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Abstract

Graphene Nanoribbons (GNRs) are one dimensional nanostructures where confinement

of charge carriers in one direction leads to unique electronic and spin transport properties.

Graphene has limited use for transistor applications because of zero bandgap but GNRs

can be used. The sub-10 nm and < 20 nm width of GNRs exhibit the finite bandgap.

Electronic band structure or band gap of graphene can be modified by narrowing the

width, and edge disorders.

The aim of present study is to fabricate graphene nanoribbons by Pt nanocrystal-

assisted etching of graphene and study the electrical characteristics of bottom-gated field-

effect graphene nanoribbon transistors. This work report the realization of graphene

nanoribbon transistors with ION/IOFF ratio of 2 x 107 and electron and hole mobilities

of 400 cm2V−1s−1 and 1100 cm2V−1s−1 respectively at 6 K. Pt-catalyzed etching of ex-

foliated graphene and CVD graphene are compared to evaluate their etching behavior by

thermally-activated Pt nanoparticles. Transition metal platinum act as a catalyst material

for etching of graphene due to high carbon solubility. Etching behavior in graphene is

evaluated by AFM and SEM techniques. Sub-10 nm and 10-20 nm width of graphene

nanoribbons are obtained by etching of graphene by moving of two Pt nanoparticles in

parallel to each other. AFM of etched graphene exhibit crystallographic orientation an-

gles 30o, 60o, 90o, 120o and 150o which is attributed to armchair and zigzag edges. The

distribution of most of the angles are 30o x n, where n has integer value between 0 and 6.

The electronic structural changes in etched graphene is studied by Raman Spectroscopy.

Polarized Raman spectroscopy and mapping of etched graphene reveals edge chirality of

GNRs. D-band is more prominent in armchair edges than zigzag edges. High on-off ratio

of GNR transistors define the bandgap opening in graphene nanoribbons. The perfor-

mance parameters obtained are some of the best values in comparison with other GNRs

synthesis methods like chemical solution and lithography techniques reported in the lit-
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erature. The high performance indicates the highly smooth edges along crystallographic

directions in GNR obtained by the catalytic etching process.

Graphene is a fascinating material for micro and nano devices but fracture arises

during device fabrication or graphene processing, hinder the properties of graphene. An-

other reason of fracture in graphene devices is electrical breakdown due to resistive heat-

ing. Reconstruction of graphene and GNRs are necessary for electronics applications of

graphene. The fractured graphene is reconstructed by e-beam irradiation and methane gas

treatment at high temperature. Physical characterization techniques like SEM and AFM

confirm the healing of cracks. Graphene layers are investigated before breakdown and

after reconstruction of fractured graphene by Raman Spectroscopy. Analysis of current-

voltage characteristics before breakdown and after reconstruction exhibit restoration of

current values. The maximum current density has the current density order of 108 A/cm2

after reconstruction. Reconstruction of graphene and GNRs are required for on-chip

interconnect applications because of high current carrying requirements. Methane gas

treatment method is highly scalable and more cost-effective than e-beam irradiation for

reconstruction of graphene and GNRs. This study suggest that high crystalline GNRs are

achievable with high ION/IOFF ratio and healing of fractured graphene is viable by methane

gas treatment and e-beam irradiation methods.
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Chapter 1

Introduction

Graphene is known as a concept since 1940s [1]. In 2004, A. K. Geim and K. S.

Novoselov discovered a new material graphene which has attracted the attention of vari-

ous research groups. Graphene has superior and exceptional properties such as ultra high

mobility (greater than Si - 200,000 cm2V−1s−1 at 300 K and 120,000 cm2V−1s−1 in sus-

pended graphene at 240 K) [2, 3], very high thermal conductivity (> 3000 WmK−1) [4],

high Young’s modulus (1 TPa), high mechanical strength (130 GPa) [5], high optical

transmittance [6] and impermeability to all gases [7]. The ultra high mobility of graphene

is the most interesting feature from device perspective as high mobility is the prerequi-

site for transistors. One of the most important aspect of graphene is the massless Dirac

fermions. These Dirac fermions travel with the speed of 106 m/s [8]. Graphene plays

a vital role for promising applications in field effect transistors, optoelectronics, sensors

and flexible devices [9–12]. The charge carriers of graphene can travel thousands of in-

teratomic distances without scattering so it also can be used for ballistics devices [8, 13].

The main cause for interest in graphene is it’s unique nature of charge carriers

(mimic of relativistic particles). The charge carrier concentrations can be tuned between

electrons and holes due to ambipolar electric field effect as shown in Fig. 1.1 and their

mobilities can surpass 15000 cm2V−1s−1 even at room temperature. But its carrier mobil-

ity depends on temperature (independent between 10 K and 100 K). Mobility degrades

at room temperature due to unintentional impurity scattering and it can be improved upto

∼100,000 cm2V−1s−1 [14]. Graphene always has low conductance value even after van-

ishing of charge carrier concentrations near the Dirac point [8].

4
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Fig. 1.1. Ambipolar electric field effect in monolayer graphene. Resistivity as a function

of gate voltage, resistivity decreases rapidly with gate voltage and this indicates high

carrier mobility. This Fig. is adapted from reference [14].

In 2004, AK geim and Novoselov reported that graphene can be produced by me-

chanical exfoliation of Highly Oriented Pyrolytic Graphite (HOPG) using scotch tape.

Graphene monolayer can be identified on 300 nm SiO2 using optical microscope [15].

Various research groups reported that large scale production of graphene sheets can be

achieved by Chemical Vapor Deposition (CVD) method for practical applications. CVD

graphene has been produced on metal substrates (Cu, Ni and Pt) at high temperature

(800-1000oC) in a mixture of CH4, hydrogen and argon [16]. Other chemical methods

of graphene production are reduction of graphite oxide and unzipping of carbon nan-

otubes [17].

Graphene transistors have insufficient on/off current ratio due to zero bandgap of

graphene. Bandgap can be opened in graphene by confinement of charge carriers by

creating nanostructures like graphene nanoribbons [18] and quantum dots with lateral

confinement [19], and by applying edge distortions and electric field effect in bilayer

graphene [20, 21]. In case of Graphene Nanoribbons (GNRs), the energy bandgap is
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inversely proportional to the nanoribbon width [22]. GNR’s electronic properties are

distinct from graphene as it shows metallic as well as semiconducting behavior depending

on the edge structure (zigzag or armchair) and width of ribbons [23]. Armchair and zigzag

edges of GNR are shown in Fig. 1.2.

Fig. 1.2. Armchair and zigzag edges in GNR. Nanoribbon edge structure determine the

electronic structure. This Fig. is adapted from reference [24].

The bandgap opening in graphene nanoribbons has already been verified theoreti-

cally and experimentally, as shown in Fig. 1.3 [18, 25–27]. The bandgap of 200 meV

is extracted experimentally in width < 20 nm graphene nanoribbons [18]. The rough

edges, edge configuration, edge functionalization and doping affect the bandgap [28, 29].

The perfect edged nanoribbon is not ideal for electronic applications due to low mobil-

ity. Larger opening of bandgap create parabolic curvature around the Dirac point which

enhance the effective mass of charge carriers [30] and it probably decrease the mobil-

ity. Experimentally extracted GNR mobilities are about 200 cm2V−1s−1 in 1-10 nm wide

nanoribbons [18, 31] and 1100 cm2V−1s−1 in 18 nm width nanoribbons [32]. Mobility of

1500 cm2V−1s−1 have been verified in 14 nm width nanoribbons by the theoretical cal-

culations [33]. We need highly smooth crystalline edges of nanoribbons for high on/off

ratio transistors with high mobility. High on/off ratio with high mobility in graphene

nanoribbon transistors would enhance speed of devices.

Fracture in graphene is a severe concern for graphene’s applications which arise

during graphene processing like graphene transfer, chemical processing and during fabri-

cation of graphene transistors, and high bias measurements [34,35]. Fracture of graphene

is a prominent issue for graphene based devices as graphene has low fracture toughness
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(16 J/m2) inspite of high mechanical strength [36]. In device fabrication process, graphene

breaks down due to breakage of carbon-carbon bonds and wrinkles appear during transfer

process [37]. Another reason of graphene breakage is the lower friction force (0.36 - 0.62

nN) than Si surface (1.1 - 4.3 nN) [38]. CVD growth of poly-crystalline graphene [39]

and sonication of carbon nanotubes [40] induce inevitable cracks, grain boundaries and

defects in graphene. Thus healing or reconstruction of graphene is essential for applica-

tions of graphene devices.

Fig. 1.3. Bandgap as a function of nanoribbon width from experiments [25] [26] [18] [27]

and calculations [41] [28].

1.1 Scope of the Present Work

Different synthesis methods have been deployed for production of regular smooth edges

and narrow GNRs. Top down methods like Scanning Tunneling Microscopy (STM)

lithography [42], anodic oxidation by Atomic Force Microscopy (AFM) [43], unzipping

of Carbon Nanotubes (CNTs) by strong acid treatment [44], and patterning of graphene

by Electron Beam Lithography (EBL) [45] damage the GNRs and edges of GNRs. Thus

bottom-up approaches like chemical synthesis [46] and metal catalyzed anisotropic etch-
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ing using Ni, Fe, Cu [47] have been explored for fabrication of GNRs with smooth and

achiral edges. But transition metal Pt has not been explored yet for GNR synthesis. In

this work, Pt is used for production of crystalline smooth edged GNRs. Pt has higher

carbon solubility and high misfit factor than other metals (Ni, Fe, Cu) which is required

for etching of graphene. Thus Pt is more suitable transition metal than other metals (Ni,

Fe, Cu) for etching of graphene. Our objective is the fabrication of highly smooth edged

graphene nanoribbons for field-effect transistor applications and Pt nanoparticles-assisted

etching produce the crystalline edged GNRs.

In literature, graphene is reconstructed using sophisticated and expensive Transmis-

sion Electron Microscopy - Scanning Tunneling Microscopy (TEM-STM) tool via e-beam

irradiation [48]. Carbon Nanotubes (CNTs) are healed by e-beam irradiation in Scan-

ning Electron Microscope (SEM) tool. But thermal treatment of fractured graphene in

methane gas for reconstruction is not explored yet which is a feasible and cost-effective

method than e-beam irradiation method. In this work, we have explored the inverse pro-

cess of metal catalyzed CVD growth for etching of graphene for fabrication of GNRs.

Another objective of this work is to develop a catalyst free process using CH4 for healing

of fractured graphene.

1.2 Thesis Organization

This thesis contain six chapters including introduction as the first chapter. Other chapters

are organized in followed manner.

Chapter 2 gives a brief literature review on graphene and graphene nanoribbons.

Structure and type of graphene nanoribbon edges is discussed. The bandgap engineering

of graphene and graphene nanoribbons are explored. Literature review on fabrication

methods of graphene nanoribbons and their transport properties are presented. Healing of

CNTs by e-beam irradiation in SEM and joining of graphene layers by e-beam in TEM

are reviewed briefly.

Chapter 3 describes physical and electrical characterization techniques used in this

thesis. Overview of physical characterization techniques, namely optical microscopy,

Raman spectroscopy and AFM for identification of graphene and GNRs are provided.

Electron-beam lithography Raith 150 Two is used for device fabrication. Specifications
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and process steps of lithography are provided. The metal deposition technique of sput-

tering and the semiconductor device analyzer which is used for electrical characterization

are also described.

In chapter 4, synthesis of graphene nanoribbons by metal-assisted etching and fabri-

cation of bottom gated GNR transistor are described. Physical and electrical characteris-

tics of GNRs are studied in detail. Our results are benchmarked to those presented in the

literature.

In Chapter 5, causes for fracture of graphene and reconstruction methods of frac-

tured graphene are discussed. Validation of reconstruction of graphene by e-beam irra-

diation and methane gas treatment are given by physical and electrical characterization

techniques. We argue that the methane gas treatment method is superior to e-beam irradi-

ation method for reconstruction of broken graphene.

In chapter 6, thesis is summarized with future directions.



Chapter 2

Literature Review

2.1 Introduction to Graphene

Graphene is a 2D high crystalline material consisting of monolayer of carbon atoms.

Graphene is the building block of many carbon materials in all dimensionalities like 0D

(zero dimensional) buckyball, 1D (one dimensional) nanotubes and 3D (three dimen-

sional) stack of graphene sheets (Fig. 2.1) [14].

The electronic properties of all materials are described by Schrodinger equations in

condensed matter physics but in the exceptional case of graphene, it is described by the

Dirac equation. Dirac equation describes the electronic transport, scalability of graphene

devices to nanodimensions and various forms of graphene [49]. The honeycomb crystal

structure of graphene is made of hexagonal arrangement of carbon atoms. The honeycomb

crystal structure and Brillouine zone of graphene are shown in Fig. 2.2 [50]. In graphene,

carbon has sp2 hybridization, oneσ bond and two π bonds, one is π (full of electrons that is

called valance band) and another is π∗ (empty band that is called conduction band). These

two bands touch each other at Brillouin zone corner and create zero bandgap as shown in

Fig. 2.3. It shows semimetal behavior (where conduction and valance band degenerate at

Dirac point in Brillouin zone) and have symmetrical linear dispersion relation (E = ~v f k)

between electronic energy E and wave vector k. Here v f = 106 ms−1 is the effective speed

of light [51].

Graphene has excellent electronic properties which makes it a potential candidate

for high speed analog applications. But for switching applications, we need a bandgap

and that can be created by quantum confinement in graphene. The quantum confinement

10
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Fig. 2.1. Graphene is the building block of other graphitic materials in other dimension-

alities. Graphene can be fold into 0D buckyballs, wraped-up into 1D nanotubes and make

3D graphite (stack of layers). This Fig. is adapted from reference [14].

of charge carriers in 1D graphene nanoribbons induce transport gap and it depends on

the width of graphene nanoribbons and crystallographic orientation of edges. Graphene

nanoribbon energy gap is inversely proportional to the width. GNRs possess two types of

achiral edges, armchair and zigzag that is determined by hexagon orientation of nanorib-

bon length which is shown in Fig. 2.4(a) [52]. Both the edges have different chemical

reactivity and properties. Only zigzag edges have spin transport properties. Chiral an-

gle θ and chiral vector (n,m) represent the GNR chirality as shown in Fig. 2.4(b) [53].

Graphene edges after mechanical exfoliation also have crystalline zigzag and armchair

edges that has been validated by scanning electron micrograph which is shown in Fig.

2.5.
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Fig. 2.2. (a) Crystal structure of monolayer graphene with two atoms (A and B). The

shaded rhombus region represents unit cell of graphene, a1 and a2 are the the primitive

lattice vectors. (b) The Brillouine zone of graphene with two Dirac points K and K’. This

Fig. is adapted from reference [50].

Fig. 2.3. Electronic dispersion in the honeycomb lattice. Left: energy spectrum of

graphene calculated by tight binding approach. Right: zoom-in of valance and conduction

band which is showing one Dirac point. This Fig. is adapted from reference [51].

2.2 Band Gap Engineering

GNR’s electronic band structure can be tailored by width and chirality (crystallographic

orientation) of nanoribbons. Ab-initio theory or calculations demonstrate that the energy
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Fig. 2.4. (a) Armchair and Zigzag Nanoribbons. Na and Nz are the number of dimer

lines across armchair and zigzag ribbon width [52]. (b) Schematic drawing of (8,1) GNR.

The chiral vector (n,m) connecting crystallographically equivalent sites along the edge

defines the edge orientation of the GNR (black arrow). The blue and red arrows are the

projections of the (8, 1) vector onto the basis vectors of the graphene lattice. This Fig. is

adapted from reference [53].

Fig. 2.5. Scanning electron micrograph of a large graphene, which shows that most of

the monolayer faces are zigzag and armchair edges, as indicated by blue and red lines

represented. This Fig. is adapted from reference [8].

gaps in the armchair arise due to quantum confinement and edge effects [22]. In the

zigzag edges, bandgap arise due to edge magnetization [54]. The arm chair GNRs can

be metallic or semiconducting that is determined by its width but zigzag always shows

metallic behavior. But in both cases, GNR’s width must be in nanometers for bandgap

opening. Hydrogen passivated GNRs edges (arm-chair and zigzag) always have direct

and nonzero bandgap [22].
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2.2.1 Theoretical Predictions

Many theoretical calculations have been devoted to the study of electronic proper-

ties of armchair and zigzag GNRs. The tight-binding approach [55], Density Functional

Theory (DFT) calculation [22, 56] and first principle approximation [22] have been ap-

plied for the estimation of bandgap in armchair and zigzag nanoribbons. According to

first principle calculations, in armchair nanoribbons, bandgap is induced due to quantum

confinement effect and increment of hopping integral between the π orbitals of the edge

atoms due to changes in the atomic bonding lengths [22]. In zigzag nanoribbons, bandgap

arise due to a staggered sublattice potential from magnetic ordering of edge states [54].

Zigzag edged nanoribbons also have direct bandgap which is inversly proportional to

ribbon width. Zigzag nanoribbons have a peculiar edge-state structure near Fermi level

without considering spins. Edge chirality and width of GNR play important role in deter-

mining the electronic properties of GNRs.

Graphene nanoribbon chirality describe the orientation of the GNRs edges with re-

spect to the crystalline lattice of graphene [55]. It is defined by the chirality angle θ.

Armchair and zigzag high-symmetry directions are directly related to the angles θ = 30o

and θ = 0o respectively, although all intermediate θ values correspond to chiral direc-

tions. GNR band structure (tight-binding structure) also depends on chirality angle θ. As

θ increases, two Dirac cones of graphene approach each other onto 1D Brillouin zone of

GNR. The density of edge states is reduced due to decrease of length in momentum space

of flat edge-state band (connecting the two Dirac points) that is shown in Fig. 2.6(a) for

the special case of θ = 19.1o (chiral zigzag GNR) [57]. The density of edge states is de-

fined by the magnetic moment per edge unit length which is shown in Fig. 2.6(b). Density

of edge states per unit length is given by equation 2.1 [58].

n(θ) =
2

3a
cos (θ +

π

3
) (2.1)

Here a is the lattice constant. In armchair GNRs, edge orientation θ = 30o reserves

the equivalence of the two sublattices of the bipartite lattice of graphene. Amchair GNR

edge states disappear in this case according to equation 2.1. All armchair GNR shows

either metallic or semiconducting behavior at the Dirac point [55].
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Fig. 2.6. (a) Basic electronic band structure of zigzag GNR calculated using tight-binding

model. GNR configurations depend on chirality and ribbon width. (b) Magnetic moment

per edge unit length M versus chirality angle θ for 7-nm-wide GNRs that is calculated

using the mean-field Hubbard model at U/t = 1 (Red circles). Here U and t represent

Coulomb repulsion and hopping integrals respectively. The dashed black line corresponds

to the edge-state density, n(θ) in the limit of infinite width. This Fig. is adapted from

reference [55].

