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ABSTRACT

Electronic Transport in Graphene Nanoribbons

Melinda Young Han

This dissertation examines the electronic properties of lithographically fabricated

graphene “nanoribbons” (GNRs) with widths in the tens of nanometers. Low tem-

perature and temperature-dependent measurements reveal a length- and orientation-

independent transport gap whose size is inversely proportional to GNR width. Elec-

tronic states at energies in the gap are localized, and charge transport exhibits a tran-

sition between variable range hopping at lower temperatures and simple thermally

activated transport at higher temperatures. A comparison between devices with dif-

ferent geometric capacitance shows that charging effects constitute a significant por-

tion of the activation energy. Graphene devices operated at high source-drain bias

show a saturating I–V characteristic. This decrease in conductivity at high applied

electric field is described by carrier velocity saturation due to optical phonon emis-

sion. Finally, graphene nanoribbons that have been treated with a diaminopropane

solution exhibit a width-dependent charge doping indicative of edge-selective covalent

chemical functionalization.
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Chapter 1

Introduction

1.1 Graphene’s short history: the youngest member of a dis-

tinguished family

Graphene is a single layer of carbon atoms bound in a honeycomb arrangement.

With its first experimental discovery in 2004, graphene takes its place as the two-

dimensional member in the family of graphitic carbon allotropes. The three-dimensional,

and most familiar member of this family, graphite, is made up of stacks of graphene

which are weakly bound together; this is what gives graphite the slipperiness that

makes it useful as a solid lubricant or as pencil “lead”. A carbon nanotube is concep-

tually1 made of graphene rolled into a tube with a diameter of typically < 2 nm [1],

and can be thought of as a one-dimensional form of graphitic carbon. Fullerenes,

such as C60, are ball-shaped cages of carbon atoms, with graphene’s hexagons recog-

nizable in the soccer ball arrangement of the atoms. These materials, also known as

1and only conceptually, contrary to a relatively prevalent popular understanding of carbon nan-
otube fabrication
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buckyballs, constitute the zero-dimensional member of the family. Its interesting to

note that although graphene is in some sense the basic building block for all of these

materials, it was the last to be isolated and identified.2

Graphene has long existed on paper (no pun intended) as a theoretical building

block of solid graphite. As early as 1947, the electronic band structure of graphite was

calculated with the tight-binding model by first considering the structure of individual

sheets of graphene[4]. At this time, however, graphene was mainly considered a

theoretical or toy material, and if fact it had been predicted by some that 2-D crystals

could not exist at room temperature [5].

Over the decades, various attempts have been made to separate graphite into its

layers. Early attempts involved intercalating bulk graphene with other molecules,

which produces new materials interesting in their own right [6], which, in some cases

have been used to separate graphite into scrolled graphene sheets in solution [7]. A

more successful method for producing thin graphite on substrate was the so called

“nanopencil”. This technique involves attaching a carefully patterned piece of bulk

graphite to an atomic force microscopy (AFM) tip and rubbing it across a clean

surface. Using this method, few-layer graphite samples as thin as 30 atoms thick can

be achieved [8].

It was not until 2004 that graphene saw its first experimental realization, by Andre

Geim’s group at the University of Manchester [9]. The method they used is almost

incomprehensibly simple. They separated single atomic layers of graphene from bulk

20-D buckyballs were discovered in 1985 [2], 1-D carbon nanotubes in 1991 [3], and 3-D graphite
centuries before.



CHAPTER 1. INTRODUCTION 3

graphite using scotch tape. This discovery spurred the explosion of a new field of

science where “the scotch tape method” for graphene production is the industry

standard for achieving high quality graphene samples.

In the years following the first experimental isolation of graphene, the amount of

research on graphene grew at literally an exponential rate. After its initial discovery,

the first experimental works on graphene focused the novel quantum hall effect that

results from graphene’s unique band structure [10, 11]. From there, theoretical results

poured in with a wide range of ideas and perspectives, and experimentalists with ex-

perience in two-dimensional electron gases (2DEGs) or carbon nanotubes used their

expertise in these related materials to study graphene’s electronic structure. Along

with this came a push in research related to graphene’s potential for electronics ap-

plications, and then its chemical and mechanical properties. As of 2010, at Columbia

University alone, at least six different departments3 are pursuing some graphene-

related research effort.

This dissertation focuses on the electronic properties of graphene, specifically the

electronic properties of graphene which has been patterned into “nanoribbons” with

widths in the tens of nanometers. I will address questions regarding the size and

nature of the transport gap that is induced by etching graphene into nanoribbons,

the potential for graphene nanoribbons in electronic devices, and possible routes for

improving the quality of graphene nanoribbons.

3Physics, Applied Physics and Applied Math, Chemistry, Electrical Engineering, Mechanical
Engineering, and Chemical Engineering
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1.2 Potential for electronics: the appealing properties of car-

bon nanotubes, made controllable by lithography

After its first experimental realization, graphene was quickly recognized as a material

with great promise for use as a semiconducting material in commercial electronics.

Graphene has many appealing electronic properties.

Most prominent is its high room temperature carrier mobility. Electron and hole

mobilities of up to 200, 000 cm2/V · s have been measured in suspended graphene

samples, where the underlying silicon dioxide substrate has been etched away [12],

but the properties of substrate-supported graphene are more relevant for electronics

applications. In graphene on substrate, mobilities of up to 20, 000 cm2/V · s have

been measured [5]. For comparison, electron and hole moblities in clean silicon are

1500 and 450 cm2/V · s, respectively [13].4

Perhaps even more relevant for electronics than carrier mobility is saturation veloc-

ity. Graphene has been shown to have a saturation velocity of up to ∼ 5× 107 cm/s

on a silicon dioxide substrate [14]. This is a five-fold increase over the saturation

velocity in silicon, 1 × 107 cm/s. Other appealing properties include high thermal

conductivity, reported to be 5 × 103 W/mK [15], and high maximum current densi-

ties of ∼ 2 mA/µm in width, or 6× 109 A/cm2 if we take the thickness of a graphene

layer to be 3.41 Å, the interlayer spacing in graphite.

From a broad view, the electronic properties and resulting attention surrounding

4Some III-V semiconductors have mobilities higher than the state-of-the-art in substrate-
supported graphene. For instance, InSb has mobilities of 80, 000 cm2/V · s for electrons and
1250 cm2/V · s for holes. However, since these materials are rare and expensive, they have little
potential for widespread commercial use.
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graphene is reminiscent of the spotlight on carbon nanotubes in the late 90’s and

early 2000’s. Carbon nanotubes have promising electronic properties analogous to

those described above, a similarity which is unsurprising given their closely related

physical structure. For a time, carbon nanotubes were heralded as the future of

electronics, and it seemed that they would be the semiconductor industry’s much

sought after post-silicon material. All that was needed was a method to controllably

place the desired types of nanotubes in the desired locations on a wafer. As of this

writing, such a method has not been discovered, and predictions for commercially

successful carbon nanotube electronics are increasingly rare. Graphene, however, has

one major advantage that may allow it to succeed where carbon nanotubes have

not. Graphene is a planar material, which means in principle5 it can be seamlessly

integrated into well-developed top-down fabrication processes, effectively eliminating

the controllability problem.

