tempX=me.getX(); 
            tempY=me.getY(); 
        } 
        public void mouseReleased(MouseEvent me){ 
            if(me.isPopupTrigger()){ 
                if(current==States.MOVE){ 
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                    showTip=true; 
                    p=me.getPoint(); 
                    startX=0; 
                    startY=0; 
                    endX=0; 
                    endY=0; 
                    repaint(); 
                } else{ 
                    jf.dispose(); 
                    updates(); 
                } 
                 
            } 
        } 
        public void mouseClicked(MouseEvent me){ 
            if(me.getClickCount()==2){ 
                 
                Point p=me.getPoint(); 
                if(select.contains(p)){ 
                    
if(select.x+select.width<this.getWidth()&&select.y+select.height<this.getHeight()
){ 
                     if (s1==1 && s2==0){ 
                        
get1=bi.getSubimage(select.x,select.y,select.width,select.height);} 
                     if (s1==0 && s2==1){ 
                            
get2=bi.getSubimage(select.x,select.y,select.width,select.height);} 
                        jf.dispose(); 
                         
                        updates(); 
                    }else{ 
                        int wid=select.width,het=select.height; 
                        if(select.x+select.width>=this.getWidth()){ 
                            wid=this.getWidth()-select.x; 
                        } 
                        if(select.y+select.height>=this.getHeight()){ 
                            het=this.getHeight()-select.y; 
                        } 
                        if (s1==1 && s2==0){ 
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                         get1=bi.getSubimage(select.x,select.y,wid,het);} 
                        if (s1==0 && s2==1){ 
                         get1=bi.getSubimage(select.x,select.y,wid,het);} 
                        jf.dispose(); 
                         
                        updates(); 
                    } 
                     
                } 
            } 
        } 
    } 
     
    public static void main(String args[]){ 
     GLayer2 gl =new GLayer2(); 
    } 
} 
 
enum States{ 
    NORTH_WEST(new Cursor(Cursor.NW_RESIZE_CURSOR)), 
    NORTH(new Cursor(Cursor.N_RESIZE_CURSOR)), 
    NORTH_EAST(new Cursor(Cursor.NE_RESIZE_CURSOR)), 
    EAST(new Cursor(Cursor.E_RESIZE_CURSOR)), 
    SOUTH_EAST(new Cursor(Cursor.SE_RESIZE_CURSOR)), 
    SOUTH(new Cursor(Cursor.S_RESIZE_CURSOR)), 
    SOUTH_WEST(new Cursor(Cursor.SW_RESIZE_CURSOR)), 
    WEST(new Cursor(Cursor.W_RESIZE_CURSOR)), 
    MOVE(new Cursor(Cursor.MOVE_CURSOR)), 
    DEFAULT(new Cursor(Cursor.DEFAULT_CURSOR)); 
    private Cursor cs; 
    States(Cursor cs){ 
        this.cs=cs; 
    } 
    public Cursor getCursor(){ 
        return cs; 
    } 
} 
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