As GNR width decreases, it creates more spacing between sub-bands because of

quantum confinement but does not affect the edge-state band (Fig. 2.6(a)) [22]. Armchair

GNRs are classified into two categories on the basis of tight-binding electronic structure:

(a) metallic if N = 3P + 2 (N is the number of pairs of atoms per GNR unit cell, P is a

positive integer value) and (b) semiconducting if N = 3P + 1 or 3P [59, 60]. Graphene

nanoribbon width and bandgaps can be calculated by using first principle calculations

[42]. Graphene nanoribbon width is given by

W =

√
3 (N − 1)

2
∗ ac−c (2.2)

Where ac−c∼ 1.42 Ao is the carbon-carbon bond length. Bandgap as a function of

ribbon width of three armchair families is shown in Fig. 2.7(a) which is calculated using

tight-binding approximation [22]. Zigzag edged nanoribbons show metallic behavior with

peculiar edge states. By using Local Density Approximation (LDA), the bandgap ∆0
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Fig. 2.7. (a) Band gap of armchair GNRs versus GNR width (calculated using the

tight-binding approach). (b) Band gaps ∆0 and zone-boundary splittings ∆1 of the spin-

polarized grounds states of zigzag GNRs as a function of width based on local density

approximation. This Fig. is adapted from references [22, 55].

and zone-boundary splitting ∆1 of zigzag edged GNRs (spin-polarized ground states) are

calculated as a function of ribbon width as shown in Fig. 2.7(b) [22].

Eg,3P = ∆0
3P −

8δt
3P + 1

sin2
( Pπ
3P + 1

)
(2.3)

Eg,3P+1 = ∆0
3P+1 +

8δt
3P + 2

sin2
( (P + 1)π

3P + 2

)
(2.4)

Eg,3P+2 = ∆0
3P+2 −

2 | δ | t
P + 1

(2.5)

where

∆0
3P = t

(
4cos

( pπ
3P + 1

)
−2

)
, ∆0

3P+1 = t
(
2−4cos

( (P + 1)π
3P + 2

))
, ∆3P+2 = 0, t = 2.7eV, δ = 0.12

Ezigzag
g (eV) =

9.33
W(A0) + 15

(2.6)

Electronic structure of graphene nanoribbons is described by edge configurations,

edge chirality and confinement width. All these parameters should be considered for

determination of electronic and magnetic properties of GNRs.
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2.2.2 Experimental Progress

The experimental realization of nanoribbons has been already demonstrated [18,22,

25, 27, 31, 61, 62] which provides validation of theoretical predictions of nanoribbon’s

electronic and magnetic properties. In graphene nanoribbon transistors, on/off current

ratio can be improved by tuning the bandgap [18]. Bandgap can be tuned by varying

the width of graphene nanoribbons or lateral constriction of charge carriers in graphene

[18, 22, 25]. High on/off ratio (upto 106) is already reported in narrow width of GNRs

[18, 31]. Another approach for opening the bandgap is to break the inversion symmetry

in bilayer graphene by applying external electric field normal to graphene plane [61]. By

using this approach, bilayer graphene FETs were reported with on/off current ratio of 100

at room temperature [61]. Yu et al. combined both of the above strategies to achieve

on/off current ratio up to 3000 at room temperature by applying a vertical electric field

and lateral constriction of charge carriers in bilayer graphene [21]. Vertical electric field

induce a finite bandgap (∼ 400 meV) in bilayer graphene by moving conduction band

upwards and valance band downwards near Dirac point. This bandgap is estimated from

equation 2.7.

Ion/Io f f ∝ exp(Eg/kBT ) (2.7)

Where bandgap Eg= 2qφbarrier and φbarrier is the Schottky barrier height at the con-

tacts, T is the temperature and kB is the Boltzmann constant [21].

Li et al. also extracted bandgap values from equation 2.7 in chemically derived

ultrasmooth nanoribbons, and fitted into empirical form of Eg (eV) = 0.8 / [W (nm)],

where W is the width of GNR [18]. Bandgap values are consistent with the expressions

which concludes that on/off ratio increases exponentially as ribbon width decreases. The

experimental bandgap values follows the theoretical calculation of armchair and zigzag

nanoribbons which is shown in Fig. 2.8. Precise quantitative comparison of experimental

data with theortical data is difficult because the edge structure of nanoribbon, i.e. whether

they are zigzag/armchair or mixed edged nanoribbons, is usually not specified [18]. Car-

rier mobility is lower in nanoribbon transistors compared to graphene transistors. For

accurate estimation of carrier mobility, precise nanoribbon width, edge structure and gate

capacitance determination and ohmic contacts to nanoribbons are required [63–65].
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Fig. 2.8. Extracted bandgap values of GNR as a function of ribbon width. Symbol repre-

sents experimental data. The black dotted line is the experimental data in empirical form

Eg (eV) = 0.8 / [W (nm)]. The purple, orange and blue solid lines show the bandgap de-

pendence on width for three armchair families, extracted using first principle calculations.

Green solid lines represents zigzag edged nanoribbons, extracted using local density ap-

proximation. This Fig. is adapted from reference [18, 22].

2.3 Graphene Nanoribbon Synthesis Methods

Different graphene nanoribbon synthesis methods have been reported in the literature.

Narrow and smooth graphene nanoribbons are synthesized by various methods and Field

Effect Transistors (FETs) have been fabricated on all these GNRs. Bandgap, mobility and

on/off ratio of these GNRs are reported in detail which we will review in this section.

2.3.1 GNR Fabrication by Lithography Technique

Lithography (mainly electron Beam Lithography) based patterning technique can

be used for fabrication of narrow nanoribbons. But their large scale production by this
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method is limited because of low throughput. CVD grown graphene [62] and epitaxial

graphene on SiC [66] can be used for synthesis of GNRs. In 2007, Chen et al. fabricated

20 nm GNR FETs with 30 meV bandgap and they also reported that the minimum con-

ductivity and transport properties are affected by boundary scattering and trapped charges

in the substrate [27]. Hwang et al. used wafer scale CVD grown graphene for fabrication

of back-gated GNR FETs by lithography technique and observed 0.1 eV bandgap open-

ing by using differential conductance method [62]. In this GNR fabrication method, CVD

graphene was transferred on 90 nm SiO2/p+Si substrate. Hydrogen silsesquioxane (HSQ)

e-beam resist was used for fabrication of 12 nm GNRs. Electron-beam evaporator was

used for deposition of contact metals Cr/Au (5/100 nm). Schematic of back-gated device

structure is shown in Fig. 2.9. HSQ was not removed from graphene as shown in Fig.

2.9(b).

Fig. 2.9. (a) Schematic of back-gated nanoribbon transistor. (b) Scanning Electron Mi-

croscopy (SEM) image of the 12 nm nanoribbon, magnified view of nanoribbon is shown

in inset. This Fig. is adapted from reference [62].

Electrical characteristics were measured in vacuum from room temperature to 4 K.

Drain current as a function of gate voltage for 12 nm ribbon at different temperature is

shown in Fig. 2.10(a). On/off current ratio is increased from 10 (at 300 K) to 106 (at

4 K) which indicates strong temperature dependency of transport gap [62]. This gate

modulation behavior is quite distinct from graphene FET which does not show any gate

modulation even at low temperature due to zero bandgap [27, 67]. A significant gate

modulation is shown at low VDS by varying gate voltage which appears due to shifting



20 Literature Review

of Fermi level. At low temperature, tunneling current is more dominant than thermionic

emission current [62].

Fig. 2.10. (a) Transport characteristics of 12 nm wide back-gated GNR FET at various

temperatures. (b) Output characteristics at 4 K. (c) Differential conductance map of a

12 nm GNR FET as a function of VDS and VBG at 4K. (d) Differential conductance and

absolute drain current v/s VDS at VG 50.5 V. This Fig. is adapted from reference [62].

The quantum confinement in armchair nanoribbons create bandgap that is estimated

by Eg ∼ 2π~v f /3W, here v f ∼ 108 cm/s is the Fermi velocity which characterize the conical

bandstructure of graphene and ~ is the Planck’s constant and W is the width of GNR [68].

For 12 nm width of GNR, Eg ≈ 0.1 eV. Differential conductance map of GNR FET is

shown in Fig. 2.10(c) as a function of VDS and VBG at 4 K. In this map, black and red

color signify low and high conductance respectively. GNR gap is shown by dark diamond
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shape. The extracted bandgap from differential conductance map is 0.1 eV which is close

to that predicted by the theoretical model [68]. Recent study on nanoribbons describes

that transport gap arise from hopping between localized states in nanoribbons [69]. This

transport gap is an indication of change in density of states by quantum confinement. The

differential conductance is proportional to density of states at low temperature and it gives

0.1 eV bandgap that can be deduced from Fig. 2.10(d) [62].

Fig. 2.11. (a)-(d) Optical images of epitaxial nanoribbon transistors on wafer size SiC

substrate. (e) SEM image of GNR having 10 nm width with source and drain contact

metal. (f) SEM image of HSQ array ribbon patterns, consisting of 13 nm GNR line width

and 17 nm space, showing no deformation or collapse. HSQ was used as a mask to etch

graphene during O2 plasma etch process. This Fig. is adapted from reference [66].

Epitaxial GNRs on SiC substrate were achieved by nanowire template method

[66,70]. Sprinkle et al. fabricated GNRs using photolithography and O2 RIE etching [70].

In this work, the extracted mobility for 40 nm GNR was 2700 cm2V−1s−1 and on/off ra-

tio was 10 at room temperature but substantial energy gap was not calculated [70]. To

correlate the experimentally measured transport properties with theoretical model of epi-

taxial GNRs, ∼ 10 nm GNRs were patterned on large area epitaxial graphene on SiC by

e-beam lithography [66]. The extracted bandgap was ∼ 0.14 eV. Epitaxial graphene on

SiC substrate has less residual charges than transferred CVD graphene [71, 72]. Negative

e-beam resist HSQ was used for patterning of sub-10 nm and ∼ 10 nm GNRs. Top gate

transistors were fabricated by e-beam lithography. Top gate dielectric of 30 nm Al2O3
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Fig. 2.12. (a) Drain Current as a function of gate voltage for 10 nm GNR FET at various

temperatures. ID is dominated by thermionic emission at 300 K and suppressed at 4 K.

Band-to-band tunneling dominate at 4 K. (b) ID versus VDS at different VGS showing clear

on-off states. (c) ID versus VDS with fixed VGS for different GNR width at 4 K. This Fig.

is adapted from reference [66].

Fig. 2.13. The differential conductance map as a function of VDS and VGS of GNR width

10 nm (c) and 17 nm (d) are shown in (a) and (b) at 4 K respectively. Red and black

color indicate high and low conductance in the map. (e) Energy band diagram model is

based on the Schottky barrier. (f) Extracted band gap of GNR FET vs. width of GNR.

The linear line was fitted using the energy band diagram model. This Fig. is adapted from

reference [66].
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and source-drain contact metals (Cr/Au-5/100 nm) were deposited by Atomic Layer De-

position (ALD) and electron-beam evaporation respectively. Device structure is shown

in Fig. 2.11. Electrical characteristic of 10 nm GNR FET shows higher on/off ratio at

4 K in comparison of room temperature as shown in Fig. 2.12(a). Fig. 2.12(b) shows

clear on-off states. Fig. 2.12(c) shows that as ribbon width decreases, low conductance

window increases. Differential conductance map is a more comprehensive approach for

quantitative measurement of bandgap. Conductance map as a function of VDS and VGS of

two GNR FETs of width 10 nm and 17 nm are shown in Fig. 2.13. Red and black color

show high (on-state) and low conductance (off-state) respectively, in the logarithmic scale

map. In Fig. 2.13(a), at fixed drain voltage, transition from conducting to insulating

state are observed in the -8 V < VGS < -6 V region. Schottky behavior of nanoribbon

is observed in Fig. 2.13(a) and (b) after varying drain bias at fixed gate voltage. This

concludes that GNR FET channel is like a traditional semiconductor with a substantial

bandgap. Precise bandgap can be extracted by modeling of differential conductance map

using transport equation of conventional semiconductor which also includes thermionic

emission and tunneling current parameters [66].

Large number of similar width nanoribbons can be fabricated by lithographic tech-

nique but edge geometry and edge roughness can’t determined by lithography. To study

more quantitatively GNR FET behavior, edge roughness and edge geometry must be

known. Thus other synthesis methods are explored for fabrication of GNRs for digital

applications.

2.3.2 GNRs by Unzipping of Carbon Nanotubes

Previous reports demonstrate that GNRs can be synthesized by unzipping of carbon

nanotubes as CNTs have nanometer range of diameters [17, 33, 73]. In 2009, Jiao et. al

developed a method of fabrication of GNRs by controlled unzipping of CNTs in longitu-

dinal direction by plasma etching process. Schematic of production of GNRs from CNTs

is described in Fig. 2.14. These GNRs have smooth edges and 10-20 nm width distri-

bution [17]. Bottom gated GNR FETs were fabricated with Pd metal contacts (channel

length < 250 nm) [17]. These GNR FETs show p-type behavior because of O2 physisorp-

tion from ambient. GNR FET with ∼ 16 nm and ∼ 7 nm widths have been reported. GNR

transistor of ∼ 7 nm nanoribbon shows on/off ratio >100 (Fig. 2.15). GNR with 16 nm



24 Literature Review

Fig. 2.14. Schematic of GNRs production from CNTs. (a) A pristine pristine Multi

Wall Carbon Nanotube (MWCNT) was used as the starting raw material. (b) Poly Methyl

Methacrylate (PMMA) resist were coated on MWCNT/Si substrate. (c) PMMA-MWCNT

film was peeled from the Si substrate, turned over and then exposed to an Ar plasma. (d-g)

Etching time was varied: GNRs with CNT cores were obtained after etching for a short

time t1 - (d) tri-, bi- and single-layer GNRs were produced after etching for times t2, t3

and t4, respectively (t4> t3 > t2 > t1; e-g). (h) PMMA was stripped from nanoribbons.

This Fig. is adapted from reference [17].

width shows weak gate modulation due to smaller bandgap. Ids-Vgs curve of GNR shows

symmetric behavior of electron and hole transport that is similar to graphene. Estimated

resistivity at Dirac point for 10-20 nm GNR FETs were 10-40 kΩ, similar to lithograph-

ically patterned GNRs. Mobilities of these GNR devices were 10 times lower than 2D

graphene sheets because of edge scattering [17].
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Fig. 2.15. (a) A schematic of GNR device. (b) Transfer characteristic of 16-nm-wide

GNR device probed in vacuum after electrical annealing. Dirac point is located near Vgs

= 50 V. Inset shows the AFM image of this device; scale bar is 200 nm. (c) Ids-Vgs curves

for 7-nm-wide GNR device at various biases probed in air. The on/off ratio is 10 for this

device. (d) Ids-Vds curves for the device in (c) at gate biases Vgs ranging from 240 V

(bottom) to 40 V (top) in steps of 10 V. This Fig. is adapted from reference [17].

2.3.3 GNRs Fabrication by Atomic Force Microscopy, Scanning

Probe Lithography and Focused Ion-Beam Etching

Techniques

GNRs fabrication have been demonstrated using Scanning Probe Lithography (SPL)

[42], Atomic Force Microscopy (AFM) [43] and Focused Ion Beam (FIB) etching [74]

techniques. In AFM technique, AFM tip cut the graphene by anodic oxidation process and

produce GNRs [43]. SPL also can be used for fabrication of GNRs due to high resolution

and chirality determination [42]. SPL fulfills all the need of GNRs like narrow width

distribution, crystallographic orientation and minimum edge disorder. SPL has advantage

over AFM, because in AFM, water meniscus (present nearby AFM tip (10-20 nm radius)

induce oxidation in channel and has poor resolution. SPL has been used on transferred

graphene on gold substrate [42]. Gold is a conductive and non-oxidative material and

hence it is commonly used as a substrate for SPL. 100 mV bias voltage and 500 pA

tunneling current parameters were used for imaging of 4.6 nm and 2.5 nm GNRs which is

shown in Fig. 2.16(a) [42]. Y. Zhang et al. fabricated 20 nm GNR arrays by using focused

ion beam (FIB) etching technique (Fig. 2.16(b)) [74]. Ga+ ions were used for patterning

of graphene for fabrication of GNRs. AFM, STM and FIB etching techniques can be used

for fabrication of different width of GNRs but these techniques are time consuming and

also can’t be used at large scale.
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Fig. 2.16. (a,b) GNR cut in the zigzag direction with various width (4.6 and 2.5 nm) by

SPL. Height profile of GNR is shown below figure (a) and (b) [42]. (c) 20 nm large arrays

of GNRs by using FIB etching technique. This Fig. is adapted from reference [74].

2.3.4 Chemically Derived GNRs

Atomic structure of GNRs have been fabricated via bottom up chemical synthe-

sis approach. In this approach, arm-chair GNRs (N = 7) were synthesized on epitaxial

Au/mica substrate [75]. Thermal annealing of 10,10′-dibromo-9,9′-bianthryl monomers

at 200oC make a linear polymer (polyanthrylene chain) and after that cyclodehydrogena-

tion of polymer at 400oC produce N = 7 GNRs. Polyanthrylene height is approximately

0.85 nm. N = 7 (N = linear row of atoms) armchair GNR shows 1.6 eV bandgap and N

= 9 and 11 create smaller bandgap than N = 7. These narrow width (below 1 nm) and

atomically smooth GNRs have desirable electronic properties. Bennett et al. fabricated

GNR field effect transistors and the unique transport characteristics of sub-1 nm width

GNRs were studied [59]. GNRs were transferred on SiO2 substrate for device fabrication.

First, PMMA was spin coated onto GNRs to make PMMA/GNR/Au/Mica stack. Con-

centrated hydrofluoric acid and Au etchant were used to delaminate mica and Au film.