Graphene’s two-dimensional structure has other advantageous differences from

both bulk 3-D materials and conventional 2DEGs. Since all of its atoms are exposed

on the surface, it can be easily doped either chemically or electrostatically with local

precision. In combination with the ambipolar band structure and the linear density

of states at low energies, this allows for the fabrication of graphene heterostructures

with n- and p-type graphene separated by sharp electric field gradients [23], and also

makes graphene a useful material for chemical sensing [24], or for applications like

solar cells, where control of the workfunction is important [25].

5Assuming the development of a suitable wafer-scale growth process, which is to be expected [16–
22]
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1.3 Physical and electronic structure of graphene: a honey-

comb of atoms leads to “Dirac cones” in k-space

Graphene is made up of one single layer of carbon atoms, arranged in a “honeycomb”

pattern of repeating hexagons (Fig 1.1 (a)). The unit cell contains two carbon atoms,

labeled A and B in Fig 1.1(a). The length of the carbon-carbon bond is known to be

1.42 Å. The unit vectors are

~a1 =

(√
3

2
a,
a

2

)
, ~a2 =

(√
3

2
a,−a

2

)
(1.1)

where the lattice constant a = 1.42 Å ×
√

3 = 2.46 Å, so that |~a1| = |~a2| = a.

This gives us a reciprocal lattice that is also hexagonal, rotated 90◦ from the Bravais

lattice. The reciprocal lattice has with a lattice constant 4π/
√

3a and unit vectors

~b1 =

(
2π√
3a
,
2π

a

)
, ~b2 =

(
2π√
3a
,−2π

a

)
(1.2)

shown in Fig 1.1(b).

Carbon atoms have four valence electrons. Away from the edges, each carbon

atom in a sheet of graphene shares a bond with three neighbors. If the graphene

lies in the x–y plane, then these three σ bonds correspond to sp2 hybridized orbitals

formed from the 2s, 2px and 2py orbitals. This leaves the 2pz orbital, perpendicular

to the plane, to form π covalent bonds. The resulting π energy bands are the main

contribution to the electronic structure of graphene. These bands result from the
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b1

b2

a1

a2

A B

Γ

K

M

K’

(a) (b)

x

y

kx

ky

Figure 1.1: (a) Model of the graphene lattice structure, with unit cell and primitive
lattice vectors, taken from College Walk on the Columbia University campus. Red
and blue dots correspond to A and B carbon atoms, respectively. (b) Graphene
reciprocal lattice, with the first Brillouin zone shaded and high symmetry points and
unit vectors labeled.

one electron per atom which is not involved in nearest-neighbor σ bonding, so in

calculations of the band structure, we treat only this one electron per carbon atom.

Note here the similarities between the electronic orbitals in graphene and those

in conjugated molecules with sp2 hybridization, such as polyacetylene. In this way,

graphene can be thought of as a giant aromatic molecule. In fact, the analogy to

conjugated molecules is sometimes used in the literature in studying the electronic

structure of small pieces of graphene or narrow graphene ribbons. [1, 26–28]

We carry out a tight binding model calculation on the lattice described above

in order to find the electronic band structure. A well known approach is that in

Reference [1], which considers only nearest-neighbor interactions and does not neglect

the overlap of the pz wavefunctions centered on different atoms. This approach results



CHAPTER 1. INTRODUCTION 8

in the dispersion given by:

E(~k) =
ε2p ± tw(~k)

1± sw(~k)
(1.3)

where the atomic energy of the 2pz orbital, ε2p, is usually set to zero, t is the nearest-

neighbor transfer integral, s is the overlap integral between nearest A and B atoms,

and w(~k) is given by:

w(~k) =

√
1 + 4cos

√
3kxa

2
cos

kya

2
+ 4cos2

kya

2
(1.4)

Figure 1.2 shows a visualization of the dispersion in Equation 1.3 with ε2p = 0,

t = −3.033 eV, and s = 0.129. Neglecting the higher order contributions, we obtain a

simple approximation for the graphene dispersion relation which is symmetric around

E = ε2p = 0 with s ≈ 0:

E(kx, ky) ≈ ±t

√
1 + 4cos

√
3kxa

2
cos

kya

2
+ 4cos2

kya

2
(1.5)

For the purposes of this dissertation, there are two important features to notice

about this band structure.

First, graphene is a zero-gap semiconductor. The tight binding calculation out-

lined above gives two π energy bands (one bonding and one anti-bonding). These two

bands touch at two non-equivalent K points, which we call K and K’, found at the

corners of the Brillouin zone. There are two atoms per unit cell, so the bottom band

is fully occupied. The shape of the bands at high energies depends to some extent
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(a) (b)

kxky

kx’ ky’

EE

Figure 1.2: (a) Dispersion relation for graphene π energy bands. Plotted here is the
tight binding result in Eqn. 1.3 with t = −3.033 eV and s = 0.129, following Ref [1].

(b) Detail of a low energy “Dirac cone” found near the K points, with ~k′ = ~k − ~K.

on the approximations used in the calculation, but the degeneracy at the K points is

unaffected by choice of approximation. Instead it comes from the symmetry of the

lattice structure, and the fact that the two atoms in the unit cell are the same [1].

Second, at low energies, the tight-binding result reduces to a linear dispersion

relation:

E ≈ ~vF ~|k′| (1.6)

where ~k′ = ~k − ~K. That is, near the K points, the electronic dispersion is linear in

wavevector k, in stark contrast to the parabolic dispersion usually seen for electrons.

The equi-energy contours are circular around the K points, producing so-called Dirac

cones in the dispersion.