GNRs with PMMA resist were transferred on SiO2 after DI water rinsing and resist was

removed using acetone.

Bennett et al. fabricated three terminal devices with 10-15 nm average channel

length using e-beam lithography (Fig.2.17(a)). Source and drain contact pads (Pd) were

patterned in two steps (first- 30 nm, second- 10 nm) by optical lithography and e-beam
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Fig. 2.17. (a) Schematic of device geometry. Below: SEM of the device is showing 100

nm wide contact pad with a 26 nm source drain gap. (b) Transport characteristic of a

device at VSD = 1 V in both air and under vacuum at 77 K. (c) Electrical characterization

of a typical device post passivation, under vacuum, at 77 K. ID as a function of gate bias at

different VSD. (d) Output characteristics at different gate bias, inset: same data presented

in logarithmic scale. This Fig. is adapted from reference [59].

evaporation. Electrical characteristics were measured at 300 K and 77 K. 20-30 nm chan-

nel length devices show gate-modulated conductance (on current range - 10s of pA to

few nA at 1 V VSD). On-current range is low due to random orientation and position of

GNRs [59]. ID as a function of VG shows p-type behavior in air ambient due to water,

oxygen adsorption and PMMA residue on the contact and GNR [76, 77]. After vacuum

annealing (300o C at 10−7 Torr), the molecular desorption curtailed contact metal work

function that switch the device behavior from p-type to n-type and reduced the hysteresis

effect (Fig. 2.17(b)) [78]. Another observed device was a short channel Schottky barrier

device with 26 nm channel length. Gate modulation at 77 K of transport characteristic
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and source-drain bias behavior are shown in Fig. 2.17(c and d). This device shows on/off

ratio of 3.6 x 103 at VSD = 1 V. Here, off current or leakage current is induced by tun-

neling of holes across the drain barrier which is strongly VSD dependent (at larger VSD,

Schottky barrier width will decrease). Thus at larger drain bias, enhanced electric field

induce tunneling through barriers that generate field emission which control the current

flow. This effect increases on-current exponentially. It was concluded that Schottky bar-

rier series resistance is much higher than the nanoribbon channel resistance. On/off ratio

can be improved by using lower metal contact work function and via increasing the drain

barrier [59].

2.3.5 Metal-Assisted Etched GNRs

Metal-assisted etching of graphene has been reported by using transition metals (Fe,

Cu, Ni) [47]. These metals are used as a catalyst in the etching process which shows

that etching of graphene depends on catalytic activity of metal nanoparticles. Ni has

higher catalytic activity than Fe and Cu, as Ni has strong interaction with graphene.

Similarly Cu has low melting temperature (1100oC) and low carbon solubility (catalytic

order- Ni>Fe>Cu). These catalytic metal nanoparticles create both zigzag and armchair

edges. Etching process has been employed on different substrates in Ar/H2 environment

at high temperature. Etching density and quality of GNRs are shown to be depend on

type of substrate, H2 concentration and etching temperature [47]. Campos et al. de-

scribed that anisotropic etching of graphene by Ni nanoparticles at 1000oC preserve the

chirality angles of 60o and 120o that have same crystallographic orientation (either arm-

chair or zigzag) and 90o and 150o have different crystallographic orientation with re-

spect to different edge chirality [79]. Chirality angle of etching is shown in Fig. 2.18.

Quality of graphene does not change after etching as it was confirmed by Raman spec-

troscopy [79, 80].

Anisotropic etching is also subjected to substrate type like crystalline a-plane and

r-planes of sapphire, ST-cut (ST = Stable, Temperature) quartz and SiO2 [47]. Both

planes of sapphire have crystalline surface and high degree of anisotropy so probability

of anisotropic etching is high in this substrate rather in ST - cut quartz and SiO2. Etching

of graphene occurs in the same crystallographic direction of sapphire substrate at high

temperature in 15% H2/Ar ambient. For etching process, too low (7.5%) and too high
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Fig. 2.18. (a) Left : schematic of GNR structures that shows 120o angle of trench by

nanoparticles. Ni nanoparticles are denoted by red circles. Right : AFM images of GNR

with 120o angle of trench. (b) Left : schematic of GNR structures that shows 60o angle of

trench. Right : AFM images of GNR with 60o angle of trench. This Fig. is adapted from

reference [79].

(50%) H2 concentration are not suitable because too low concentration of hydrogen is

insufficient for etching and too high concentration of hydrogen etch more graphene. 15%

hydrogen was sufficient for etching of graphene to make GNRs. High etching density was

observed at 1050oC for Ni nanoparticles which was higher than etching density at 1000oC

and 1100oC for Ni nanoparticles. Etching density by Ni nanoparticles observed was 25

lines/µm and average nanoribbon width was 25 nm [47].

Etched graphene were transferred on SiO2 substrate for fabrication of bottom-

gated multichannel devices [47, 60]. GNR arrays were patterned by EBL and remaining

graphene were removed by oxygen plasma [60]. Source and drain electrodes (Cr/Au)

were deposited by thermal evaporation. Electrical properties of etched GNRs were mea-

sured at room temperature in vacuum (8 x 10−4 Pa). Devices with low etching density

area show low on/off ratio of ∼ 2-4 and it depends on etching density. High etching
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Fig. 2.19. (a) Transport characteristic and b) Output characteristics of optimum etched

nanoribbon area. SEM image of device is shown in inset of figure (b) with 1 µm scale bar.

(c) Transport and (d) Output characteristics of high etched density area of nanoribbons.

This Fig. is adapted form reference [60].

density area gives slightly higher on/off ratio than less density etched area. On/off ratio

is ∼ 7-10 for optimum etched area (average ribbon width ∼ 19.3 nm) which is shown

in Fig. 2.19(a). These characteristic values are slightly lower than previously reported

lithographically patterned GNRs (half width of metal-assisted etched GNRs). This is the

indication of good quality of GNRs by metal-assisted etching. High etching density area

shows larger on/off ratio ∼ 5000 that is shown in Fig. 2.19(c). Graphene nanoribbon

width variation is the cause of high on/off ratio in some area and it concludes that these

nanoribbons make a chain of quantum dots which induce a bandgap due to the Coulomb

blockade effects [60]. Device performance can be improved by producing narrow width

GNRs with smooth edges by metal assisted etching.
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2.4 Reconstruction of Carbon Nanotubes, Graphene

and Graphene Nanoribbons

Graphene’s severe concern is the electrical breakdown or fracture of graphene which is

a potential threat for practical applications of graphene. Fracture arises due to low frac-

ture toughness (16 J/m2) [36] even though graphene has ultra high mechanical strength

130 GPa and 1TPa Young’s modulus [5]. Fracture of graphene is a pronounced issue

due to brittle nature of graphene and inevitable flaws viz. holes, dislocations [39] and

cracks which appears during fabrication of graphene devices [81]. Crack behaviours

like crack speed [82] and crack propagation directions [83] have been investigated the-

oretically and experimentally but very few progress has been demonstrated on healing

of cracks [84–86]. In literature, different types of fracture like irradiation fracture [87],

chemical fracture [88], impact fracture [89], sonication fracture [40] and dynamic frac-

ture [89] have been reported on the basis of theoretical calculations and experiments. An-

other reason of fracture or breakdown in graphene is the electrical stress of devices [90].

Thus reconstruction or healing of fractured graphene is essential for nanoelectronics ap-

plications. In this section, we will discuss healing of CNTs by e-beam irradiation and

developments on reconstruction of graphene/GNRs.

2.4.1 Reconstruction of Graphene by High Energy Electrons in

TEM

Experimental and theoretical work on reconstruction of graphene edges and joining

of individual graphene sheets have been already reported [48, 85]. Reconstruction of

graphene edges and joining of individual graphene sheets are achieved by in-situ Joule

heating of GNRs in integrated Transmission Electron Microscope - Scanning Tunneling

Microscope (TEM-STM) system [85]. Reconstruction of GNR edges by Joule heating

process is shown in Fig. 2.20. Joule heating and e-beam irradiation vaporize the carbon

atoms at GNR edges which crystallizes the defect edges to atomically smooth edges after

annealing. According to modeling calculations, Joule heating or annealing process gives

point defect annealing and edge reconstruction [85]. In Joule heating process, different

voltages have been applied on defective GNR edges. Lower voltage (<1.6 V) vaporize
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the carbon atoms because of knock-on effects by electron beam irradiation [91]. Higher

voltage (>1.6 V) give reconstruction-crystallization effects due to high temperature that

is caused by Joule annealing. Joule annealing effect creates armchair and zigzag edges

which has higher activation energy than other edge configurations [85]. The mixture of

armchair and zigzag edges has metastable state due to energy penalty at the edge junctions

which causes irregularity. Current flow and atomic vibrations are obtained due to Joule

heating process. As a result, initial Joule heating gives point (localized) defects which are

concomitant with large amplitude vibrations [85].

Fig. 2.20. (a) Graphene nanoribbons show very few zigzag (pink lines) and armchair

edges (green lines) before Joule heating. (b, c) GNRs after 10 min. Joule heating at 1.6 V.

Most of the edges are either zigzag or armchair edges, as shown in figure (c). (d) High-

magnified view of the annealed sample is showing zigzag-armchair and zigzag-zigzag

edges. Scale bars in (a), (b) and (c), 4 nm; in (F), 1 nm. This Fig. is adapted from

reference [85].

Electronic states in zigzag edges are localized along their edges because of large

electronic dispersion, induce current flow along zigzag edges in GNRs [23]. Very few
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and longer length armchair edged GNRs are obtained by the nonlocal transformation

mechanism. Zigzag edges are initially produced at high temperature because of localized

mechanism. Molecular dynamic simulations explain that carbon atoms from armchair

edges evaporates faster than zigzag edges because dissociation energy of C-C is lesser in

armchair edges (6.7 eV) than zigzag edges (11 eV) [85].

Zou et al. demonstrate joining of individual graphene sheets (single and multilayer)

in a TEM-STM holder inside a 200 KV field emission TEM [48]. Graphene sheets have

been joined in "top-to-top" and "layer-to-layer" geometries by applying a voltage. "Top-

to-top" layer geometry provides seamless joining. Joined graphene sheets have same

electrical and mechanical properties similar to original graphene sheets. "Top-to-top"

geometry of joining of graphene sheets fulfills the requirement of micro and nanodevices

like desired parameters shape, size and configurations. Joining process of graphene sheets

is shown by schematic diagram in Fig. 2.21 [48].

Due to high chemical activation energy of zigzag/armchair edges [92], graphene

edges are reconstructed and assembled simultaneously. Dangling bonds are activated

by operating electron energy and rearranged the carbon atoms in hexagon rings and in

pentagon-heptagon pair. [51]. Seamless joining of graphene sheets has three steps: (1)

local deformation and activation of dangling bonds at the edges due to current annealing,

(2) new covalent bond formation between carbon atoms at the activated edges, and (3)

rearranging the carbon networks for new graphene sheet edge formation. Graphene sheets

were not fully damaged during this process that was confirmed by TEM images. After

reconstruction of graphene sheets, electrical properties are similar to original graphene

sheets. Both joining geometries of graphene sheets are shown in Fig. 2.22 [48].

Joining of graphene layers depends on the applied voltage because very low voltage

is insufficient for activation of dangling bonds and high voltage remove all the carbon

atoms rapidly from the graphene edges and it creates defects also. "Top-to-top" geome-

try needs lower activation energy than "layer-to-layer" geometry for joining of graphene

sheets . "Layer-to-layer" joining needs higher activation energy for formation of hexago-

nal rings or pentagon-heptagon pairs in vertical carbon network which is higher than car-

bon atoms evaporation. As a result, shrinkage, demolishment and evaporation of carbon

atoms occur before rearrangements of carbon atoms (to form hexagonal rings or pentagon-

heptagon pairs) in graphene layers. So "top-to-top" geometry is excellent for joining of
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Fig. 2.21. (a) Schematic diagram of experimental setup for measurement of electrical

properties of graphene in the TEM-STM holder. (b) TEM image of a monolayer graphene

with Pt probe and Au tip. (c, d) Schematic picture of "top-to-top" and "layer-to-layer"

joining geometries of graphene sheets. (e) TEM image showing the practical manipula-

tion of a graphene sheet. This Fig. is adapted from reference [48].

graphene sheets rather than "layer-to-layer" geometry [48]. This has future implications

on graphene applications like flexible devices, touch screen, LEDs and solar cells.
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Fig. 2.22. Joining of individual single layer graphene with both joining geometries:

(a) Graphene monolayer with Pt probe and Au tip. Inset is showing High Resolution

Transmission Electron Microscopy (HRTEM) image of monolayer. (b) Two segments of

graphene layer after applying a voltage. (c) "Top-to-top" joining geometry. (d) Same

graphene sheet after cracks due to high applied voltage. (e) I-V characteristic of origi-

nal and joined graphene layer. (f) "Layer-to layer" joining geometry. (g) Same joined

graphene layer was broken again due to high biasing and in situ pulling process. (h) I-

V characteristic of joined graphene layer and graphene layer at the Pt probe and Au tip

respectively. This Fig. is adapted from reference [48].
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2.4.2 Healing of Carbon Nanotubes by Low Energy Electrons in

Scanning Electron Microscopy System

Carbon nanotubes as on-chip interconnects have extensive application in ultrafast

nanoelectronic circuits because of high current carrying capacity (108 A/cm2) and high

electrical conductivity [93, 94]. But Joule heating limits this property because of break-

down of tube after certain high voltages [95–97]. Healing of cracked tubes by e-beam

irradiation has been reported in literature [98, 99].

Broken tubes were repaired by using low energy electrons (3-10 keV) in scanning

electron microscope (SEM) system [98]. High energy electron beam (100-200 keV) and

high energy ions (MeV) irradiation induce amorphization, kinking, bending, cutting or

deformation in tubes [100–102] and damage the tubes [91]. Advanced, complex and ex-

pensive TEM system is needed for production of high energy electron beam and for high

resolution. From application point of view, SEM is an easy and more feasible approach

for joining of broken nanotubes rather than TEM. In SEM, mechanical manipulator is not

required and ex-situ electrical measurement of irradiated CNTs can be performed. Kul-

shrestha et al. performed the electrical measurement before and after electrical joining of

carbon nanotubes by using 3-10 keV in SEM [98]. Carbon nanotubes were broken after

applying high voltage due to Joule heating effect. These broken tubes were repaired by

applying 10 keV at broken sites of tubes for 2-5 mins. After rejoining of CNTs, current

was less significant than pre-broken tube (Fig. 2.23) because of structural changes. But

this current and resistance was improved by current induced annealing or by applying

successive current sweeps as shown in Fig. 2.24. Current was improved due to graphiti-

zation at the healing site which was confirmed by the X-ray Photoelectron Spectroscopy

(XPS).

Multiwall Nanotube (MWNT) diameter was increased after electron-beam irradi-

ation because of deposition of amorphous carbon which is ascribed to Electron-Beam-

Induced-Deposition (EBID). In this process, hydrocarbons dissociated and deposited at

broken sites which comes from contamination in SEM. This e-beam irradiation process

in SEM gives electrical and mechanical recovery of broken tubes followed by current an-

nealing [98]. Shivani et al. also used the same method for joining of multiwall carbon

nanotubes after breakdown but resistance was improved [99]. In this method, Platinum
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Fig. 2.23. (a) MWNT between contact pads. (b) I-V characteristic of the same tube.

(c) SEM of broken tube after applying high voltage. (d) SEM image of same tube after

repairing. (e,f) I-V characteristics after breakdown and after healing. This Fig. is adapted

from reference [98].

(Pt) and Tungsten (W) were deposited at broken site of nanotube by using Gas Injec-

tion System (GIS) or EBID technique. Pt makes ohmic contact with nanotubes and it

shows larger resistance values than W. These metal nanoparticles deform the nanotube

at broken site and as a result resistance has been increased after joining. Restoration of

resistance depends on broken sites of tubes, metal type deposition, metal work-function,
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Fig. 2.24. (a) I-V characteristic of current annealed CNT before breakdown. (b) I-V curve

after joining of tube. (c) Comparison of current values in the range -5 to 5 V before and

after joining. (d) Comparison of current values in the range -6 to 6 V before and after

joining. This Fig. is adapted from reference [98].

metal-nanotube contact and contact resistance of metal-nanotube contact. This healing

approach for CNTs can be significant for interconnect applications.

2.4.3 Effect of Electron-Beam Irradiation on Graphene and GNR

Devices

Electron-beam exposure is used for imaging (SEM and TEM) and e-beam lithog-

raphy of graphene and graphene devices. Investigation of e-beam irradiation effects in

graphene is important for graphene based electronics [103]. Previous studies have been

reported on defect creation by e-beam irradiation in CNTs and graphite [104], and Raman

spectroscopy of these defects in graphene [87, 105, 106].
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Fig. 2.25. (a) Conductance versus gate voltage before and after exposure for a sus-

pended graphene. (b) Raman Spectrum before and after irradiation on same sample. This

graphene was exposed in EVO 40 SEM system with 30 keV acceleration voltage and 0.15

nA current for 5 min. This Fig. is adapted from reference [87].

Electron-beam irradiation shifts the Dirac point to negative value in graphene due to

interaction of e-beam with Si/SiO2 substrate [87]. Electron-beam generates electron-hole

pairs in which electrons are more mobile than holes. Charge Neutrality Point (CNP) is

shifted to negative bias due to attraction of electrons to trapped holes in Si/SiO2 interface.

Dirac point shifting due to e-beam irradiation is shown in Fig. 2.25. A similar phenomena

occurs in Metal Oxide Semiconductor Field Effect Transistor (MOSFET) where threshold

voltage is shifted due to e-beam irradiation in MOSFETs [103]. Electron-beam irradiation

also damage the lattice of graphene and induce defects and carrier scattering [105]. These

defects can be reduced by using low energy e-beam and it deduce higher mobility, CNP

towards zero and less residual carrier density. CNP and residual carrier density increase

with the e-beam exposure dose. Effect of various exposure current doses in graphene

devices are shown in Fig. 2.26 by electrical characteristics [107]. Fig. 2.26(a) shows

that low exposure current dose has CNP closer to zero than moderate and high exposure

current dose. Raman characteristic of high current dose provide red shift of G and 2D

peak and ratio of 2D/G peak is reduced due to heavy doping of graphene [108]. D peak is
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Fig. 2.26. (a) Electrical characteristics of low EBL exposure current (red), moderate EBL

exposure current (blue) and high EBL exposure current (green). Low exposure current

has better characteristics than moderate and high exposure current. (b) Raman Spectrum

of the same devices. G and 2D peak have red shift due to increment of exposure current

dose. This Fig. is adapted from reference [107].

not significant due to absence of structural defects or hydrogenation of graphene. E-beam

exposure current range was 10 pA to 125 pA at energy of 20 keV and dose of 320 µCcm−2

and 4 nm step size were used for EBL process [107].
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Despite of less exposure dose, crystalline defects occur after EBL process due to rad-

icals of polymer in the resist [109]. The resist is heated in EBL process during exposure

which release radicals from polymer at interface with graphene. These radicals contain

hydrogen which is released by the depolymerization of PMMA resist. Hydrogenation of

graphene degrades the device performance [107]. Thus resist heating is concomitant to

exposure dose. Formation of these radicals and trapping of radicals are shown in Fig.