This linear dispersion has several interesting implications. First, the band velocity

of charge carriers is constant. Electrons move with a constant “Fermi velocity” vF in
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the lattice which is independent of the wavevector k, in contrast to the parabolic dis-

persion seen in most other materials. Using the tight binding parameter t = 3.1 eV,

the Fermi velocity is estimated to be vF ≈ 106 m/s. Second, since the linear bands

have no curvature, the effective mass approximation breaks down. Taken together,

the consequence is a breakdown of the usual Schrödinger approach to quantum me-

chanics with a massive carrier. Instead we employ the analogous relativistic quantum

mechanics, using the Dirac equation with the speed of light replaced by vF :

Ĥ = ~vF

 0 kx − iky

kx + iky 0

 = ~vF~σ · ~k (1.7)

1.4 Band gap engineering: How carving graphene into a rib-

bon induces a band gap

The above description of the graphene band structure shows that this material is a

zero-gap semiconductor. However, many electronics applications rely on the use of a

semiconductor with a finite band gap, where this energy barrier to charge transport

can be used to control electron flow. This brings us to the central theme of this

dissertation. In this thesis, I will show that it is possible to induce a transport gap

in the graphene spectrum by carving graphene into a narrow ribbon, or a “graphene

nanoribbon”. The result is something like an unrolled carbon nanotube [29, 30], that

could potentially have the promising electronic properties of carbon nanotubes with

the large-scale controllability of a planar material.

From a heuristic approach, we can understand the induced transport gap in
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graphene nanoribbons in terms of an energy gap arising from simple quantum con-

finement. In carbon nanotubes, the band gap depends on the diameter and chirality

(orientation with resect to the graphene plane) of the tube. Likewise, we expect that

the band gap of a graphene nanoribbon will depend on its width and crystallographic

orientation.

As a first estimate of the size and the width dependence of the band gap in

a graphene nanoribbon, we carry out a “back-of-the-envelope” calculation for the

allowed energies expected in a graphene nanoribbon. The two ingredients to this

calculation are (i) quantum confinement in one dimension, and (ii) graphene’s linear

dispersion at low energies. Quantum confinement in the x-direction results in allowed

wavefunctions:

ψ(x) ∝ sin(kxx) with kx = nπ/W (1.8)

where n is an integer, and W is the ribbon width. We then introduce the dispersion

relation

E ≈ ~vF
√
k2
x + k2

y (1.9)

to obtain allowed energy levels

En = n
~vFπ
W

(1.10)

so that the gap between levels is

Egap =
~vFπ
W

(1.11)
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This simple calculation gives us an idea of the basic form of Egap(W ). For curios-

ity’s sake, the coefficient ~vFπ in the W dependence above comes to 2.06 eV · nm.

More detailed approaches to calculations of the graphene nanoribbon band structure

and gap size will be presented in Chapter Two.

1.5 Overview of this work

This dissertation will examine electronic transport in graphene nanoribbons and ad-

dress the potential and remaining technological hurdles in using graphene nanoribbons

as a material for electronic devices.

Chapter Two introduces graphene nanoribbons as a semiconducting material, in-

cluding their fabrication and measurement. In this chapter, I experimentally deter-

mine a general scaling rule for the size of the “band gap” as a function of ribbon

width. Many theoretical and experimental results have been reported between the

time the work in this chapter was originally published and the writing of this thesis,

so I will present this work in the context of the published results at the time.

Chapter Three contains a more detailed approach to the electronic structure of

graphene nanoribbons, particularly the nature of the gap, which I now refer to more

generally as a “transport gap”. Experiments in this chapter reveal conduction through

localized states inside the transport gap. Here I will present an up-to-date understand-

ing of transport in graphene nanoribbons as reported in the literature as well as in

my own work.
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Chapter Four explores the possibilities for use of graphene and graphene nanorib-

bons as real electronic devices, specifically the properties of graphene nanoribbon

devices when operated at high source-drain biases. This includes measurements of

velocity saturation behavior in graphene devices operated at high bias, as well as

simulations of the relevant heat dissipation.

Chapter Five addresses the possibilities for engineering of the etched ribbon edges

through chemical functionalization. I present one potential method for achieving

such functionalization, with computational predictions and preliminary experimental

results.
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Chapter 2

Band gap engineering in graphene

nanoribbons

In this chapter, we introduce graphene nanoribbon fabrication and measurement,

and find a general scaling rule for the size of the “band gap” as a function of ribbon

width. The results presented in this chapter were published in Ref. [31] as the first

experimental report on graphene nanoribbons, though this publication was followed

soon after by a related study by the IBM group [32] and preceded by a report on

nanoribbons made from few-layer epitaxial graphene by the Georgia Tech group [16].
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2.1 Background: Theoretical predictions for band gaps in

graphene nanoribbons

Here we review the theory of the electronic structure of graphene nanoribbons (GNRs),

focusing on predictions for band gaps in graphene nanoribbons. In this section we ad-

dress only the background to the experiment in this chapter, that is, the theory that

was done by early 2007, before the experiment presented here was originally published.

Specifically, this means tight-binding method and density functional theory studies

on ribbons with “perfect” edges. “Perfect” edges are the atomically smooth edges

obtained by cutting a straight line in a graphene sheet, either in the high symmetry

armchair and zigzag directions, as described below, or in low-symmetry directions.

Later studies on disordered graphene nanoribbons, with random vacancies and other

structural disorder at the edges, will be discussed in Chapter Three.

In the honeycomb structure of a sheet of graphene, there are two high symmetry

directions, known as “armchair” and “zigzag”.The armchair direction can be found

by drawing a straight line through any two nearest-neighbor carbon atoms. Tracing

a path in this direction though nearest-neighbor bonds gives a shape reminiscent of

an overstuffed armchair, shown by the red lines in Fig. 2.1(a) and (c). The zigzag

direction is 30◦ away from the armchair direction in the graphene plane. Tracing along

nearest-neighbor bonds in this direction gives a path that “zigzags” neatly back and

forth(Fig. 2.1(b) and (d)). Note that there is a 60◦ periodicity to crystallographic

angles in the lattice.

The naming conventions in the literature for CNT and GNR crystallographic
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(a)

(b)

(c) (d)

Figure 2.1: Naming conventions for (a) armchair CNTs, (b) zigzag CNTs, (c) armchair
GNRs, and (d) zigzag GNRs. Diagrams reproduced with permission from [33, 34] Red
lines added to highlight the armchair and zigzag edges.

orientation require careful clarification. A carbon nanotube is conceptually a rolled

up piece of graphene, with the lattice seamlessly joined together along the longitudinal

axis. A graphene nanoribbon can then be imagined as an unrolled carbon nanotube.

If a graphene nanoribbon runs in the armchair direction, that is, if the long edge of a

ribbon shows an armchair pattern, then it is referred to as as an armchair nanoribbon.

However, an armchair carbon nanotube refers to a tube with an armchair pattern in

its lateral direction, the edge that would be exposed of you cut off the end of a

nanotube. Likewise, a zigzag GNR has a zigzag edge in its longitudinal direction,

and a zigzag CNT has a zigzag pattern in its lateral direction. Since the armchair

and zigzag directions run perpendicular to each other in the graphene lattice, this

has the confusing consequence that an “unrolled” zigzag nanotube is an armchair

nanoribbon, and an “unrolled” armchair nanotube is a zigzag ribbon (See Fig. 2.1).

Not surprisingly, we will see that the basic band structures of zigzag (armchair)

nanoribbons have some similarities with that of armchair (zigzag) nanotubes.

The first theoretical works on graphene nanoribbons and their band gaps appeared
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several years before graphene was discovered. In 1987, Tanaka et. al. [26] carried out

tight binding calculations for polymer chains they called “One-dimensional graphite”,

and noted a decrease in the band gap for molecules with a wider graphene structure

added to the polymer backbone. Stein et. al. [27] studied hexagonally symmetric

aromatic molecules, essentially small pieces of graphene, and found a decrease in the

HOMO-LUMO gap with increasing molecule size. The mid-90s saw some renewed in-

terest in GNRs, sometimes called “nanographites” or “carbon nanoribbons”. Though

the bulk of this research focused on the anomalous edge state predicted for zigzag

edges [35], several works also predict a band gap with a size inversely proportional to

ribbon width [34, 36].

Early calculations of GNR electronic structure [28, 34] take the same basic ap-

proach that worked well for carbon nanotubes, that is, first carry out a tight-binding

calculation for graphene, then project it onto the appropriate axis using the zone-

folding technique. The difference in boundary conditions is tacked on as a correction.

As might be expected, this gives roughly the same result for GNRs as for CNTs.

Armchair ribbons are expected to come in three “families”, one of which is metallic,

and zigzag ribbons are, in the simplest picture, metallic. In zigzag ribbons, however,

a new prediction arises in performing this calculation on GNRs instead of CNTs: the

degenerate state near the Fermi level comes in the form of a pair of flat bands cor-

responding to localized edge states. These zigzag edge states have been the subject

of much theoretical [37], and some experimental [38] work, though they will not be

discussed any further in this dissertation. A more sophisticated approach by Brey
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and Fertig [39], using the Dirac equation with a tight-binding Hamiltonian and ap-

propriate boundary conditions, produced qualitatively similar results for the band

gap dependence on ribbon width for different GNR varieties.

Later work by Son et. al. [40] takes an ab initio approach that captures some

features of the electronic structure missed by previous approaches. Most prominently,

this work also finds that armchair ribbons come in three families, but in their local

density approximation (LDA) calculations they find that all three of these families

have a non-zero band gap that varies inversely with ribbon width, so that all varieties

of GNRs have band gaps.

Barone et. al. [41] also use density functional theory, and they make specific pre-

dictions of scaling laws for band gaps of ribbons with different edges and terminations.

They predict that GNR band gaps scale as Eg(W ) = aW−b where Eg is band gap

and W is ribbon width, and a and b are constant parameters. Depending on the

crystallographic orientation, chemical edge termination, and the families discussed

above, they find values of a from 0.30 to 1.6 eV and values of b from 0.76 to 1.1.

It is with this theoretical background that we conducted the following experiment

to determine the dependence of the band gap on GNR width and crystallographic

orientation.

2.2 Device Fabrication

Samples discussed throughout this dissertation were fabricated following the same ba-

sic procedure, which will be described in this section. First we describe the method of
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(a) (b)

Figure 2.2: Theoretical predictions for GNR gap sizes versus ribbon width. (a) LDA
calculations for energy gap size ∆a as a function of ribbon width wa for armchair
GNRs. Gap behaviors fall into three families, depending on the number of dimer
lines Na contributing to the ribbon width; all three families are semiconducting. Re-
produced with permission from Reference [40]. (b) Calculations for energy gap vs.
ribbon width L for hydrogen terminated armchair GNRs. Reproduced with permis-
sion from Reference [41].
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single layer graphene deposition and identification first discovered by the Manchester

group in 2004 [9], then we describe our method for fabricating graphene nanoribbons

from graphene sheets.

2.2.1 The “Scotch tape” method for graphene deposition

As of the time of this writing, the best quality graphene samples are made by a

process called mechanical exfoliation, or the “Scotch tape” method. The basic idea

of this method is to start with bulk graphite and cleave apart the graphene planes

using adhesive tape. The result is single and few layer graphene pieces on a silicon

dioxide substrate, which can then be identified using an optical microscope.

Graphene production by mechanical exfoliation is performed as follows. A small

piece of graphite (a few millimeters across, and one hundred microns or less in thick-

ness, as shown in Fig 2.3(a)) is placed on the sticky side of a piece of adhesive tape.

The tape is folded onto itself, and then gently peeled apart, so that the graphite is

cleaved apart into two thin pieces, mirror images of the original piece. This fold-and-

peel step is repeated several (3-10) times, until a region of a few square centimeters

of the tape is covered with thin graphite, as in Fig 2.3(b). Next, the tape is pressed,

sticky side down, onto a clean chip from a silicon wafer with ∼ 300 nm SiO2, shown

in Fig. 2.3(c). The chips used here were cleaned with a 10 minute bath in “piranha”,

a 3:1 sulfuric acid to hydrogen peroxide solution. Once in contact with the chip,

the tape is gently rubbed with pair of teflon tweezers for several minutes to ensure

good contact across the entire chip, and then the tape is carefully peeled off. In some

places, the graphite comes off cleanly with the tape, leaving no graphite on the chip.
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(b)(a) (c)

Figure 2.3: (a) Bulk kish graphite used for graphene exfoliation. (b) A piece of
tape prepared with graphite and ready for pressing onto a chip. (c) Clean Si/SiO2

substrates for graphene exfoliation.

In other places, Van der Waals forces keep the graphite stuck to the chip, and a few

of the top layers of graphite are pulled away with the tape, so that slabs of graphite

will remain after the tape is lifted. But in some places, the graphite sticks to the

chip, and it cleaves between planes so that all but one layer pulls away with the tape,

leaving behind the single layers of graphene. This method relies on a lucky balance

of forces; the interplane binding between the graphite layers is weak, and the Van der

Waals forces binding the graphene to the silicon dioxide surface are comparatively

strong.

Through trial and error, we found a few parameters that anecdotally correlate

with a higher yield of large, single layer pieces of graphene. The fold-and-peel step

described above should be done as few times as possible. When the tape is ready

to be placed on the chip, the graphite on the tape should be thin, with much of the

graphite appearing matte in finish rather than shiny, and the graphite should be flat,

that is, it should not sparkle when viewed at different angles of incident light. The

rubbing step to increase contact between the graphite and the chip should be done
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with light pressure; just the weight of the tweezers is enough. And the peeling step

should be done slowly, with minimal force, and with a small angle between the tape

and the chip.