2.27. These radicals were eliminated by Iso-Propyl Alcohol (IPA) cleaning after EBL

process. Electrical characteristics of devices are preserved by screening layer of resist

or polymer from the ambient effects like moisture. It has been confirmed with other hy-

drophobic materials [110–112]. Hydrophobic layer also increases mobility in graphene

FETs [113]. Even, high temperature (400oC) vacuum or forming gas annealing can not

eliminate hydrophobic layer of resist. Kang et al. demonstrate that low exposure current

dose not affect the graphene device but resist heating induce the crystalline defects [107].

Fig. 2.27. Schematic diagram of resist residual formation and radicals trapping on active

area of graphene device. (a) Top view of exfoliated graphene and e-beam irradiated area.

(b) Resist radicals are transferred to unexposed graphene-PMMA interface due to e-beam

exposure. (c) Irradiated area after developement and plasma etching. (d) Second PMMA

layer is spin coated and previous residual layer remain under this second PMMA layer

which is solidified after baking. This Fig. is adapted from reference [107].
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Raman Spectroscopy has been mostly used to study the structural modification in e-

beam irradiated graphene [106, 114, 115] or formation of nanocrystalline and amorphous

carbon [105]. Raman spectroscopy also analyze the magnitude of D and shift in G peak

due to damage and strain which occurs because of e-beam irradiation [116]. Electrical

measurements are essential to confirm modifications in transport properties of e-beam ir-

radiated graphene because Raman spectroscopy is incapable to study all electron beam

irradiation effects. CNP shifting and doping of irradiated graphene devices have been re-

ported but other transport properties have not been studied in details [87,117]. Electronic

properties of irradiated graphene devices restored after repetitive electrical measurement

due to electrical stress [118]. 10 keV electron beam energy was irradiated on graphene

devices by using SEM tool. Contact resistance was improved from 200 kΩ to 90 kΩ and

mobility 3600 V2cm−1s−1 to 3900 V2cm−1s−1. Device properties were reestablished by ap-

plying the consecutive gate voltage sweeps. Graphene-metal coupling effect is enlarged

due to electrical stress and it leads to cleaning of channel. Adsorbates from air ambient act

as p-dopants in graphene devices which shift the Dirac point towards positive bias. Dirac

point shifting increase the contact resistance and reduce the carrier mobility [119–121].

In-situ electrical measurement (in SEM) of post irradiation devices give the lower resis-

tance than air ambient measurement. Repetitive electrical measurement also decrease the

hysteresis effect which is shown in Fig. 2.28 [118]. Hysteresis occurs due to the trap-

ping of mobile electrons into gate oxide during e-beam irradiation but it was reduced by

removal of electrons from graphene channel during repetitive voltage sweeps [122, 123].

Thus successive electrical measurement restore the channel conductance.

2.5 Breakdown Current Density of Graphene and

Graphene Nanoribbons

Graphene and GNRs can be used for interconnect applications like CNTs due to high

breakdown current density (108 A/cm2) [35]. Graphene is an appropriate substitute of Cu

wires in semiconductor applications due to higher current carrying capacity. It also has

smaller resistivity than Cu wires [125]. But graphene nanoribbons has one serious con-

cern that is the breakdown of devices after saturation of current due to resistive heating.

After a certain voltage, resistance start to increase and current gets saturated leading to
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Fig. 2.28. Electron-beam irradiation effects on GFETs. (a) Six consecutive sweeps after

e-beam irradiation. Hysteresis has been reduced after sixth sweeping. (b) First and sixth

sweep of irradiated device compared with the unexposed device. (c) Experimental data

values compared with modeling data [124]. (d) Summary of extracted mobility, contact

resistance and carrier concentration. This Fig. is adapted from reference [118].

breakdown of the devices [126]. Contact metals introduce impurities which enhance the

resistance value. As impurity density increases it causes the electron-phonon scattering.

Impurity density is extracted from the Dirac point shifting [127]. Breakdown current of

nanoribbons is shown in Fig. 2.29. It shows that after certain bias voltage, current get

saturated and then breakdown take place [35].

Lee et al. reported a breakdown current density upto 4 x 107 A/cm2 in CVD

graphene [90]. Here breakdown is also concomitant to resistive heating. Graphene wires

of width in the range of 1-10 µm and length upto 1000 µm show ohmic behavior and its re-

sistance linearly depends on wire length which is attributes to diffusive transport [90,128].

After applying high bias, graphene get cracks in center of graphene length due to resistive

heating [90]. The electrical breakdown density relation with resitivity is expressed as Jmax

∝ 1
√
ρ [129]. Breakdown current density decreases with the resistivity which is shown in

Fig. 2.29(d). Breakdown current density in CVD graphene is less due to defects and high



44 Literature Review

Fig. 2.29. (a) Current-voltage characteristic of 22 nm width GNR array of 10 GNRs

which shows breakdown after certain bias voltage. (b,c) Resistance and breakdown cur-

rent density (unit -108 A/cm2) of 10 GNRs [90]. (d) Breakdown current density versus

resistivity. (e) The average breakdown current density as a function of wire length. This

Fig. is adapted from reference [35].

impurity density than HOPG. Fig. 2.29(e) shows that as wire length is reduced it gives

higher breakdown current values [90].

2.6 Summary

The current status of understanding of the following topics, which are relevant to the work

reported in this thesis are reviewed in this chapter.

1. Electronic structure and properties of graphene and graphene nanoribbons is dis-

cussed in this chapter. Bandgap opening in graphene and bandgap engineering

parameters of nanoribbons are described.

2. Various synthesis methods of GNR and their electrical characteristics are reviewed

in this chapter.

3. The breakdown causes of graphene and reconstruction of graphene nanoribbons by

high energy electrons are reviewed briefly. Healing of carbon nanotubes by low

energy e-beam is described.
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4. The breakdown current density of graphene and nanoribbons is also discussed as it

has important role for interconnect and nanoelectronic applications.



Chapter 3

Experimental Techniques Used in This

Work

This chapter describe the methods and tools used for the fabrication and characterization

in this thesis. EBL and sputtering were used for fabrication of graphene and GNR de-

vices. These fabrication techniques are discussed in this chapter. The characterization

techniques, namely optical microscopy, AFM, SEM and Raman spectroscopy are also

described in this chapter which were used for physical characterizations of graphene and

GNR devices. The electrical characterization tool Semiconductor Device Analyzer is also

described which was used to measure the electrical characteristics of the devices.

3.1 Preparation of Graphene on SiO2 Substrate

Graphene on SiO2 substrate were prepared by two methods. First is the mechanical ex-

foliation method in which graphene was mechanically exfoliated on SiO2 substrate by

scotch tape using Highly Oriented Pyrolytic Graphite (HOPG). HOPG was purchased

from Graphenea S.A. Graphene layers can be identified in optical microscope after ex-

foliation. Second method is the transfer of CVD graphene on SiO2 substrate using Cu

etchant [130]. CVD monolayer graphene on Cu foil was also purchased from Graphe-

nea S.A. In this method, PMMA resist was spin-coated on graphene on Cu foil at 3200

rpm for 45 sec and baked at 175oC for 7 min. Subsequently PMMA/Graphene/Cu foil

was kept in Cu etchant (CE-100) solution (Transene Co. Inc.) to etch-out Cu. Floated

PMMA/graphene film was transferred in DI water by scooping. PMMA/Graphene film

46
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was rinsed with DI water 6-7 times to remove residue of Cu etchant. After cleaning with

DI water, PMMA/graphene film was transferred on SiO2/Si substrate and kept for natural

drying for 12 hours to remove water from the sample. Sample was kept in acetone at 60oC

for 30 min. to strip-off PMMA resist and then kept in fresh acetone at room temperature

for 10 hours to remove PMMA residues. Optical images of graphene on SiO2 substrate

obtained by both the methods are shown in Fig. 3.1.

Fig. 3.1. Optical micrograph of (a) exfoliated graphene flakes on SiO2 substrate, and (b)

transferred CVD graphene. For identification of graphene boundary on SiO2 substrate,

red dashed line is drawn.

3.2 Electron-Beam Lithography

Optical lithography is not feasible at nanoscale level in our laboratory due to limitation

of resolution by wavelength and numerical aperture [131]. Electron-Beam Lithography

(EBL) is a widely used technique in laboratories and low volume production. The wave-

length of an electron is described by the de Broglie equation [132].

λ = h/p (3.1)

Here h is the Planck’s constant and p is the momentum of electron. The electron’s

velocity in an electric potential U is given by

v =
√

2qU/mo (3.2)
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Here, mo is the rest mass of the electron and q is the charge of the electron. By using

of equation 3.2, wavelength of electron can be expressed as [132]

λ = h/p = h/mov = h/
√

2moeU (3.3)

Electron is accelerated through several thousand volts in an EBL system. Electrons

travel with a fraction of the speed of light. In SEM, the electron velocity with accelerating

voltage 10 kV gives 20% fraction of the speed of light. In TEM, 200 kV electron velocity

has 70% fraction of the light speed. So after accountability of relativistic effect, electron

wavelength equation can be expressed as-

λ = (h/
√

2moeU)(1/
√

1 + eU/2moc2) (3.4)

Here c is the speed of light. In this equation, first term is the non-relativistic while

second term denotes relativistic correction factor. In SEM, 10 kV accelerating voltage has

12.3 picometer electron wavelength and 200 kV in TEM has 2.5 picometer wavelength of

electron. In EBL, different accelerating voltage can be used for patterning.

EBL is a direct writing technique for patterning of nanostructures without using

physical mask [133]. EBL system is the state of the art for nano and microscale devices

because high resolution and patterning of nano-features (sub-10 nm) is attainable in EBL

system. EBL system we have used (Raith 150Two) is an integrated system for nanolithog-

raphy and SEM imaging which produce the nanometer size patterns on resist by focusing

e-beam on a certain position of the sample. Two types of e-beam sensitive resist, negative

and positive resist can be used for writing of designs. The pattern or mask is designed

using CAD tool or software in EBL system. The exposure of e-beam change the solu-

bility of resist and subsequently resist is developed in a developer solution and resist is

dissolved selectively in exposed region or non-exposed regions depending on the type of

the resist. The resulting pattern on resist is transferred on substrate via etching or metal

deposition followed by lift-off process. Electron-beam lithography step process is shown

in Fig. 3.2 [133].

Fabrication of complex structure of nanoscales is also possible via iteration of num-

ber of lithography steps. For pattern writing, stage position is fixed for write field area
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Fig. 3.2. Schematic description of an e-beam lithography process for patterning of metals.

(few µm to 1-2 mm). Stage moves one write field to another write field for pattern writing

and e-beam is blanked out of the write field. Field stitching error between the write-fields

is minimized by the laser interferometry stage position system which stitch each write

field with nanoscale precision without overlapping. Proximity effect is a salient feature

of EBL system. In this effect incident e-beam expose the undesired region near the pat-

tern due to electron scattering from the resist and the substrates. Proximity effect make

round corners of the design and modify the line width and gap spacing. High resolution,

nanometer stitching error (few 10s of nm) and overlay accuracy is required to get desired

patterns. Optimization of EBL parameters viz. exposure dose, energy, write field, resist

thickness and developing time has to be precise for high resolution, pattern fidelity and

defined exposure window of patterns.

Major components of typical EBL system and simplified ray diagram of round-beam

electron lithography system is shown in Fig. 3.3 [134]. In EBL technique, microscope

column generates electron beam. High-energy electron beam generated from column

interact with atoms of the specimen. Example of designs which are patterned by e-beam

lithography are shown in Fig. 3.4(a) and (b).

We used Raith 150 Two system for our work. Accelerating voltage 0.1 kV to 30 kV

is used for imaging and patterning in EBL system. Step size of 40 nm and dose of 150

µCcm−2 were used for patterning of devices in EBL. PMMA resist was used for patterning
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Fig. 3.3. (a) Block Diagram of major components of electron beam lithography sys-

tem, adapted from reference [135]. (b) A simplified ray diagram of round-beam electron

lithography system, adapted from reference [134].

Fig. 3.4. (a) SEM image of 60 nm width array of lines patterned using Raith 150Two

lithography system. (b) SEM image of array of numbers which was patterned by Raith

150Two system.

of contact pads in EBL. Electron beam lithography process steps is discussed in appendix

A1.
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3.3 Sputtering Technique

Sputtering is a physical vapor deposition technique for deposition of thin films of mate-

rials onto a substrate. In sputtering process, gaseous plasma is generated and ions from

the plasma accelerate onto target source material [136]. Atoms are ejected from target

material and travel in straight line and get deposited as a thin film onto substrate.

Fig. 3.5. (a) Schematic illustration of sputtering system (image is adapted from URL:

http://www.semicore.com/images/photos/diagram-dc-sputtering-process.png). (b) Photo-

graph of Orion sputter system, adapted from IIT Bombay Nanofabrication facility website

(URL: http://www.cen.iitb.ac.in/slotbooking/GLIMPSE/197_GLIMPSE.pdf).

Sputtering is a good technique for deposition of thin films because of following

reasons.

• Excellent film uniformity, for large areas also

• Good adhesion

• Thickness control and smoothness of surface

• Higher deposition rate than evaporation

• Stability of thin film

The energy source in sputtering are categorized into three categories (i) Radio Fre-

quency (RF), (ii) Direct Current (DC) and (iii) microwave. These energy source maintain

the plasma state in the chamber. DC sputtering is the best for deposition of conductive
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materials like metals. In DC sputtering, metal deposition is easy to control and has low

cost. RF sputtering is used for deposition of dielectric materials like SiO2 and TiO2. RF

source also can be used for metal deposition. RF sputtering has slower deposition rate

than DC sputtering. RF sputtering has much higher power source cost. Major compo-

nents of sputtering system is shown in Fig. 3.5(a) [136].

We used AJA international inc. Orion sputter system for deposition of Ti, Ni and Pt.

Model of Orion sputter system which we used is shown in Fig. 3.5(b). Metal deposition

was carried out in high vacuum of 10−7 mTorr. DC power of 150 and 100 watt were used

for Ti and Pt deposition. RF power of 35 watt was used for Ni deposition.

3.4 Optical Microscopy

Graphene layers are clearly visible on 90 and 300 nm SiO2 in optical microscopy [137].

Monolayer or few layer (2-3 layers) graphene are not visible on 200 nm SiO2 but more

than 10 layer of graphene are visible on 200 nm SiO2. Graphene layers are visible on

SiO2 in optical microscope under white light illumination. According to Fresnel theory,

graphene contrast can be maximized on SiO2 by using appropriate filters. Contrast of

graphene as a function of wavelength is shown in Fig. 3.6 which is adapted from reference

[137].

Fig. 3.6. Contrast of graphene as a function of wavelength, adapted from reference [137].
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Monolayer graphene appears purple in color while graphite flakes give bluish con-

trast on SiO2 in optical microscope [137]. Graphite flakes give more contrast than few

layers of graphene in dark field and in bright field of optical images. Dark field and bright

field optical images of graphene flakes are shown in Fig. 3.7.

Fig. 3.7. Optical images of mechanically exfoliated graphene. (a) Bright field optical

image. (b) Dark field optical image. Graphite flake boundary is glowing more than few

layer graphene. This image is adapted with permission from Dawuth Pathan’s thesis.

3.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy has been used as one of the primary characterization tech-

nique for our work. In our work, SEM analysis was done at typically low electron beam

energy (3 - 5 keV).

The operating principle of SEM is shown in Fig. 3.8(a). The instrument used in

this work (JSM-7600F FEG-SEM by Jeol Ltd) is shown in Fig. 3.8(b). SEM components

are housed inside a vertical column evacuated by a combination of vacuum pumps. The

electron gun acts as a source which is mounted at the top of the instrument. Electrons

emitted from the source are accelerated to a typical voltage of 1-40 kV and then are

focused to form a beam which is used for imaging and analysis. The electron from the

source are produced either by thermionic heating or field emission. Because of the nature

of source, SEM are usually categorized into two namely thermal SEM and Field Emission

SEM (FESEM). The latter offers higher resolution, less electrostatic distortion and spatial

resolution down to 2 nm.
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Fig. 3.8. (a) Principle of SEM instrument is shown by a schematic diagram. This im-

age is taken from reference [138]. (b) Photograph of the FESEM instrument which

is used for our work. This image is adapted from website of Jeol manufacturer

(https://www.jeol.co.jp/en/products/detail/JSM-7600F.html).

In our work, we have used the FESEM for our analysis. In order to resolve a fea-

ture on the sample surface, the diameter of the beam must be smaller than the interested

feature, and hence it is required to condense the electron beam. In order to achieve this,

a series of electromagnetic lenses (also referred to as condenser lenses) are employed to

focus the beam on the sample. The last of the lenses near to the sample, is called the

objective lense. To refine the electron beam, variable apertures are used. For better reso-

lution and good depth of field, small objective aperture size are used. The correct aperture

size is subjected to the requirement of analysis and is chosen accordingly. As the beam

is focused, the required deflection in the X and Y axes is caused by scanning coils. This

makes the scanning of the sample in a raster fashion over the surface of the specimen.

At the end of the column, sample are mounted into an evacuated chamber called sample

chamber. It is housed with a variety of detectors that assist in imaging of the sample.