The simplicity of this method is a key factor in the quick growth of experimental

interest in graphene. Another major factor is the ease and reliability with which

graphene can be found and identified using an optical microscope. Particularly on

≈ 300 nm SiO2 substrates [42], single layers of graphene are easy to see in an optical

microscope, and layers of different thicknesses are reliably distinguishable by their

colors. Single and bilayer graphene can be unambiguously identified by their unique

signatures in either Raman spectroscopy [43] or quantum hall transport measure-

ments [10, 11], so that we have a known mapping between colors as seen in the opti-

cal microscope and number of layers (single layer, bilayer, or more). As a result, we

can identify single and bilayer graphene by color alone, allowing us to quickly screen

large numbers of samples without the need for more sophisticated or time-consuming

procedures. Once identified based on the optical image, the layer thickness can be

verified with Raman spectroscopy.

Figure 2.4 shows optical microscope images of exfoliated graphite at 2x, 10x, and

100x magnifications. The 100x image shows a piece of few-layer graphite that has

cleaved with several different thicknesses. The lightest color, highlighted with a red

arrow, corresponds to single-layer graphene. Also visible in this image are areas where

two pieces of single layer graphene overlap, forming a region of bilayer graphene, as

highlighted by the blue arrow. This image shows the clear visible difference between
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500 µm

100 µm

10 µm

Figure 2.4: Optical microscope images of Si/SiO2 substrate after graphene deposition
using the piece of tape in Fig. 2.3(b). In the highest magnification image (right),
single-layer graphene is visible as the faintest purple colored layer (red arrow). The
distinctly darker color of bilayer graphene can be seen where two pieces of single-layer
graphene overlap (blue arrow). More than two layers give an even darker color. In
the lower magnification images (left and center), thick graphite pieces and adhesive
are visible in yellow and blue, respectively.

single and bilayer graphene on this substrate.

2.2.2 Graphene nanoribbon fabrication

Here we describe the process for fabricating back-gated graphene nanoribbons that

is used in experiments throughout this dissertation. The process flow is outlined

in Fig. 2.5. Briefly, we begin with exfoliated graphene, fabricate metal electrodes

using standard electron beam (e-beam) lithography procedures, pattern an etch mask

using an negative e-beam resist, and etch away unprotected graphene using an oxygen

plasma etch. An atomic force microscope (AFM) image of a finished device is shown

in Figure 2.6.
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(a) (b) (c) (d)

silicon

SiO2

graphene
metal HSQ

Figure 2.5: Process flow for graphene nanoribbon fabrication. Optical microscope
image (top row), cartoon top view (middle row), and cartoon side view (bottom
row), for each of four major processing steps. (a) Graphene deposition on Si/SiO2

substrate. (b) E-beam lithography fabrication of metal electrodes. (c) Patterning of
negative e-beam resist etch mask. (d) Removal of unprotected graphene by oxygen
plasma etching. Scale bar in optical image is 20 µm, all four optical images have the
same scale.
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Once a suitable piece of graphene has been deposited and identified using the pro-

cedure described above, the next step is to electrically contact the graphene with metal

electrodes using e-beam lithography. We begin by spinning on a layer of poly(methyl

methacrylate) (PMMA) e-beam resist1 and baking on a hotplate at 180◦C for 2 min-

utes. Then we use e-beam lithography to write a 2 mm by 2 mm grid of alignment

marks at roughly the location of the graphene, and develop in a solution of methyl

isobutyl ketone:isopropal alcohol (MIBK:IPA) 1:3 for 5–10 seconds. This quick devel-

opment leaves alignment mark “holes” in the PMMA, which we use for alignment in

the following e-beam lithography step, eliminating the need for metal alignment mark

deposition or another PMMA spin step. Electrodes are patterned in this PMMA layer

with e-beam lithography, using an optical image of the sample with the alignment

mark holes for design and alignment. Thermal evaporation is then used to deposit

1–2 nm of chrome and 25–50 nm of gold, and the chip is placed in acetone overnight

at room temperature for lift-off (Fig 2.5(b)).

Once the graphene has been successfully contacted with Cr/Au electrodes, we cre-

ate an etch mask to define the nanoribbons. A negative tone e-beam resist, hydrogen

silsesquioxane (HSQ) (2% in MIBK) is spun on to the chip (at 4000 rpm, for a typical

film thickness of 14 nm). We use HSQ as the resist for this step because a negative

resist is ideal for creating a small etch mask, and because with HSQ we can obtain

small feature sizes. The etch mask is written at a relatively high e-beam dose (1300

µC/cm2 for the ribbons in our 30 keV system, with lower doses for larger features)

1typically PMMA A6 950K at 4000 rpm for a film thickness of ∼ 300 nm, though we have also
used other thicknesses and materials, including copolymer (MMA(8.5)MAA)
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Figure 2.6: Atomic force microscope (AFM) image of the device in Figure 2.5. The
ribbons in this image correspond to the lower six ribbons in the optical image in
Figure 2.5(d). Scale bar is 4 µm.

and developed in a solution of 0.26N tetramethylammonium hydroxide (TMAH) in

water for 1 minute (Fig. 2.5(c)).

After defining the etch mask, the graphene is ready to be etched. The device is

exposed to oxygen plasma in a Technics reactive ion etcher (RIE) with 200 mTorr O2

at 50 W for 5–10 seconds. These conditions etch graphene at a rate of about one layer

per second, so that unprotected single layer and few-layer graphene are etched away

cleanly (Fig. 2.5(d)). The finished device (Fig. 2.6) is then ready to be wirebonded

and measured.

2.3 Experiment

In the experiment described in this chapter, we study two different types of device sets:

sets P1–P4 each contain many ribbons of varying width running parallel (Fig 2.7(a)),
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and device sets D1 and D2 contain ribbons of (nearly) uniform width and varying

relative orientation (Fig 2.7(b)). All devices from a given set are etched from the

same sheet of graphene, so that although the absolute crystallographic orientation of

the graphene sheet has not been measured, the relatives orientations of the GNRs

within a given set are known.

1 μm 2 μm(a) (b)

Figure 2.7: Scanning electron microscope (SEM) images of finished GNR devices.
Ribbons connect to larger blocks of graphene which are contacted by the metal elec-
trodes (white) (a) GNRs from set P1 of parallel devices. (b) GNRs from set D2 of
devices with varying relative orientation.

Ribbons in this experiment have widths ranging from 10 to 100 nm and lengths

of 1 to 2 µm. The dimensions of each GNR were measured using a scanning elec-

tron microscope (SEM) after the transport measurements were performed. Since the

HSQ etch mask was not removed from the GNRs for this imaging, this measurement

provides an upper bound to the true width of the GNR.

Each GNR is a three terminal device with a source and drain metal electrode

contacting the graphene, and a back gate electrode connected to the doped silicon

substrate which is used to modulate the carrier density in the graphene. In general,

conductance of GNR devices is measured using a standard lock-in technique with a
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small bias AC voltage (100 µV@13.5 Hz) applied to the channel. A DC voltage source

is used for the gate voltage, and can also be used to apply a larger bias voltage along

the channel.

We remark that each GNR connects two blocks of wider (∼ 1 µm) graphene, which

are in turn contacted by metal electrodes (Fig 2.7). Thus, unlike carbon nanotubes,

Schottky barrier formation at the metal electrodes is absent in our GNR devices.

Furthermore, by contacting each of the wide “graphene leads” with two metal elec-

trodes, it is possible to carry out a four-terminal measurement of the graphene device

resistance without the effect of contact resistance from the graphene-metal interface.

This geometry does not eliminate the contact resistance at the nanoribbon-graphene

lead interface, which is assumed to be small. The measurement is shown schemat-

ically in Figure 2.8(a). Using this geometry, we measured the contact resistance

RC = (Vsource−Vdevice)/Idevice of a few characteristic devices and found that in general

RC is small (∼ 10 kΩ) relative to GNR resistance, and varies little with temperature,

as shown in Figure 2.8(b) for one device from set D1. Based on this result, we use

a two-terminal geometry for rest of the measurements throughout this dissertation.

Note that measurement of RC diverges at gate voltages near the gap. This is an

expected artifact of the measurement; when the GNR resistance becomes compara-

ble to the ∼ 10 MΩ input impedance of the voltmeter, Vdevice no longer provides a

non-invasive probe of the voltage drop across the device.
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Figure 2.8: Contact resistance measurement of GNRs. (a) Schematic circuit diagram
of contact resistance measurement. Total contact resistance RC = RC1 + RC2. (b)
Contact resistance RC of one GNR device vs. gate voltage at varying temperatures.
This measurement is valid when the GNR resistance is much less than the input
impedance of the voltmeter.

2.4 Results and Discussion

2.4.1 Conductance near the charge neutrality point is suppressed

The conductance G of each GNR was measured as a function of gate voltage Vg at

different temperatures, as shown in Figure 2.9 for three representative GNR devices

of varying width (W = 24± 4, 49± 5, and 71± 6 nm) and uniform length (L =

2 µm). All curves exhibit a region of suppressed G for a region of Vg. In “bulk”

(i.e., unpatterned) graphene, this dip in G is well understood and corresponds to the

minimum conductivity ∼ 4e2/h at the charge neutrality point, Vg = VCNP , where e

and h are the electric charge and Plank constant, respectively.

Unlike the bulk case, GNRs with width W < 100 nm show a decrease in Gmin

of more than an order of magnitude at low temperatures. The narrowest GNRs

show the greatest suppression of Gmin. For example, the GNR with W = 24 nm
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Figure 2.9: Conductance as a function of gate voltage at varying temperatures for
three GNRs of different widths. All three devices have L = 2µm and were etched in
parallel from the same sheet of graphene.

(Fig. 2.9(c)), a large “gap” region appears for ∼ 25 < Vg < ∼ 45 V, where Gmin

is below our detection limits (< 10−8Ω−1). This strong temperature dependence of

G(Vg) in GNRs is in sharp contrast to that of bulk graphene samples, where Gmin at

the charge neutrality point changes less than 10% in the temperature range 30 mK

to 300 K [44]. The suppression of G near the charge neutrality point suggests the

opening of an energy gap. We observe (Fig. 2.9) stronger temperature dependence

of G for a broader range of Vg values in narrower GNRs, suggesting the presence of

larger energy gaps in narrower GNRs.

2.4.2 GNRs have a well-defined sheet conductivity in the on-state

We now turn to the “on-state” conductance, that is, the behavior outside of the gap

region, at densities away from the charge neutrality point. In this regime, conductance

scales with GNR width.

Figure 2.10(a) shows the conductance G of a set P4 of parallel GNRs, with widths

ranging from 14 to 63 nm, at varying temperatures. Here the gate voltage is fixed
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Figure 2.10: Conductance for a set of parallel GNRs in the on-state, away from the
gap. (a) Conductance vs. ribbon width for three different temperatures. Dotted lines
are linear fits to the data, G = σL/(W−W0) (b) and (c) show σ and W0, respectively,
from the linear fits at different temperatures.

at Vg = VCNP − 50 V , which corresponds to a hole carrier density of n ≈ 3.6 ×

1012 cm−2. The conductance at each temperature is well described by the linear

fit G = σ(W − W0)/L. Here we can interpret σ as the GNR sheet conductivity

in the active GNR width participating in transport, (W − W0). From the fit, the

room temperature sheet conductivity for this set of ribbons is σ ∼ 1.7 mS/� and

decreases with decreasing temperature, reaching ∼ 75% of its room temperature

value at T = 1.6 K (Fig. 2.10(b)).

The inactive GNR width W0 increases from 10 nm at room temperature to 14 nm

at 1.6 K. A reduced active channel width in graphene electronic devices was first

reported in GNRs fabricated from epitaxially grown multi-layer graphene films [16],

where much larger inactive edges (W0 ∼ 50 nm) were estimated compared to our

GNR samples.
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We suggest two possible contributions to W0. First, W0 may represent an overesti-

mation of the actual graphene ribbon width, and second, W0 may represent an region

of the ribbon, presumably at the edges, where graphene is present but is not conduct-

ing, i.e., localized edge states due to structural disorder from the etching process. To

investigate the first contribution, we removed the HSQ etch mask from several GNRs

on one device set with a hydrofluoric acid vapor etch, and found that the actual width

of the graphene ribbon is often ∼ 10 nm narrower than the HSQ protective mask.

Difficulties in removing the HSQ etch mask and leaving the device intact prevented

us from doing this measurement on more than a few devices in one set. This sug-

gests that the inactive region due to localized edge states is small (< 2 nm) at room

temperature and spreads to as much as ∼ 5 nm at low temperatures.

2.4.3 The energy gap size is measured with 2-D conductance plot

We now address the “off-state” in the ribbon transport, specifically, the quantitative

scaling of the transport gap size.