When the incident electron beam is accelerated onto the sample, it interacts in elastic and

inelastic fashion which gives different types of signals. In elastic interaction, the kinetic

energy of the electrons is not affected and such scattering of electrons is called backscat-

tering. These electrons are high in energy and helps in imaging and quantitative analysis

of the sample. A Backscatter Electron Detector (BSD) inside sample chamber detects
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such elastically scattered electrons. Backscattered electrons are subjected to the topogra-

phy and composition of the sample, and gives an insight to the material’s grain size and

morphology. During the impact, the highly accelerated electrons transfer the energy to

the atoms of sample and results in knocking off electrons from those atoms. These elec-

trons are called Secondary Electrons (SE). A Secondary Electron Detector (SED) offers

images which uses these inelastically scattered electrons. The images resolved from SED

are independent of the material. Interaction of e-beam with specimen’s surface is shown

in Fig. 3.9(a). An example of SEM image of Pt nanoparticles is shown in Fig. 3.9(b).

We used Raith 150Two and JSM-7600F FEG-SEM by Jeol Ltd for this work. For SEM

imaging, 3 keV in Jeol FEG-SEM and 5 keV in Raith 150Two were used.

Fig. 3.9. (a) Schematic description of electron interaction with incident electron-

beam. This image is adapted from Nanoscience Instruments Inc. website (URL:

https://www.nanoscience.com/techniques/scanning-electron-microscopy/). (b) SEM im-

age of Pt nanoparticles which is taken in FESEM tool.

3.6 Atomic Force Microscopy (AFM)

AFM is a type of scanning probe microscopy technique. AFM is a low throughput tech-

nique for capturing layers of graphene. AFM imaging is the second characterization tech-

nique after Raman spectroscopy to measure width and thickness of graphene and GNRs.

AFM technique was developed to overcome drawback of STM. STM need conducting

surface but AFM does not require conducting substrate. It can be used for various mate-

rials like polymers, ceramics, conductors and biological samples. AFM captures topogra-
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phy image of a sample surface by measuring interaction force between a tip and a sample

surface [139]. A typical AFM consists of a laser, a cantilever, a scanner and a 4-quadrant

photodiode. Cantilever has a small tip (6-20 nm diameter) at free end which is typically

made of Si or silicon nitride (Si3N4). The force between sample and tip depends on spring

constant of cantilever and distance between sample and tip. This force can be described

by Hook’s law.

F = −kx (3.5)

where F = force, k = spring constant and x = cantilever deflection. Probe with

cantilever moves across the sample up and down, and these fluctuations are due to elec-

trostatic, magnetic and vanderwaal interactions between the tip and the surface of the

sample. These deflections are measured by the reflection of a laser beam. Topography

image of surface is directly measured by the deflection of cantilver. Principle of AFM

is shown in Fig. 3.10(a). AFM has two imaging modes, contact and non-contact mode.

In contact mode, deflection of cantilever is kept constant while in non-contact mode, tip

oscillates at resonance frequency and amplitude of oscillation is constant [139].

Fig. 3.10. (a) Schematic of principle of atomic force microscope. Image is taken from

reference [139] (b) Photograph of Asylum/Oxford Instruments MFP3D Origin atomic

force microscope. Image is taken from IIT Bombay Central Facilities website (URL:

https://drona.ircc.iitb.ac.in/ircc/NewFac/CentralFacilityIndex.jsp?facilityCode=EE003).

AFM determine surface topography, size, texture, surface roughness and line profile

features. We used Asylum/Oxford Instruments MFP3D Origin model for AFM imaging

of our samples which is shown in Fig. 3.10(b). It has a maximum scan area of 90 x 90 µm2
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and minimum scan area is around 30 nm2. Maximum scan depth is 14 µm and minimum

can be a few nanometres. It has capability of good external noise isolation. Example of

AFM images of graphene and GNRs are shown in Fig. 3.11.

Fig. 3.11. (a) AFM image of monolayer and trilayer graphene. Source of image is

Graphene Industries Ltd. website (URL: http://grapheneindustries.com/Products). (b)

AFM images of carbon nanotubes and graphene nanoribbons [33].

3.7 Raman Spectroscopy and Imaging

Raman spectroscopy is a quick, high throughput and nondestructive characterization tech-

nique to identify graphene and GNR as compared to STM, AFM and TEM which are

relatively time consuming and destructive techniques. Raman spectroscopy is based on

the inelastic scattering of monochromatic light [141]. The monochromatic light (laser

source) incident on the sample produce stoke and anti-stokes Raman scattered light. This

provides information of electronic and vibrational states of the material. Each material

has its unique Raman finger print. Difference between the incident and scattered light is

measured in terms of Raman shift (cm−1). Raman spectrum gives the information about

material’s property like crystallinity and order-disorder states, and amorphous states. In

case of GNRs, Raman spectroscopy provide the information about edge disorders, num-

ber of layers, doping and type of nanoribbons (armchair or zigzag). Raman spectra of

graphene shows two intense peaks, G band at 1580 cm−1 and 2D band at 2700 cm−1 as

shown in Fig. 3.12(a). G band appears due to doubly degenerate zone center E2g mode
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Fig. 3.12. (a) Raman spectrum of bulk graphite and graphene obtained using a 514 nm

laser. (b,c) Raman spectra using 514 nm and 633 nm lasers with the number of layers.

(d) D band at the edge of graphite and monolayer graphene (514 nm laser). (e) Four

components of the 2D band are shown in bilayer graphene (514 and 633 nm) [140].

(in-plane motion of carbon atoms). These two bands appear only in pristine graphene. G

band shifts to lower frequencies as increases the number of layers. Doping and strain ef-

fects influence the line width and frequency of G peak [141]. G band also gives red shifts

due to heavy doping in graphene [108]. D band appears at 1350 cm−1 due to the lattice

vibrations which occurs out of the brillouin zone center [142]. According to Thomsen

theory, these defects arise due to intraband phonon scattering [143]. D′ band also ap-

pears at ∼1620 cm−1 in graphene due to Double Resonance (DR) process (intravalley

process) [144]. DR process is a two-phonon process where two phonons excite with op-

posite momenta q and -q. Due to DR process D + D′′ and 2D′ peaks also appear at

∼2450 cm−1 and ∼3200 cm−1 respectively. 2D peak width, shape and position changes
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Fig. 3.13. (a) Raman mapping of G band intensity of armchair (edge 1) and zigzag (edge

2). (b,c) Raman imaging of D band intensity along horizontal and vertical polarization

direction. (d) Raman spectra of edge 1 and 2 (a,b) due to horizontal polarization and (c,d)

due to vertical polarization. (e) Spectra of D band intensity of b and c [80].

with the number of layers [140, 145]. The excitation or laser energy in the range of 1.2

- 4 eV was used for Raman measurements. Evaluation of 2D peak with 514 nm and

632 nm lasers are shown in Fig. 3.12(b,c). 2D line becomes much broader at 633 nm

excitation as compared to 532 nm excitation. 2D peak is four times more intense than

G peak in monolayer graphene. Higher intensity of G peak indicates higher number of

graphene layers and correspondingly associated 2D band intensity decreases along with

peak broadening. 2D peak in graphite is divided into two components, 2D1 and 2D2 that

is 1/4 and 1/2 of G peak intensity and D peak also has 2 components D1 and D2 as shown

in Fig. 3.12(d) [146, 147]. Bilayer graphene shows broader and upshifted 2D band than
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Fig. 3.14. Photograph of Horiba LabRAM HR model of laser confocal Raman microscope

which is used for Raman measurements. Photograph is taken from Horiba Ltd. web-

site (URL: https://www.horiba.com/en_en/products/detail/action/show/Product/labra-hr-

evolution-1083.

single layer graphene [148]. 2D band of bulk graphite is quite different with respect to

graphene. Bilayer graphene has 4 components 2D1A, 2D1B, 2D2A and 2D2B that is shown

in Fig. 3.12(e) [149]. 2D1A and 2D2A have higher intensity with respect of other two

peaks. Intensity of lower frequency 2D1 peaks decrease with the increment of number of

layers. Raman spectrum of more than 5 layers is indistinguishable with bulk graphite.

Raman imaging localize the number of layers, defects and edges of graphene. Edge

chirality depends on D peak that is also strongly related to laser polarization [80]. Ra-

man imaging of armchair and zigzag edged graphene is shown in Fig. 3.13. Polarized

Raman of graphene in Fig. 3.13(b,c) reveal that D peak intensity is different in arm-chair

and zigzag edges. D peak is more intense in armchair edges and less intense in zigzag

edges because DR process is more prominent in armchair edges while in zigzag edges DR

process is vanished [80]. G and D band intensity of edge chirality vary with polarization

angles that is shown in Fig. 3.13(d,e). Horizontal polarization has prominent D peak

intensity while D peak is negligible in vertical polarization [60, 150]. This study empha-

size that Raman spectrocopy is a practical approach for determination of edge chirality of

graphene and nanoribbons.
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We used HR800-UV confocal micro-Raman spectrometer for analysis of graphene

and graphene nanoribbons. It has 532 nm laser source (Ar-ion laser) with 5 mW power.

Photograph of the Horiba model of laser confocal Raman spectrometer is shown in Fig.

3.14. It has Olympus BX41 microscope with confocal collection system. Two excitation

sources (a) 532 nm (maximum power - 50 mW) and 633 nm (maximum power - 20 mW)

are available in this system. It has XYZ mapping capability with XY stage (X = 75 mm,

Y = 50 mm, step size = 50 nm) and z stage (min step = 0.1 µm).

3.8 Semiconductor Device Analyzer

Semiconductor device analyzer is the new generation one box solution for the all Direct

Current (DC) / Alternating Current (AC) electrical characterization and for analysis of

semiconductor devices. It provide the current - voltage (I-V) and capacitance - voltage

(C-V) characterizations, and analyse is quick and accurate. Semiconductor device ana-

lyzer integrates all the measurement resources in one semiconductor parametric test box.

Evaluation of I-V and C-V characteristics of devices is very quick and easy in semicon-

ductor parameter analyzer without integration of multiple resources like power supply,

LCR meter, switching matrix, voltage and current meter. Initially semiconductor param-

eter analyzer was designed only for measurement of semiconductor devices but now its

superior performance allows I-V and C-V characterization of different materials and de-

vices. Semiconductor parametric test has measurement capability of lowest current upto

femto ampere and highest capacitance upto µF. The Source Measure Unit (SMU) is the

basic component of parameteric analyzer which integrates the voltage/current source and

voltage/current meter in a single module. Two types of SMU configuration is designed

for current-voltage measurement. Source I and measure V SMU configuration is a static

combination of current source with parallel voltmeter which gives high-impedance cur-

rent. Another SMU configuration, source V with measure I consist voltage source with

an ammeter in a series and it provides low-impedance voltage source. These configura-

tions annihilate the voltage drop between the test cables or SMU connections which is

exhibited in Fig. 3.15(a) and (b). Fig. 3.15(c) demonstrate the simplified configuration

of switching matrix with SMU connections for I-V and C-V measurements. Compliance

limits the maximum current and maximum voltage which appears across the devices and
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it becomes the constant current or voltage source after hit of compliance value. Semi-

conductor parameter analyzer embellish the analysis capability by checking the device

characteristics expeditiously during the measurement. It enables automated testing of

devices with different measurement parameters.

Fig. 3.15. (a) Source I, measure V configuration. (b) Source V, measure

I configuration. (c) Schematic configuration to use a switching matrix for I-

V and C-V testing. The figures are taken from Keysight Technologies Inc.

website (URL: https://www.keysight.com/en/pc-2250789/b1500a-semiconductor-device-

analyzer?nid=-33019.0.00cc=INlc=eng).

We used Keysight Technologies Inc. B1500A semiconductor device analyzer for

current-voltage measurement which is shown in Fig. 3.16. Keysight EasyEXPERT group

+ GUI based characterization software was used for measurement and analysis. EasyEX-

PERT software allows systematic and repeatable characterization of devices from mea-

surement setup. It performs the data analysis and supports data management in interactive

manner or in automation mode. 4 probe manipulators are connected for characterization

and analysis of microscale and nanoscale devices. Sample is placed on the chuck which

act as the ground and then two probes probed to the sample electrodes for I-V charac-

terization. Sample is fixed on the chuck by vacuum to prevent noise hindrance during

measurement of devices. Temperature can be varied from room temperature to high tem-

perature according to requirement of device characterization and analysis. The measure-
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ment parameters step size, integration cycle, compliance value and voltage range can be

varied by using GUI interface software. It has capability of characterization of complex

devices quickly with 100s of application tests and each data is stored automatically in a

unique built-in database after measurement with different test conditions. The workspace

ensure the security of data information and saved application test can be performed later

with different devices. Keysight B1500A analyzer is a quick and versatile tool for I-V and

C-V measurement of devices.

Fig. 3.16. Measurement setup of Agilent B1500 Semiconductor Device

Analyzer for I-V and C-V characterization at different temperature. Pho-

tograph is taken from IIT Bombay Fabrication Facility website (URL:

http://www.cen.iitb.ac.in/slotbooking/GLIMPSE/125_GLIMPSE.pdf).

For low temperature measurement, cryogenic probe station (cXCRX-4K) was used.

Lowest temperature of 6 K was used for I-V characterization of our nanoribbon devices.

3.9 Summary

This chapter describe the experimental and characterization techniques used in this work.

Preparation of graphene on SiO2 substrate for device fabrication is described. The de-

vice fabrication techniques electron beam lithography and thin film deposition sputtering

reviewed briefly. Physical characterization techniques optical microscopy, SEM, AFM,
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Raman spectroscopy and Raman mapping are discussed in this chapter. These techniques

were used for characterization of graphene and graphene nanoribbon devices. The semi-

conductor device analyzer is also described which were used for electrical characteriza-

tion of devices.



Chapter 4

Graphene Nanoribbon Transistors with

High ION/IOFF Ratio and Mobility

In this chapter, we report on the fabrication of GNR transistors by Pt catalyzed etching

along crystallographic directions. Transistors were characterized at room temperature

and also at 6 K. Excellent ION/IOFF ratio and carrier mobilities are demonstrated. We have

benchmarked our data to those reported in the literature. It is seen that the performance

parameters we have obtained are the best reported so far for catalytically etched GNRs

and superior to those etched by other techniques. This indicates the high quality of edges

of the GNR etched by Pt catalytic etching.

4.1 Synthesis of Metal Nanoparticles

Transition metals such as Fe, Cu, Ni and Pt act as a catalyst for etching of graphene [151].

These transition metal nanoparticles can be used for catalytic etching of graphene at high

temperature. High temperature is required for etching of graphene due to high dissocia-

tion energy of carbon-carbon bonds (478 kJ/mole) in graphene [47]. Metal nanoparticles

weaken the carbon-carbon bonds, dissociate the H2 molecules into two H radicals and cat-

alyze the formation of C-H bonds [152, 153]. CH4 is formed at the end of this sequence

and released to the ambience of the reaction chamber. For catalytic etching of graphene,

size of metal nanoparticles must be in the range of 5-100 nm. In this work, Ni and Pt

nanoparticles were synthesized by electroless plating and sputtering followed by thermal

annealing.

65
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4.1.1 Synthesis of Metal Nanoparticles by Electroless Plating

Ni nanoparticles were synthesized by electroless plating method using Ni plat-

ing solution (NiCl2.6H2O (30 g/l) + NH4Cl (50 g/l) + (NH4)2HC6H5O7 (65 g/l) +

NaH2PO2.H2O (10 g/l)) [154]. First, Ni plating solution, which is green in color, was

heated at 90oC. Ammonium hydroxide was added slowly to Ni plating solution till green

color changed into blue color. Graphene transferred on SiO2 sample was kept in this so-

lution for 30 sec and rinsed with DI water. Cluster of nanoparticles were observed on

graphene samples in SEM which is shown in Fig. 4.1(a). Residue of solvent was also

observed on surroundings of nanoparticles. Rectangle shaped metal nanoparticles of size

100 - 220 nm were observed as shown in Fig. 4.1(b). These large nanoparticles are not

suitable for graphene etching as they are not likely to diffuse on surface, and due to solvent

residue contamination. Thus electroless plating method may not be used for synthesis of

metal nanoparticles for our application.

Fig. 4.1. (a) SEM images of clusters of Ni nanoparticles. Solvent residue is also visible

around clusters of nanoparticles. (b) Ni nanoparticles are seen to be of rectangular shape

and have size in the range of 100 - 200 nm.
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4.1.2 Synthesis of Metal Nanoparticles by Sputtering and Thermal

Annealing

In this method, a thin film of Ni (3-5 nm) was deposited on SiO2 substrate by RF

sputtering at 35 W (5 min.) in high vacuum of 2 x 10−7 mTorr. After thin film deposition,

sample was annealed at 500oC in Ar : H2 in the ratio of 70 : 30 ambient for nanoparti-

cles synthesis. Nanoparticles with size of 5-150 nm were uniformly distributed on SiO2

substrate which is shown in Fig. 4.2.

Fig. 4.2. (a) SEM image of Ni nanoparticles synthesized by sputtering. (b) 5-150 nm size

of Ni nanoparticles. 150 nm size of Ni nanoparticle is shown by yellow marker.

Out of these two synthesis methods, sputtering followed by annealing method is a

better method than electroless plating for our application. Sputtering followed by an-

nealing method produce smaller size of nanoparticles with uniform distribution which is

required for etching of graphene. Thus sputtering followed by annealing method was used

for synthesis of Ni and Pt metal nanoparticles in subsequent work.

4.2 Why Pt-assisted Etching of Graphene

The narrow width and regular smooth edges of GNRs are difficult to obtain in practice.

Top - down methods like STM lithography [42], unzipping of carbon nanotubes by strong

acid treatment [44], and patterning of graphene by electron beam lithography [45] damage

the GNRs and edges of GNRs. Edge distortions in GNR could lead to lower carrier

mobility. Thus bottom-up approaches like chemical synthesis [46] and metal catalyzed
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anisotropic etching using Ni, Fe, Cu [47] have been explored for fabrication of GNRs

with smooth and achiral edges.

In anisotropic etching, transition metals are used as catalyst nanoparticles at high

temperature for etching of graphene. It is essentially an exothermic reaction, which is the

reverse reaction of the CVD graphene growth. In CVD growth, methane gas dissociates

to carbon and hydrogen at high temperature, and makes graphene sheets on metal sub-

strates. Here, etching process is driven by hydrogenation reaction and produce methane

by reaction of hydrogen with carbon, the carbon being absorbed by metal nanoparticles

from graphene edges [47, 79]. This catalyst activity depends on carbon solubility in the

metals. Pt offers several advantages compared to Cu, Ni, and Fe for this application. Car-

bon solubility is higher in Pt than in Ni, Fe and Cu [47, 155]. Pt nanoparticles do not

remain on graphene surface after etching because of physisorption. Ni nanoparticles stick

on graphene surface due to chemisorption. Pt-C interface has greater misfit than Ni-C in-

terface that will induce the breaking of bonds [156,157]. Pt is not easily oxidized, making

the process easier to control and reproduce.