Figure 2.11(a) shows a schematic energy band diagram for a semiconductor con-

nected to source and drain electrodes, with a charge density controlled by a gate

electrode. Here the difference in source and drain potential creates a bias window

equal to the applied source-drain bias Vb. The gate voltage adjusts the position of

the Fermi level, effectively moving the source-drain levels relative to the gap. When

the bias window lies entirely inside the band gap, as shown in the diagram, there are

no conducting states are inside the bias window, and charge cannot flow. There is

no conduction, so the device is “off”. As the bias window increases, the source and



CHAPTER 2. BAND GAP ENGINEERING 33

Valence band

Conduction
band

Vg

E
n

er
g

y

Source
Electrode

Vb

I

eVb

Drain
electrode

GNR

10 kΩ

1 MΩ

100 Ω

Vb

DC voltage 
source

dVb
AC voltage 

source

I current 
amplifier

10 MΩ
Vg gate

DC voltage 
measurement

AC voltage 
measurement

I

dI

(a) (b)

Figure 2.11: (a) Cartoon of a semiconducting material connected to source and drain
electrodes and a gate electrode. (b) Schematic circuit diagram of the 2-D conductance
measurement.

drain potentials approach the valence and conduction band edges. When the bias

window contains part of the conduction or valence band, we measure electron or hole

transport through the device, and the device is “on”.

For a complete view of the low temperature transport behavior of the GNRs, we

measure differential conductance as a function of both gate voltage and source-drain

bias voltage with a setup shown schematically in Figure 2.11(b). With this technique

we simultaneously measure DC current I and the small signal AC current dI for the

full range of Vg–Vb space. This results in a 2-D plot of the differential conductance

dI/dVb which describes the low-bias device response, as well as DC I–Vb curves for

each value of Vg, from which we obtain a direct measure of the size of the energy gap.

Figures 2.12(a)–(c) shows 2-D plots of differential conductance for three represen-

tative GNR devices, with widths W = 22, 36, and 48 nm. The color indicates dI/dVb

on a logarithmic scale. The blue region in each plot corresponds to the “off” state,
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Figure 2.12: (a)–(c) 2-D plots of differential conductance dI/dVb for three GNRs of
different widths, with ∆Vb highlighted by the black arrows. The color scale is the
same for all three plots. (d) DC current vs Vb and Vg for the same device as in (b).
Dashed red line at Vg = 64 V shows the constant Vg cut plotted in the following
panel. (e) Procedure for extracting Egap = e∆Vb from an I–Vb plot taken with the
gate voltage fixed at the center of the gap. Black curve is the data, dashed blue lines
show y = 0 and linear fits to the curve away from the gap, red lines show 2∆Vb.
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when both band edges are outside of the bias window. The diamond shape of this

region indicates that both Vb and Vg adjust the position of the band edges relative

to the source and drain energy levels, analogous to nonlinear transport in quantum

dots [45]. The fluctuations and deviations from a clean diamond outline are indicative

of a more complex band structure and will be discussed in more detail in Chapter

Three.

The value of Vb = ∆Vb at the vertex of the diamond gives a direct measure of the

size of the energy gap. The upper vertex of the diamond Vb = ∆Vb corresponds to

a bias voltage configuration with the source at the edge of the valence band and the

drain at the edge of the conduction band, and the lower vertex Vb = −∆Vb corresponds

to the opposite scenario, with the source at the conduction band and the drain at

the valence band, so that the total height of the diamond 2∆Vb corresponds to twice

the gap size. This is a somewhat simplified picture of the GNR band structure, and

a more subtle interpretation will be given in Chapter Three.

Figures 2.12(d)–(e) show the method used in this chapter for extracting gap size.

Fig. 2.12(d) shows a plot of DC current I vs Vb and Vg. We take a constant gate

voltage cut at the largest part of the diamond-shaped “off” region, giving the non-

linear I–Vb curve shown in Figure 2.12(e). We then take a linear fit to this curve far

from the gap, and extrapolate to the y = 0 axis. Following Figure 2.11(a), we take

this voltage difference ∆Vb to be potential difference when the source and drain levels

are at the edges of the gap. Multiplying this potential by electron charge e gives

Egap = e∆Vb in units of energy. It should be noted that this “gap” value corresponds
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to the energy band gap only when the entire GNR behaves like a clean semiconductor.

Other methods of evaluating the “gap” in cases with disorder induced intragap states

or in systems consisting of quantum dots will will be discussed in Chapter Three.

2.4.4 The energy gap follows a robust scaling rule

Motivated by the expected gap scaling Egap ∼ 1/W [35, 40, 41], we plot E−1
gap against

W in Figure 2.13(b) for the 13 parallel GNRs in set P4. A linear fit (dashed line)

results in the scaling law

Egap = α/(W −W ∗) (2.1)

where we obtained α = 0.2 eV · nm and W ∗ = 16 nm from the fit. The density func-

tional theory study in Ref [41] calculates values of α ranging from 0.3 to 1.5 eV · nm,

depending on crystallographic orientation and edge termination. Reasons why the

measured value may be smaller than theoretical predictions will be discussed in Chap-

ter Three, for now let us say that the form of our scaling law matches with theory,

with agreement of the coefficient to within an order of magnitude. We also note that

W ∗ ≈ W0, in good agreement with the independent estimation of GNR edge effects

above.

A similar scaling behavior holds even across GNR device sets made from different

pieces of graphene and running in different crystallographic directions. Figure 2.13(a)

shows the overall scaling of Egap as a function of W for six different device sets. Four

device sets (P1–P4) have parallel GNRs with W ranging from 15–90 nm, and two

device sets (D1, D2) have GNRs with similar W ≈ 40 nm and 25 nm, respectively,
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Figure 2.13: Scaling of GNR energy gaps as a function of width and crystallographic
orientation (a) Energy gaps Egap for 36 ribbons from 6 different device sets as a
function of ribbon width. Dotted line is a fit to Egap = α/(W −W ∗). (b) Inverse
energy gap vs ribbon width for the parallel GNRs in device set P4. Dashed line is a
linear fit. (c) Energy gaps as a function of relative crystallographic orientation for two
device sets. Dashed lines show Egap for each set as predicted by the average ribbon
width of that set.
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but different crystallographic directions. The energy gap behavior of all devices is

well described by the scaling Egap = α/(W − W ∗) as discussed above, indicated

by the dashed line. Remarkably, energy gaps as high as ∼ 200 meV are achieved

by engineering GNRs with widths W ∼ 15 nm. Based on the empirical scaling

determined here, a narrower GNR may show an even larger band gap, making the use

of GNRs for semiconducting device components in ambient conditions a possibility.

Following other theoretical predictions, we also check the fit to other predicted

scaling laws. Figure 2.14 shows four different possible scaling rules. We now fit to

the data from all six device sets, as opposed to the the fit above, which was done

only on the data from set P4. In each panel, the blue curve corresponds to a fit that

was performed on E−1
gap vs W first, then inverted before plotting. The red curve is

the result from fitting to the data directly. In general, fitting to the inverse produces

more accurate results, mostly because it gives more weight to the long “tail” for

higher W values, where Egap values vary more slowly. The parameters listed in the

figure correspond to the blue curve.