4.3 Fabrication of GNR Field-Effect Transistors

CVD graphene on copper foils (purchased from Graphenea S.A.) were transferred using

Cu etchant on to 90 nm SiO2 thermally grown on Si (p-type, (100) surface orientation).

Graphene was also prepared by mechanical exfoliation from highly oriented pyrolytic

graphite on identical substrate. Subsequently e-beam sensitive resist is spin coated and

rectangular windows were opened in the resist by e-beam lithography (Raith 150Two).

Ultra-thin films of Pt (2 nm) and Ni (2 nm) were deposited by RF sputtering. After a lift

off process to obtain 1 µm wide Pt and Ni lines, samples were annealed at 500oC in H2 +

Ar in ratio of 30 : 70 to form Pt and Ni nanoparticles. The top view schematic of GNRs

fabrication by electron beam lithography is described in Fig. 4.3.

The process flow is summarized in Fig. 4.3 using Pt for illustrations. Pt nanopar-

ticles can be seen in Fig. 4.4(b). These metal nanoparticles etch or cut the graphene at

high temperature (1050oC) in H2 + Ar ambient. The metal-assisted etching process is

the catalytic hydrogenation of carbon at high temperature where Pt or Ni dissociate the

carbon from graphene edges and produce methane by reaction of carbon with hydrogen.
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Fig. 4.3. Schematic of GNRs fabrication by electron beam lithography.

Fig. 4.4. (a) Cartoon of cutting of graphene by Pt nanoparticles. (b) Array of 1 µm

linewidth of Pt nanoparticles after annealing at 500oC.

This mechanism is represented in Fig. 4.4(a). If the metal crystal is sufficiently small, it

has high surface area and high mobility at high temperature on SiO2 and other dielectrics.

This effect would result in patterning of the graphene by metal nanocrystals at high tem-

perature.

The bottom-gate transistors were fabricated by electron-beam lithography. The loca-

tions of the graphene nanoribbons were identified by SEM imaging using the Raith 150Two

system. Source - drain contact structures were then defined for the identified GNRs. The

source-drain electrodes (Ti-10 nm/Au-50 nm) were patterned on GNRs by lift-off process.
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These metals were deposited using a 6-target e-beam evaporator at very high vacuum (5

x 10−7 mTorr).

4.4 Results and Discussion

Catalytic etching by Pt was compared in both CVD (Fig. 4.5(a)) and exfoliated graphene

(Fig. 4.5(b)). Figure 4.5(a) shows that etching is randomly oriented in CVD graphene. In

CVD graphene, etching may happen along the grain boundaries or damaged lines arising

due to adhesion problem with SiO2, cracks, and foldings that arise during transfer process,

etc.

Fig. 4.5. SEM image of (a) etched CVD graphene (b) Etched exfoliated graphene show

sub-10 nm and ∼20 nm GNRs (shown by black arrows). Pt nanoparticles also shows

etching in 60o crystallographic orientation angle.

Large crystal domains and careful transfer processes would be desirable if the cat-

alytic etching has to be employed for large scale synthesis of GNRs using the CVD route.

Pt was not removed after etching process because Pt nanoparticles density is less near the

edge of GNR and some GNRs does not have Pt nanoparticles on the edges of graphene

nanoribbons which is shown in Fig. 4.6. The initial width of Pt lines was 1 µm.

We observed difference between nanoribbons etched using Ni and Pt nanoparticles

as shown in the Fig. 4.7. It may be noted that Pt etches graphene without leaving residues

unlike Ni. This is because Ni is chemisorbed on graphene whereas Pt is physisorbed

[157]. The solubility of carbon in metals are directly related to catalytic reaction (metal-

catalyzed gas-carbon reactions). From the previous reports on metal catalyst reactions
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Fig. 4.6. SEM image of etched exfoliated graphene. One nanoribbon with two Pt nanopar-

ticles (black circle with arrow) at the edges is shown and other three nanoribbons do not

have any nanoparticles at the edges shown by black arrows.

with graphite, carbon dissolves in metal from the edges of graphite because the edge

atoms of graphite are unsaturated and active [157]. Thus, carbon solubility is an important

factor for etching of graphene and it depends on temperature also. Solubility of metals

increase with the temperature and high temperature is needed for breaking of carbon-

carbon bond. Palladium has closer value of solubility to Pt, so Pd can also be used as a

catalyst [155].

AFM of etched CVD graphene (Fig. 4.8) was also performed to study etching of

CVD graphene. It was observed that etching is randomly orientated in CVD graphene due

to wrinkles and grain boundaries. The movement of nanoparticles is restricted because

the nanoparticles are located at the grain boundaries and wrinkles.

In exfoliated graphene, etching proceeds along crystallographic orientations (30o,

60o, 90o, 120o and 150o) due to low density of defects. At certain locations, it is seen that

two nanoparticles etch graphene along parallel lines leading to the formation of nanorib-

bons. In Fig. 4.9(c) sub-10 nm nanoribbons can be observed. Etching in specific orienta-

tion (zigzag or armchair) occur because Transition Metal (TM)-zigzag/armchair interface

is more stable than other interfaces. This is because zigzag and armchair edges have all
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Fig. 4.7. SEM image of etched exfoliated graphene by (a) Ni nanoparticles and (b) Pt

nanoparticles. Nanoparticles are highlighted by yellow circles.

Fig. 4.8. AFM image of etched CVD graphene. (a) Wrinkles of CVD graphene are shown

by yellow arrows. (b) Etched graphene area is shown by yellow arrow. The etching of

CVD graphene is randomly orientated. White particles are Pt nanoparticles.

atoms in a straight line (a strong bonding between armchair (zigzag) edge atoms with

TM surface). So, nanoparticles should be aligned in armchair and/or zigzag directions

along graphene channel [158]. Another reason of cutting of graphene in armchair and

zigzag directions is because Pt-graphene interface is more stable than hydrogen termi-

nated graphene edges at high temperature. The overall reaction rate of the catalytic hy-

drogenation of carbon is limited by the reaction of carbon with platinum that results in the
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breakage of carbon - carbon bonds and the removal of a carbon atom from the graphene

lattice.

Fig. 4.9. Pt nanoparticle assisted etching of graphene (a) AFM topography image of

etched graphene that shows chirality preserving angles 30o, 60o and 120o. (b) AFM phase

image of etched geometric nanostructures. (c) AFM topography image showing chirality

angle 60o and 10 nm GNR. Pt nanoparticles do not cross previously etched trenches or

region. (d) AFM topography image of etched trenches. White particles are Pt nanoparti-

cles.

Pt require 2.23 eV activation energy for catalytic hydrogenolysis of carbon at high

temperature [80]. During this catalytic reaction, nanoparticles make trenches on graphene

surface which has the width equal to nanoparticle diameter (5 - 50 nm). Fig. 4.9(a) and

4.9(b) show the AFM topography and phase images respectively, and confirms chirality
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angles of 60o and 120o. Trenches also produced connected geometries. Interestingly,

10 nm or sub-10 nm Pt nanoparticles do not intersect their etching lines. Instead the

nanoparticles turn as they approach other nanoparticles as shown in Fig. 4.10. This is

attributed to Coulomb interactions between the metal nanoparticles that are charged due

to the graphene-metal work function difference [79]. Nanoparticles etch two edges at

different times and sometimes etch at the same time and make nanoribbons.

Fig. 4.10. AFM image of etched graphene. The black arrows are showing that nanoparti-

cles do not etch previously etched trench and turn away from it. The etched trench turns

away in nanometer distance because of Coulombic interactions. White particles are Pt

nanoparticles.

Pt nanoparticles along 60o or 120o angles, move along symmetric directions (same

crystallographic orientations along equivalent directions [1 1 20] have both edges, either

armchair or zigzag) as is shown in Fig. 4.9(c). Chirality angles 30o, 90o and 150o have

different crystallographic orientations along [1 0 10]] (one edge armchair and another one

zigzag) [80]. Thus, in our case chirality is preserved by Pt nanoparticle etched GNR
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edges. Etching density strongly depends on the etching temperature and H2 concentration.

The reason of high etching temperature requirement is higher dissociation enthalpy of

carbon-carbon bond in graphene (478 kJ/mole) than C - H bond in CH4 (435 kJ/mol) [47].

H2 concentration was optimized for obtaining GNRs. Low concentration of H2 (5% H2)

was found to be insufficient for etching of graphene. When the concentration was high

(50% H2) large area of graphene was found to be etched. An optimum was found at 30%

H2 concentration.

In this etching process, graphene is etched along particular crystallographic direc-

tions by nanoparticles. The atomic level controlling of etched graphene edges is the key

advantage of crystallographic etching. During this catalytic reaction, nanoparticles make

trenches on graphene surface which has the width equal to nanoparticle diameter (5 -

50 nm). Pt catalyzed reaction rate or rate of methane production is proportional to the

surface area of the catalyst metal nanoparticles. High surface area of catalyst nanopar-

ticles catalyze more C-H bond formation. Larger size nanoparticles channeled at higher

speeds, indicates limited surface reaction rate [159,160]. There is no correlation between

nanoparticles width and graphene nanoribbon width. Small size nanoparticles (2-20 nm

width range) make smaller cutting width than larger nanoparticles size (>20 nm). The

cutting width increase with the nanoparticle size and follow the parabolic path after 20

nm nanoparticle size [161].

Raman spectroscopy was performed before and after etching process and the results

are shown in Fig. 4.11(a). Raman spectrum was taken before the formation of contacts.

532 nm Ar-ion laser was used for Raman measurement and laser spot size was 1 µm.

The Raman spectrum of etched graphene shows D peak (1350 cm−1). In general, D-peak

appears because of defects, grain boundaries and armchair edges of graphene [149, 150,

162]. Raman spectrum of GNR has polarization dependence (Fig. 4.11(b)) [60]. D-peak

intensity increase when incident laser light is polarized parallel (VV configuration) to the

direction of nanoribbons and decrease when incident laser light is polarized to normal

GNR direction (VH configuration) [150]. Thus, here the D-peak intensity increased most

likely due to the edge effect of GNRs, and not from defects. It was also observed that 2D

peak intensity was resilient to Pt catalyzed etching.

We have performed the Raman mapping of etched exfoliated and CVD graphene.

D-band mapping of etched exfoliated and CVD graphene are shown in Fig. 4.12. The
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Fig. 4.11. (a) Raman spectra of pristine graphene before etching and after Pt catalyzed

etching. (b) Polarized Raman spectra of etched graphene. (c) Statistics of angles that

preserve crystallographic orientations. Most of the trenches make 60o and 120o angles

that have identical crystallographic orientations (zigzag or armchair).

D band intensity has correlation with edge chirality. The armchair edge has stronger in-

tensity than zigzag [80]. In D-band mapping, higher D-band intensity (magenta color) is

shown by black arrows and less intensity is shown by red color. Other areas like light

blue color show etched graphene area. In etched CVD graphene (Fig. 4.12(a)), large ma-

genta area indicates random orientations of etching and less magenta area of exfoliated

graphene indicates the specific orientational etching. Higher intensity of D band indicates

the armchair edge signature and less intensity might be due to zigzag edges. Precise deter-

mination of edge chirality of etched graphene by mapping is difficult because nanoribbons

are closely spaced. So, these etched graphene nanoribbons are with a mixture of armchair

or zigzag edges.

The characteristics of the transistors fabricated with the GNR as channel are shown

in Fig. 4.13 and 4.14, along with the SEM images of the transistors. The transistor

shown in Fig. 4.13(c) has GNR with a width of 15 nm. The device shows nonlinear

characteristics with low conductance at room temperature. The ION/IOFF ratio depends

on temperature that can be expressed as ION/IOFF ∝ exp(Eg/kBT) [66]. IOFF is relatively

high at room temperature due to thermionic emission. Thermionic emission current is

suppressed at low temperature and the dominant leakage mechanism would be tunneling.

At low temperature, electrons tunnel through the barrier which form at the contact [66].

At the contact, electrons tunnel through the GNR gap or hop through the defect states

and that enhance the ION/IOFF ratio [18, 66]. The transistor shows an ION/IOFF ratio of 600

at room temperature. The output characteristics show negative slope as the drain voltage
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Fig. 4.12. D-band Raman Mapping of etched CVD and exfoliated graphene. Black arrows

are showing higher D-band intensity (magenta color) and less intensity is shown by red

color.

increases. This could be due to charge traps in the oxide due to short channel length [163]

or self-heating effects which can be a result of contact thermal resistance and phonon

boundary scattering [164, 165].

Fig. 4.13. (a) Transfer characteristic (drain voltage 1.5 V) and (b) output characteristics

of ∼15 nm wide GNR. Transfer characteristic shows ∼600 on/off ratio. (C) SEM image

of device with Ti-Au electrodes. The channel length is 110 nm.

Fig. 4.14 shows the characteristics of a transistor with GNR of width of 18 nm

at 6 K. Fig. 4.14 (a) shows substantial gate modulation at low VD due to Fermi level

movement controlled by back gate voltage. Electron mobility of 400 cm2/Vs and hole
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mobility of 1100 cm2/Vs were extracted. ION/IOFF ratio of 2 x 107 is calculated from Fig.

4.14(a). These results are benchmarked to the results reported in the literature, in Table 1.

Fig. 4.14. (a) Drain current as a function of gate bias at different drain voltages for ∼

18 nm wide GNR device. Transfer characteristic shows high on/off ratio of 2.2 x 107.

(b) Drain current as a function of drain voltage. (c) SEM image of device with Ti-Au

electrodes. The channel length is 500 nm.

We characterized the ION/IOFF ratio of few GNR transistors at 6 K for various ribbon

widths (Fig. 4.15). The ION/IOFF is seen to increase exponentially as the ribbon width

decrease below about 22 nm. From this, it can be concluded that the effect of confinement

in graphene nanoribbons would appear below 22 nm width at 6 K. The trend is consistent

with that reported by X. Li et al. [18], though the values obtained in our experiment are

much higher for ION/IOFF and smaller for the critical width of the nanoribbon. Li et al.

synthesized graphene nanoribbons by sonication of graphite in 1,2-dichloroethane (DCE)

solution of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV).

Bandgap of various width of GNRs were also extracted at different temperature us-

ing ION/IOFF ∝ exp(Eg/kBT) [66] which is shown in Fig. 4.16. At low temperature 6 K,

intrinsic bandgap values of GNR enhanced because of hopping through localized states.

The bandgap decreases as ribbon width increases in Fig. 4.16 which confirms the theo-

retical predictions [22]. So, this is also an indication of the high quality with low defects

of GNRs that preserve electrical characteristics of graphene.

For theoretical calculation of hole and electron mobilities of nanoribbons, many

fitting parameters are needed for Density Function Theory (DFT) and Non-equilibrium

Greens Function (NEGF) calculation for GNR device. Bandgap engineering and quantum
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Fig. 4.15. (a) Device performance of graphene nanoribbon field effect transistors. The

ION/IOFF ratio of various ribbon widths for VD = 0.5 V at low temperature 6 K. (b) Data

from Li et al. [18].

transport approach could be needed for mobilities calculation. It is complex to be modeled

because of iterative process and its takes longer time for computations.

To the best of our knowledge, the carrier mobility of GNRs have been calculated to

study scattering mechanism by using theoretical modelling. In literature, carrier mobility

has been calculated at room temperature for wide nanoribbons and at low temperature for

sub-10 nm GNRs [166, 167]. Our work, reports high mobility of 18 nm GNRs at low

temperature. Direct Transconductance Method (DTM) was used for the extraction of mo-

bility. In DTM, mobility is extracted from the gate voltage dependent transconductance.

µDT M = gmL/(WVdsCg) (4.1)

where gm = dIds/dVg is transconductance and the mobility µDT M is the field-effect

mobility. L and W are the channel length and width. Cg is the gate capacitance [168]. For

comparison of experimental and theoretical mobility of GNRs, we compared the room

temperature mobility of GNRs with mobility reported in the literature. The experimental

mobility has comparable value with theoretical mobility (Fig. 4.17) [166, 167, 169, 170].

The carrier scattering study is essential to improve transport properties of GNRs.

But, there is no experimental study on scattering mechanism of GNRs at different tem-

perature till now. The analytical study of all scattering mechanisms namely surface im-
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Fig. 4.16. Bandgap as a function of ribbon width at different temperature.

Fig. 4.17. The mobility of GNRs as a function of width of nanoribbons. Mobility of GNRs

decrease with ribbon width because of edge scattering and acoustic phonon scattering.
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purity scattering, acoustic phonon and Line Edge Roughness (LER) scattering in 3 and

5 nm GNR have been reported at different temperatures as a function of mobility [167].

The surface impurity scattering and acoustic phonon scattering limit the mobility at room

temperature, and LER scattering dominates at low temperature and is felt in the absence

of surface impurity. The LER scattering is more sensitive in ribbon width less than 5

nm [166, 171]. The detailed scattering mechanism of GNRs wider than 5 nm have not

been addressed in the literature. Theoretical study of scattering mechanisms dominant in

the width regime experimented in this thesis could be under taken in the future.

In this work, high quality of GNRs may be arising due to the etching of the graphene

along crystallographic directions. ION/IOFF ratio is a figure of merit (FOM) indicative

of the bandgap. However, for transistor applications, mobility is also a very important

performance parameter, which can be negatively influenced by the edge roughness of

the GNR. A careful study of Table 1 indicates that the ION/IOFF and the mobilities we

have obtained are among the highest values reported for GNR devices patterned by metal

assisted etching. Also, the performance of our devices exceeds those of GNR patterned

by other techniques. These results are in tune with the high quality of the GNR assessed

using Raman spectroscopy studies.

4.5 Summary

We have demonstrated high performance graphene nanoribbon transistors. Two metal

nanoparticle synthesis methods, electroless plating and sputtering followed by annealing

are described. In our work, metal nanoparticles (Ni and Pt) were prepared by sputtering

and annealing method over electroless plating due to smaller size nanoparticles formation

with uniform distribution by sputtering and annealing. GNRs were prepared by Ni and

Pt-assisted etching of exfoliated graphene using hydrogen at high temperature. Pt-assisted

etching is better than Ni-assisted etching due to higher carbon solubility and physisorption

of Pt on graphene. The etching behavior were compared in exfoliated and CVD graphene.

No GNRs were observed in CVD graphene. GNRs with width of sub - 10 nm and 10 -

20 nm were obtained in case of exfoliated graphene. SEM is used for understanding of

etching behavior of graphene. The crystallographic orientations of etched graphene and

width of GNRs are extracted from AFM techniques. Raman imaging of CVD and exfoli-
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Table 4.1: Comparison of various GNR transistor characteristics reported in the literature

using different fabrication methods. GNR devices fabricated using Pt nanocrystal-assisted

etching shows better performance than previously reported GNR devices. DSA - Direct

Self Assembly, CDL = Carbon Dimer Lines, NA - Not Available.

Fabrication

Method

GNR

Width

(nm)

Channel

Length

(µm)

ION /IOFF Mobility

Extrac-

tion

method

Mobility

(cm2/Vs)

Transport

Gap (eV)

Reference

EBL 10 2 106 (4 K) DTM 800-

1000

0.14 Hwang et

al. [66]

EBL 12 1 10 (RT),

106 (4 K)

NA NA 0.1 Hwang et

al. [62]

Chemical

Bottom-up

Approach

30 0.9 87.5 (RT) NA 0.0012 NA Passi et al.

[172]

Etchant Free

Transfer from

Au

N = 7

CDL

0.06 103 (RT) NA NA NA Ohtomo et

al. [173]

DSA Lithogra-

phy

6 NA 100 (RT) NA 10 NA Jeong et al.

[174]

Chemical Solu-

tion Synthesis

5 0.210 6 x 106

(RT)

DTM 100-200 <0.4 Li et

al. [18]

Ni Nanostruc-

ture

23 1 16 (RT),

104 (13

K)

NA NA 0.0585 Kato et al.

[175]

Ni Nanocrystal

Catalyzed Etch-

ing

19 1.65 5000

(RT)

DTM 1.35-

6.78

NA Ago et al.

[60]

Pt Nanocrystal

Catalyzed

Etching

18 0.5 600

(RT), 2 x

107 (6 K)

DTM 400

(elec-

tron),

1100

(hole)

0.08 This

Work
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ated graphene are compared to identify the chirality of graphene nanoribbon edges. High

quality of the GNR demonstrated by detailed Raman spectroscopy analysis is validated

by superior electrical performance, namely high ION/IOFF ratio and carrier mobility. The

graphene nanoribbon width is not controllable using this technique. This process is not

scalable because nanoribbons formation is random and can’t be used for mass manufac-

turing of nanoribbon devices. Our objective is to obtain the cleaned edges of high quality

nanoribbons by crystallographic etching of graphene by Pt nanoparticles.



Chapter 5

Reconstruction of Fractured Graphene

and GNRs by Thermal Treatment in

Methane Gas and by Electron-Beam

Irradiation

Graphene has high potential for electronic applications due to its remarkable properties

like high charge carrier mobility (200,000 cm2/Vs at 300 K) [3], high tensile strength (130

GPa) and high Young’s modulus (1TPa) [5]. But graphene also has low fracture toughness

(16 Jm2) like a brittle solid [36]. Fracture is a severe concern for practical applications of

graphene. Fracture of graphene is caused by irradiation, chemical and physical processes

used for device fabrication, topography in underlying substrates [34] and electrical break-

down [90]. GNRs exhibit semiconducting behaviour which is defined by edge configu-

rations (zig-zag and armchair). Bottom-up engineering is a promising approach to alter

the shape, structure and edge configuration of graphene and GNRs. Graphene and GNRs

have high current carrying capacity (108 A/cm2) and high thermal conductivity, and hence

are considered for replacing copper in on-chip interconnect applications [35, 125]. How-

ever, graphene and GNR have limitation of current transport due to self-heating which

leads to breakdown [176]. The healing of fractured graphene and graphene nanoribbons

is desirable for electronic applications [32, 48, 85].

The experimental and theoretical work on healing and reconstruction of graphene

and GNRs edges were already reported [48, 85]. Jia et al. reported on the reconstruc-

84
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tion of graphene by Joule heating and electron-beam (e-beam) irradiation in an integrated

transmission electron microscope - scanning tunnelling microscope system [85]. Kul-

shrestha et al. [98] and Dhall et al. [99] repaired broken CNTs by e-beam irradiation in

scanning electron beam systems. Reconstruction of graphene using electron beams is an

attractive technique for site specific repair of damaged devices. However this is not a

scalable approach for large area applications due to the low throughput. Further, electron

beam systems tend to be expensive.

In this work, fracture was induced by electrical stress and it was healed by e-beam

irradiation, and methane gas exposure. Reconstruction methods of fractured graphene

explored in this thesis shown by a simplified ray diagram in Fig. 5.1. Fractured graphene

is reconstructed by 2 methods but it is categorized in three parts - methane gas exposure,

e-beam irradiation and e-beam irradiation with methane gas exposure. Electron-beam ir-

radiation and e-beam irradiation with methane gas exposure is combined in one section

of this chapter. Graphene reconstruction was confirmed by AFM, SEM and Raman Spec-

trum. The electrical measurement ensures restoration of current before and after graphene

reconstruction.

Fig. 5.1. A simplified ray diagram of graphene reconstruction methods investigated in

this work.
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5.1 Reconstruction of Graphene by Methane Gas

Exposure

In this section, we report the reconstruction of broken graphene by high temperature

treatment in methane gas. Graphene was fractured using electrical stress. Graphene re-

construction was confirmed by electrical measurements, SEM, AFM and Raman spec-

troscopy.

5.1.1 Fabrication of Graphene Devices

RCA cleaned n-type Si wafers (orientation (100), resistivity < 0.005 ohm cm) were

oxidized by dry thermal oxidation process to obtain 100 nm SiO2. Graphene flakes were

exfoliated on SiO2/Si by mechanical exfoliation method using HOPG. The SiO2 surface

was cleaned using argon plasma (RF, 50 W, 5 min.) before exfoliation of graphene for

good adhesion.

Graphene flakes on SiO2 surface were identified using an optical microscope (Olym-

pus Corporation, MX61). The electrodes on graphene flakes were patterned by electron

beam lithography (EBL, Raith 150Two) using PMMA resist. The metal contacts (Ti/Pt -

10/40 nm) were deposited on the wafer by DC sputtering at a pressure of 5 x 10−7 mTorr,

and at a power of 150 W for Ti and 100 W for Pt. The PMMA resist was removed during

a lift-off process.

After deposition of metal contacts to make two-terminal devices, current - voltage

(I-V) measurement of devices were performed using a semiconductor device analyzer

(Agilent B1500). Voltage across the device was increased until the graphene breaks down

due to resistive heating. After breakdown, the devices were split into two groups A and B,

and processed and characterized as depicted in Fig. 5.2. Group A devices were exposed

to methane gas (100 sccm) in a tube furnace at 850oC for 15, 30, 45 and 60 min. I-V

measurements were performed again using the semiconductor device analyzer. Group B

devices were characterized using a SEM (Raith 150Two at an accelerating voltage of 5 kV),

an AFM (Asylum/Oxford Instruments MFP3D Origin) and a micro Raman spectrometer

(Horiba Jobin Yvon HR800-UV, 532 nm Ar-ion laser, 1 µm laser spot size and 5 mW

power). These devices were subsequently exposed to methane gas (100 sccm) in a tube
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Fig. 5.2. Process sequences used for fabrication and characterization of two groups of

devices.

furnace at 850oC for 15, 30, 45 and 60 min. The devices were again characterized using

SEM, AFM and Raman spectrometer.

5.1.2 Results

Fig. 5.3(a) shows the I-V characteristics of one of the group B devices. This partic-

ular device breaks down at a voltage of 6.65 V. The breakdown voltage of graphene is in

the range of 4 to 7 V in our devices. Inset of Fig. 5.3(a) shows the SEM images of the

device before and after breakdown.

Fig. 5.3(b) shows the AFM image of a device after breakdown. The breakdown

result in cracking of the graphene perpendicular to the flow of current in the device. The

breakdown is due to resistive heating. Graphene channels have width in the range of 20
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Fig. 5.3. (a) Measured I-V characteristics of a graphene device showing electrical break-

down. Insets show SEM images of the graphene before and after electrical breakdown.

(b) AFM image of a device after breakdown.

nm - 1 µm and length in the range of 300 nm -1 µm. The breakdown current density of the

device shown in Fig. 5.3(a) is 2.5 x 108 A/cm2, which is higher than the value reported

for CVD graphene (4 x 107 A/cm2) [90]. CVD graphene has higher defect and impurity

density than mechanically exfoliated graphene obtained from HOPG.

Fig. 5.4(a) shows the I-V characteristics before breakdown, after breakdown and

after 15 min. of methane gas exposure of a device in group A, and Fig. 5.4(b) shows the

same for another device of group A after 30 min. of methane gas treatment. The current is

seen to be restored after 30 min. of methane treatment, suggesting that the thermal treat-

ment has reestablished the electrical connection between the two segments of the broken

graphene. The current after the treatment is seen to be higher than the pre-breakdown

value. However the current was not restored completely for the 15 min. treatment sug-

gesting insufficient reconstruction. Thermal treatment of 45 and 60 min. are more than

sufficient to dissociate carbon from methane and react with cracked graphene edges. The

current-voltage characteristics of 45 and 60 min. of methane gas treatment are shown in

Fig. 5.4(c, d). The electrical characteristic of repaired graphene in Fig. 5.4(c) and (d) are

also showing that graphene was not only fully restored but also it increases the current

value more than pre-breakdown value. The current was in the range of picoamperes, the

noise floor of the measurement system, after breakdown of all devices, as shown in Fig.
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Fig. 5.4. (a) I-V characteristics of group A devices before breakdown, after breakdown

and after 15 min. of thermal treatment in methane. Current is not fully restored after 15

min. of methane exposure. (b) Current-voltage characteristics after 30 min. of thermal

treatment in methane. (c) Current-voltage characteristics before breakdown and after 45

min. of thermal treatment in methane gas. (d) Comparison of current values before and

after 60 min. of methane treatment.

5.5(a). Fig. 5.5(b) shows the ratio of the current after reconstruction to the current before

breakdown, both currents measured at 3 V, as a function of methane exposure time. The

methane gas exposure times of 45 and 60 min. are more than sufficient to restore the

current conduction through the graphene.

Fig. 5.6(a) shows the SEM of a group B device after breakdown. A crack is clearly

visible in the graphene. Fig. 5.6(b) shows the SEM of a group B device after methane

exposure.
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Fig. 5.5. (a) I-V characteristics of a device after breakdown. The current is in the range

of picoamperes, the noise floor of the measurement system, after breakdown. (b) Ratio

of current after methane gas exposure to the current before breakdown (both the currents

measured at 3 V) as a function of methane exposure time. IBB - Before Breakdown current,

IAME - After Methane Exposure current.

Fig. 5.6. (a) SEM of graphene showing crack after breakdown and (b) SEM image of

reconstructed graphene. Crack is healed after CH4 exposure.

The crack is seen to be repaired after methane exposure. Based on the analysis of

several AFM and SEM images, most of the cracks have width in the range of 5 - 50 nm.

A small crack is shown in Fig. 5.7(a), which is healed after methane exposure (Fig. 5.7

(b)). But few graphene samples show large width of fracture after breakdown as shown

in Fig. 5.7(c). The width of the crack in this case is approximately 120 nm. Such large

cracks are also seen to be reconstructed after methane exposure as shown in Fig. 5.7(d).
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Fig. 5.7. (a) AFM image of graphene with small crack width of ∼ 10 nm. (b) AFM image

after healing of small crack. (c) AFM image of graphene with a large crack (∼ 120 nm)

after breakdown. (d) AFM image after reconstruction of large crack in (c).

For detailed study of electrical properties of reconstructed graphene, maximum cur-

rent density and resistivity were also extracted from the I-V characteristics. These pa-

rameters allow a fair quantitative comparison of the characteristics of several devices of

varying length and width. In our experiment, the maximum current density was obtained

by dividing the current measured at 3 V by the cross sectional area of the device. The cross

sectional area is given by the product of the width and height of the graphene. Suzuki et

al. proposed a power law relationship for the maximum current density with resistivity

(JMAX ∝ 1/
√
ρ) [129]. The maximum current density decreases with the length as shown

in Fig. 5.8(a). The same characteristic was also followed by graphene after methane

exposure. Fig. 5.8 exhibit correlation between resistivity and maximum current density.
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The data is fitted with JMAX = Aρ−n with A = 1.07 x 107 A/cm2 and n = 0.89. The R2

value of the fit is 0.78, indicating a good fit of the data to the model. Murali et al. argued

that a value higher than 0.5 for n indicates higher density of defects in the GNR if the

breakdown mechanism is Joule heating [35]. Higher resistivity of graphene induce faster

breakdown and this higher resistivity might occur due to higher defect density. Here in

Fig. 5.8(b), resistivity after thermal treatment in CH4 is lower than the before breakdown

resistivity. Fig. 5.8(b) suggests that the thermal treatment in CH4 does not alter the defect

density significantly.

Fig. 5.8. The maximum current density (JMAX) of graphene as a function of (a) length

and (b) resistivity (ρ). Maximum current density decreases with the resistivity and length.

The lines are fits to experimental data.

Raman measurements were performed on graphene to verify number of layers before

breakdown and after methane exposure. Raman spectrum before breakdown and after

methane exposure for 30 min. are shown in Fig. 5.9. Fig. 5.9(a) shows red shift of G and

2D peaks, and decrease in the ratio of I2D/IG after CH4 exposure, which indicates doping

[108]. Fig. 5.9(b) and (c) show the deconvolution of the 2D peaks before breakdown

and after CH4 exposure respectively. After reconstruction of graphene, number of layers

is seen to be increased to three [140]. Fig. 5.9(d) shows the Raman spectra acquired

from the surface of SiO2 far from the device regions, before breakdown and after CH4

exposure. No signature of carbon deposition on SiO2 during the CH4 exposure could be

identified from the Raman spectra.

Fractured graphene can also be reconstructed without the presence of metal on the

sample surface due to activation of dangling bonds and high energy states of graphene
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Fig. 5.9. (a) Raman spectra before and after CH4 exposure for 30 min. G and 2D peaks

are red shifted after CH4 exposure, suggesting doping. (b) Deconvolution of the 2D peak

obtained before breakdown. (c) Deconvolution of the 2D obtained after CH4 exposure.

(d) Raman spectra obtained on SiO2 far from device areas before breakdown and after

CH4 exposure.

edges after fracture. We performed thermal treatment of methane gas on graphene without

metal on the samples to investigate if catalytic action by the metal is necessary for the

reconstruction. Graphene was fractured by the tip of the atomic force microscope, and

nanoindentation (Nanoindenter, Hysitron Inc, TI-900). In AFM, 800 nN force was applied

on graphene by Si tip (spring constant 40 N/m) at consecutive points. An example of

consecutive points of force by AFM tip is shown in Fig. 5.10.

Fracture is seen in graphene after applying force (Fig. 5.11(a)). A large fracture is

visible, as highlighted in the inset of Fig. 5.11(a), and the graphene is seen to be folded at

the edges. After the fracture the graphene was subjected to thermal treatment in methane
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Fig. 5.10. Atomic Force Microscopy (AFM) image of exfoliated graphene with consecu-

tive force points. The AFM tip force was 800 nN.

gas at 850oC. The fracture was healed after methane exposure which is clearly visible in

Fig. 5.11(b).

In nanoindentation, Berkovich tip with 1 mN force was used for indenting a graphite

flake. AFM image of indented graphite flake is shown in Fig. 5.12(a). The line profile of

blue arrow of Fig. 5.12(a) shows that depth of indent is 6 nm (Fig. 5.12(b)). Indent width

is approximately 300 nm. After indentation, the sample is treated at 850oC in methane

gas. Fig. 5.12(c) shows the reconstruction of fractured graphite flake. The line profile of

reconstructed graphite flake at indent spot in Fig. 5.12(d) shows that the indent is partly

reconstructed by the thermal process. The indent depth has decreased from 6 nm to 3 nm

after the thermal treatment in methane. We conclude that fractured graphite flake can be

reconstructed by thermal treatment in methane ambient and this process do not require

any catalyst.
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Fig. 5.11. (a) AFM image of exfoliated graphene after force microscopy with 800 nN

force. Black arrow shows the fracture. The magnified view of fracture is shown in the

inset of figure (a). (b) AFM image of exfoliated graphene after thermal treatment with

methane gas. Fracture is healed after thermal treatment.

5.1.3 Discussion

Previous studies on graphene and CNTs, reported that the edges of graphene sheets

and CNTs have activated dangling bonds, zigzag and armchair edges [80, 177]. These

edges have high chemical activity because of their distinct electronic states near the Fermi

level [92, 178, 179]. In our process, during electrical breakdown the carbon - carbon

bonds in graphene are broken leading to creation of dangling bonds and zigzag/armchair

edges at the breakdown sites. Our experiments show that the broken graphene can be

reconstructed by high temperature treatment in methane gas. At the high temperature

employed, methane decomposes. The C - C bond in graphene has higher dissociation

energy (4.95 eV) than C - H bond (4.51 eV) in CH4 [180], implying that at the temperature

used in our process, methane could be dissociated while the graphene remains stable.

Carbon from the dissociated methane diffuse to the substrate and could repair the breaks

in the graphene layer. This process is somewhat similar to the initial steps in the CVD

growth of graphene [181]. At high temperature, carbon from methane precursor react

with the edge carbons and make covalent bonds with the activated edges. Formation of

covalent bonds induce healing of fractured graphene. This process is visualized in Fig.

5.13.
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Fig. 5.12. (a) AFM image of exfoliated graphite flake after nanoindentation with 1 mN

force. (b) Height profile along the blue line in figure(a). Depth and width of nanoindent

are approximately 6 nm and 300 nm. (c) AFM image of exfoliated graphene after thermal

treatment in methane gas. (d) Height profile of blue line in figure(c). The depth of the

indent has decreased from 6 nm to 3 nm at many locations within the 300 nm indicating

reconstruction.

5.2 Reconstruction of Graphene by E-Beam Irradiation

Electron-beam irradiation effects on graphene have been already demonstrated [107]. The

beam energy used in [107] was 5-10 keV. Here we illustrate the healing of fractured

graphene by low energy e-beam irradiation.



5.2 Reconstruction of Graphene by E-Beam Irradiation 97

Fig. 5.13. Schematic of graphene healing process. (a) Intact graphene device with contact

pads. (b) Fractured graphene after electrical breakdown. (c) Healed graphene after CH4

exposure.

5.2.1 Experimental

For reconstruction of fractured graphene by e-beam irradiation, two groups of de-

vices were fabricated as shown in Fig. 5.14. After device fabrication, current-voltage

measurement was performed using a semiconductor device analyzer (Agilent B1500).

High bias during measurement induce fracture in graphene and gives current in picoam-

pere. After breakdown of devices, SEM and Raman characterization were carried out.

After physical characterization, devices were splits in to two group C and D. Group C

devices were irradiated with e-beam (10 keV, 5 min.) in Raith 150 Two System. Group D

devices were firstly irradiated with e-beam for 2 min. at 10 keV and subsequently treated

with CH4 gas at 850oC for 15 and 60 min.

After e-beam irradiation and methane gas exposure, all electrical and physical char-

acterizations (I-V, SEM and Raman) were performed again on group C and D devices.

In methane gas treatment, 100 sccm methane gas flow and cooling gas argon were used.

SEM and Raman spectroscopy confirms healing of cracked graphene nanoribbons.

5.2.2 Results

In e-beam irradiation method, devices of group C were irradiated with low energy

electron (10 keV) in SEM for 5 min. after electrical stress. Fig. 5.15(a) confirms in-

crement of current after e-beam irradiation. The breakdown current after electrical stress
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Fig. 5.14. Process sequences used for fabrication and characterization of two groups of

devices for reconstruction of graphene by e-beam irradiation and e-beam irradiation with

methane exposure.

is in picoampere (Fig. 5.15(b)). The current is improved because of mechanical joining

of broken graphene edges which occurs due to Joule heating which rearrange the carbon

network or reconstruct the graphene. Cracked graphene nanoribbon after breakdown and

healed graphene nanoribbon after e-beam irradiation is shown by SEM images in Fig.

5.16(a) and (b).

For healing of graphene nanoribbon, e-beam was irradiated for 5 min but for healing

of larger width of graphene, longer e-beam exposure is required. Longer e-beam irradia-

tion can damage the graphene thus shorter e-beam irradiation with methane gas treatment

was explored. In e-beam irradiation with methane treatment, current values of group D

devices were restored after e-beam irradiation with methane gas exposure. Comparison

of electrical characteristics before breakdown and after e-beam irradiation with 15 min.

of methane treatment are shown in Fig. 5.17(a). Same process (e-beam irradiation with

methane gas) is repeated but methane gas exposure time was increased from 15 min. to

60 min. Current values after e-beam irradiation with methane treatment is increased (Fig.
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Fig. 5.15. (a) Current-voltage characteristic of graphene before breakdown, after break-

down and after e-beam exposure. (b) Fractured graphene is showing picoampere currents

after breakdown.

Fig. 5.16. (a) SEM image of graphene nanoribbons after breakdown and (b) after e-beam

irradiation. After breakdown it is showing crack and after irradiation crack is not clearly

visible.

5.17(a) and (b)). This indicates that longer methane exposure induce more graphene layer

formation by decomposition of carbon from methane source.

The crack and healing of graphene after breakdown, and after e-beam irradiation

and CH4 treatment are shown in Fig. 5.18. The cracks are repaired after exposure which

is clearly visible in Fig. 5.18(b). Physical confirmation of intact graphene, fractured

graphene and healed graphene after reconstruction are shown in Fig. 5.19.

The current ratio after e-beam irradiation and e-beam irradiation with methane ex-

posure to before breakdown as a function of exposure time are also compared in Fig.
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Fig. 5.17. Current-voltage characteristics (a) Before breakdown and after 2 min. e-beam

irradiation and 15 min. of methane exposure. (b) Before Breakdown and after 2 min.

e-beam irradiation and 60 min. of methane exposure.

Fig. 5.18. (a) SEM of graphene crack after breakdown and (b) Healed graphene after

e-beam with CH4 exposure.

5.20(a). It is seen that longer methane exposure increase the current values. The current

values were measured at 3 V. We also plotted current density as a function of resistivity

in Fig. 5.20(b). Pre-breakdown, and after e-beam irradiation and methane gas exposure

follow the power law relation between current density and resistivity [129]. In power law

relation, current density is inversely proportional to the resistivity (equation is already

expressed in section 5.1.2). Reconstructed graphene after e-beam irradiation and e-beam

with methane exposure have similar electrical characteristics as intact graphene.

Raman spectrum of fractured graphene before breakdown and after e-beam irradia-

tion are shown in Fig. 5.21(a) and deconvolution of 2D peak in Fig. 5.21(b) and (c) con-
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Fig. 5.19. (a) SEM of intact graphene before breakdown (no crack) and (b) Crack is

shown after electrical stress. (c) Crack is invisible after CH4 gas treatment.

Fig. 5.20. (a) Ratio of current after e-beam with methane gas exposure to the current

before breakdown (both the currents measured at 3 V) as a function of methane exposure

time. (b) Maximum current density as a function of resistivity.

firm that number of graphene layers (6-7 layers) are same. This indicates that graphene is

healed only in cracked region and there is no increment in number of layers. Fig. 5.21(d)
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shows that e-beam with methane treatment increase number of layers from 3 to 4-5 lay-

ers. The number of layers is extracted by Lorentzian fitting of 2D peak. Raman spectrum

before breakdown and after e-beam irradiation and, after e-beam irradiation with methane

exposure in Fig. 5.21(a) and (d) show red shift of G and 2D peak and decrease in the ratio

of 2D/G peak which indicates heavy doping [108] and more number of graphene layers.

Another reason of heavy doping could be that vacuum annealing removes H2O and O2

molecules from the substrate.

5.2.3 Discussion

After physical breakdown of graphene, graphene breakage is healed by e-beam irra-

diation. In e-beam irradiation method, amorphous carbon is deposited at broken graphene

edges by applying low energy e-beam (10 keV) due to knock-on effects [91]. The source

of amorphous carbon in this case is the hydrocarbon contamination in SEM tool. During

beam focusing and irradiation at broken sites of graphene, these amorphous carbon react

with activated carbon edges at broken sites.

The graphene edges have higher chemical reactivity due to delocalization of charge

distribution at the step edges according to first principle calculations [182–184]. These

states react with amorphous carbon and join the broken carbon networks. For joining of

carbon networks, several electron volts of activation energy is required which is provided

by the electron beam [51]. After electron beam focusing at fractured region, the dangling

bonds are activated at the edges due to current heating and form new covalent bonds and

rearrange the carbon networks for joining of fractured graphene layer. Electron beam

energy is a critical parameter for joining of graphene layers. At very low energy (<1.6

keV), dangling bonds at the edges are not activated for joining of graphene layers and high

energy (100-200 keV) evaporates carbon easily and damage the graphene [48,185]. Thus

appropriate applied electron beam energy (5-10 keV) is required for joining of broken

graphene layers. Schematic illustration of healing process of cracked graphene by e-beam

irradiation is illustrated in figure 5.22.

In e-beam irradiation with methane exposure method, in addition to the amor-

phous carbon deposited in SEM, carbon from methane gas also reacts at broken edges of

graphene. At high temperature, amorphous carbons (from e-beam irradiation) are graphi-

tized and react with carbon from methane gas source. The covalent bonds are formed
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Fig. 5.21. (a) Raman spectrum of graphene before breakdown and after e-beam irradia-

tion. (b,c) Lorentzian fitting of 2D peak before and after e-beam irradiation which con-

firms number of layers are same. (d) Raman Spectrum of graphene before breakdown and

after e-beam irradiation with methane exposure. (e,f) Lorentzian fitting of 2D peak before

and after e-beam irradiation with methane exposure which confirms the more number of

graphene layer formation.
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Fig. 5.22. Schematic of graphene healing process. (a) Graphene device with contact pads.

(b) Fractured graphene after electrical breakdown and exposed with e-beam irradiation.

(c) Healed graphene after e-beam irradiation.

between carbon from methane gas source and broken graphene edges. This covalent

bond formation join the fractured graphene layer.

5.3 Summary

In this work we have demonstrated reconstruction of fractured graphene by a high temper-

ature thermal treatment in methane gas, by e-beam irradiation and a sequence involving

e-beam irradiation followed by methane gas exposure. Graphene was fractured by ap-

plying electrical stress. Electrical and physical characterization results are presented to

prove the reconstruction. It is noticed that the reconstruction process induce doping in

the graphene and the number of layers of graphene is increased after reconstruction. A

suitable process window in terms of process temperature and time may be obtained by

further optimization of the reconstruction process for controlling the number of layers of

graphene after reconstruction. For e-beam irradiation, individual device has to be irra-

diated and it would be time-consuming and expensive process. The methane treatment

reconstruction process has the potential to be employed for large scale repair of graphene

after device processing.



Chapter 6

Conclusions and Future Scope

In this thesis, two topics on advanced processing of graphene were explored. These are

namely (i) graphene nanoribbon fabrication by metal nanoparticle catalysed etching of

graphene, presented in chapter 4 and (ii) reconstruction of fractured graphene, presented

in chapter 5. The following conclusions can be drawn from the work presented in chapter

4.

• Pt-assisted etching is better than Ni-assisted etching due to higher carbon solubility

and physisorption of Pt on graphene.

• The etching behavior is better in exfoliated graphene than CVD graphene due to low

density of defects. Etching is randomly oriented in CVD graphene due to wrinkles

and grain boundaries. In exfoliated graphene, etching proceeds along crystallo-

graphic orientations (30o, 60o, 90o, 120o and 150o).

• GNRs with width of sub - 10 nm and 10 - 20 nm were obtained in exfoliated

graphene.

• The crystallographic orientations of etched graphene and width of GNRs are ex-

tracted from SEM and AFM techniques. The chirality of graphene nanoribbon

edges (arm chair or zigzag) are identified by Raman spectroscopy and imaging.

• High quality of the GNR shows high ION/IOFF ratio (2 x 107) and high carrier mo-

bility (1100 cm2V−1s−1) at 6 K.

The following conclusions can be drawn from the work presented in chapter 5.

105
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• Fractured graphene were reconstructed by a high temperature thermal treatment in

methane gas, by e-beam irradiation and a sequence involving e-beam irradiation

followed by methane gas exposure. Graphene was fractured by applying electrical

stress.

• In high temperature thermal treatment with methane gas, formation of covalent

bonds induce healing of fractured graphene. In e-beam irradiation method, the

dangling bonds are activated at the edges due to current heating and form new

covalent bonds and rearrange the carbon networks for joining of fractured graphene

layer.

• The physical characterization techniques (AFM, SEM and Raman) confirm the

healing of fractured graphene. The crack width range of 5-150 nm was repaired

after methane exposure. Raman spectrum before breakdown and after methane

exposure/e-beam irradiation shows red shift of G and 2D peaks, and decrease in the

ratio of I2D/IG. The reconstruction process induce doping in the graphene and the

number of layers of graphene is increased after reconstruction.

• The current of fractured graphene after reconstruction was restored and it was con-

firmed by current - voltage characteristics. The maximum current density versus

resistivity of pre-breakdown and after reconstruction graphene shows that the ther-

mal treatment in CH4 does not alter the defect density significantly.

• Fractured graphene can also be reconstructed without the presence of metal on

the sample surface due to activation of dangling bonds and high energy states of

graphene edges after fracture.

• For e-beam irradiation, individual device has to be irradiated and it would be time-

consuming and expensive process. The methane treatment reconstruction process

has the potential to be employed for large scale repair of graphene after device

processing.

6.1 Future Directions

The following future insights deserve further research efforts.
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• GNR width is not controllable using Pt-catalyzed etching technique. This process

is not scalable because nanoribbons formation is random and can not be used for

mass manufacturing of nanoribbon devices. Graphene nanoribbon width can be

controlled by movement of small size nanoparticles. The presence of magnetic

field at high temperature may be used for the control of the etching directions of

nanoparticles.

• The carrier scattering study is essential to improve transport properties of GNRs.

The analytical study of all scattering mechanisms (surface impurity scattering,

acoustic phonon and LER scattering) in 3 and 5 nm GNR have been reported at

different temperatures. Detailed characterization of the transport at different tem-

peratures over a broader width range could provide more insights into the scattering

mechanism. The method presented for the fabrication of GNRs presented in chap-

ter 4 could be interesting for such studies due to the excellent edge properties of the

GNR.

• Etching behaviour of epitaxial CVD graphene using metal nano particles can be

explored. It might give larger nanoribbons length due to absence of wrinkles and

defects which arise due to transfer process in CVD graphene.

• Inspite of theoretical modeling of various fracture mechanisms, electrical fracture

behavior of graphene need to be focused theoretically and experimentally. A novel

experimental technique is required to capture crack propagation and branching in

graphene. Fracture behavior like exact position of crack initiation, crack propaga-

tion speed and effects of defects on fracture in CVD graphene has to be examined

carefully for graphene devices.

• Reconstruction behavior of graphene in the presence of e-beam irradiation and

methane gas exposure can be studied theoretically with variants like temperature,

methane gas exposure time, voltage range and e-beam irradiation time. This could

pave the way for better control of the process, wherein desired number of layers of

graphene can be added during the reconstruction process.



Appendices

A.1 Process Recipe for Fabrication of Graphene

Nanoribbon Transistors

Step

No.

Process Step Tool used Process Recipe Remarks
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1 RCA Cleaning RCA Wet

Bench

• 2% HF dip - 192 ml DI

water + 8 ml (49% HF)

for 30 sec

• RCA1 - NH4OH

: H2O2 : DI H2O

(25 ml : 50 ml

: 180 ml) @ 75oC,

duration - 1200 sec

• 2% HF dip - 192 ml DI

water + 8 ml (49%HF)

for 30 sec

• RCA2 - HCL : H2O2 :

DI H2O (25 ml : 50 ml

: 180 ml @ 75oC, dura-

tion - 1200 sec

• 2% HF dip - 192 ml DI

water + 8 ml (49% HF)

for 30 sec

2 Thin Dry Ox-

ide

Dry Oxidation

Furnace

• Process Time - 34 min.

• Process Temperature -

1100oC

• N2 Flow - 2 Div

• O2 Flow - 20 Div

Check

thickness

before

doing any

fresh run

3 RF Cleaning Sputter Orion • 2 min., RF Power - 50

W

4 Graphene Ex-

foliation

Nano Lab Wet

Bench

• Graphene exfoliation

using HOPG
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5 Marker to

identify

graphene

flakes

Raith 150 Two • Dehydration - 175oC

on hot plate for 120 sec

• Resist used - 4%

PMMA 950 K

• Spin recipe - Step 1 =

500 rpm, 10 sec, step

2 = 4000 rpm, 45 sec,

step 3 = 500 rpm, 5 sec

• Prebake - 175oC, 120

sec

• Exposure - 150

mJ/cm2, EHT - 12 keV,

aperture - 20 µm , step

size - 50 nm

• Development - MIBK

: IPA (1 : 3) - 40 sec

• Post development bake

- 175oC, 60 sec

2-3 dummy

run for op-

timization

of numbers

6 Metal Deposi-

tion

Sputter Orion • Ti - 150 W, 5 min.,

• Pt - 100 W, 7 min.

1 dummy

run to

check

lift-off

7 Lift-off Nano Lab Wet

Bench

• Kept in acetone for 15

hours
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8 Pt Line Arrays

Patterning

Raith 150 Two • Dehydration - 175oC

on hot plate for 120 sec

• Resist used - 2%

PMMA 950 K

• Spin recipe - Step 1 =

500 rpm, 10 sec, step

2 = 3000 rpm, 45 sec,

step 3 = 500 rpm, 5 sec

• Prebake - 175oC, 120

sec

• Exposure - 120

mJ/cm2, EHT - 15 keV,

aperture - 20 µm , step

size - 50 nm

• Development - MIBK

: IPA (1: 3) - 20 sec,

• Post development bake

- 175oC, 60 sec

2-3 dummy

run to get

1-2 µm line

arrays

9 Pt Deposition Sputter Orion • Power - 35 W, 2 min.

10 Lift-off Nano Lab Wet

Bench

• Kept in acetone for 30

min.

11 Annealing General Pur-

pose Anealing

Furnace

• 20 min. in Ar + H2

(70 : 30)@500oC

12 Post-

annealing

General Pur-

pose Anealing

Furnace

• 25 min. in Ar + H2

(70 : 30)@1050oC
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13 Identify GNRs Raith 150 Two • EHT - 5 keV, Aperture

- 30 µm

14 Metal Pads Raith 150 Two • Same as in step 5

15 Lift-off Nano Lab Wet

Bench

• Kept in acetone for 15

hours

A.2 Physical Characterization

SEM images of the substrate after graphene nanoribbon and device fabrication were taken

using Raith-150 Two tool with an accelerating voltage of 5 keV. Topographic images of

graphene nanoribbons and graphene were taken using conductive-AFM with 1 Hz scan

rate. HR800-UV confocal micro-Raman spectrometer model was used to identify number

of graphene layers and edges of graphene nanoribbons. 532 nm - Ar ion laser and 5 mW

power was used with 100x objective lens for Raman measurements.

A.3 Graphene Device Fabrication for Reconstruction

Graphene were exfoliated on 100 nm SiO2 grown on Si wafer. Graphene flakes were

located and marked by SEM imaging using Raith 150 Two system. Raith 150 Two system

was used for patterning of contacts on graphene flakes using PMMA resist. Developer

MIBK : IPA (1 : 3) was used for developing and subsequently metal was deposited using

sputtering process. Lift-off process was completed using acetone.

A.4 Device Characterization

Agilent B1500 semiconductor device analyzer was used for measurement of electrical

characteristics of graphene and graphene nanoribbons. The contact pins were probed on

metal contact pads which are connected to a Keithley switch matrix. Each data point is

integrated over 6 Power Line Cycles (PLC) to eliminate transient effect. Low temperature

measurement of graphene nanoribbon devices were performed in XCRX-4K cryogenic

probe station. Vacuum 1 mTorr was maintained during low temperature measurements.
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