The first fit, shown in Fig. 2.14(a), is the same fit as in Equation 2.1, only now

the fit is done on the full data set, producing slightly different values. Panel (b) of

the same figure shows the prediction from Ref. [41] mentioned in Section 2.1, that

is, Eg(W ) = aW−b. Here we have modified the expression to accommodate W ∗,

resulting the relation

Eg(W ) = a(W −W ∗)−b (2.2)

Note that this is only a more general expression of Equation 2.1, so we expect the
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quality of the fit to be at least as accurate. In fact, we find that the exponent b, which

is a free parameter, turns out to be very close to −1, producing a result similar to

that in panel (a). In panel (c), we fix the exponent to b = −2, and obtain a negative

value for W ∗ that does not make physical sense in the context of our physical picture

for W ∗.

In Fig. 2.14(d), we address Ref. [46], a theoretical study that was done in response

to our publication of the results in this chapter. In this work, the authors propose

the scaling rule

Eg ≈
e2

W
e−W/W0 (2.3)

This corresponds to a physical picture where the energy gap is caused by Coulomb

blockade in constrictions throughout the ribbon. In their publication, they show a fit

to our data, using only the data for W > 20 nm. Here we fit the expression to the

complete data set, and, as for Eqn. 2.2, we add another free parameter W ∗. Fig. 2.14

shows the resulting fit, which describes the gap size well for wider ribbons, but does

not capture the scaling behavior for the full range of widths.2 It should be noted that

although this particular model for energy gap size resulting from Coulomb blockade

does not fit the data well, this does not rule out Coulomb blockade as an explanation

for the origin of the energy gap.

Finally, we remark on the crystallographic directional dependence of Egap. Fig-

ure 2.13(c) shows Egap versus the relative orientation angle θ for two sets of GNRs.

2Note that with three free parameters, this fit did not converge. If we set W ∗ = 0, we get a
converging fit with α = 631.5 meV · nm and W0 = 90.49 nm, although here we have plotted the
non-converging three parameter fit, which is a better match to the data.
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Each of these ribbon sets contains GNRs of nearly the same width cut in different

crystallographic directions from the same sheet of graphene. In principle, we expect

Egap(θ) for each set to be periodic in θ, provided all GNRs have similar edge struc-

tures. However, experimental observation shows randomly scattered values around

the average Egap corresponding to the ribbon width W and no sign of crystallographic

direction dependence. In fact in Figure 2.13(a) we see that the the variations in Egap

between the ribbons in the ribbons in these two sets (D1 and D2) can be more readily

attributed to small variations in W . In this sense, the scaling rule Egap = α/(W−W ∗)

is more robust than expected, since it holds for ribbons with all crystallographic ori-

entations.

This lack of crystallographic orientation dependence suggests that detailed edge

structure plays a more important role than the overall crystallographic direction in

determining the properties of the GNRs. Indeed, theory for ideal GNRs predicts

that Egap depends sensitively on the boundary conditions at the ribbon edges [28, 35,

36, 39–41]. The lack of directional dependence indicates that our device fabrication

process does not give us the atomically precise control of the GNR edges necessary

to reveal this effect.

2.5 Conclusions

In this chapter we have demonstrated the fabrication and measurement of graphene

nanoribbons. We observe that GNRs have an energy gap that scales inversely with

ribbon width and has no dependence on crystallographic orientation. Transport away
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from the gap region shows a well-defined, temperature dependent, sheet conductivity.

A temperature dependent non-conducting region of the width exists in addition to

errors in width measurement, and is detectable both in on-state measurements (as

W0) and energy gap measurements (as W ∗).
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Chapter 3

Electronic transport in disordered

graphene nanoribbons

In this chapter, we delve deeper into the behavior of transport in graphene nanorib-

bons and explore the nature of the energy gap with more detailed experiments. We

will see that the energy gap we found in the previous chapter is not, in fact, a “band

gap”, in that it is not a range of energies for which there are no electronic states. For

this reason we will henceforth refer to the energy gap more generally as a “transport

gap”.

From the work in the previous chapter, we have already seen that etched graphene

nanoribbons behave quite differently from the theoretical predictions for perfect rib-

bons. The orientation-independence of our empirical scaling law was an early indica-

tion of a more subtle system at play; another clue was the existence of a nonconducting

ribbon width W0 ∼ W ∗. Other indications that the transport gap is not a band gap

(to be discussed in more detail in this chapter) include the existence of reproducible
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conductance peaks at energies inside the gap, and a thermally activated behavior

which deviates from the simple thermal activation of a clean band gap. These incon-

sistencies between the data and our simple band gap model motivate the experiments

described in this chapter.

In particular, we would like to answer the following questions: what is the nature

and origin of the conducting states inside the transport gap, and what is the dominant

transport mechanism at energies inside the gap?

Here we explore these question by carrying out both low temperature and temper-

ature dependent transport measurements on GNRs of various dimensions. From the

scaling of several characteristic energies with GNR width (W ) and length (L), we find

evidence of a transport mechanism in disordered GNRs based on hopping through

localized states whose size is close to the GNR width. The work in this chapter was

published as Ref. [47].

3.1 Background

3.1.1 Models for transport in disordered systems

Before discussing graphene devices specifically, we review some models for electronic

transport in disordered systems and systems with reduced dimensions.
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Anderson localization and variable range hopping in disordered systems

Anderson localization describes conduction in materials with random disorder. In this

model, if the disorder strength surpasses a certain threshold, diffusive electron trans-

port can no longer occur. Electron wavefunctions become localized, and transport

occurs by means of “quantum jumps between localized sites.” [48] At low enough

carrier densities, where no diffusion can take place, the system is described as an

“Anderson insulator”. The critical energy separating localized states, through which

transport occurs only by hopping, and extended states, through which electrons can

travel by diffusion, is known as the “mobility edge” [49].

A consequence of Anderson localization is transport by means of variable range

hopping (VRH), the mechanism for conduction by hopping between localized states.

Conductance G is proportional to the jump frequency between states:

G ∝ e−2R/ξe−∆E/kBT (3.1)

where ξ is the localization length of a state, R is the distance between two states, and

∆E is the energy difference between two states [50]. Conduction by hopping though

localized states is a balance between the probability of hops with a large energy cost

∆E and hops with a large distance R. As temperature increases, hops with a larger

energy difference become more favorable and hopping distance decreases, hence the

term “variable range” hopping.

We seek an expression for G(T ) as a function of T only, one that does not explicitly

invoke R, ∆E, or ξ. G(T ) must also depend on the dimensionality of the system
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through the number of available states with a given energy difference. Assuming a

constant density of states g(ε) = N0, we have, in 3 dimensions:

4

3
πR3 =

1

N0∆E
(3.2)

More generally, in d dimensions:

∆E ∝ R−d

N0

(3.3)

So that equation 3.1 can be written:

G ∝ e−2R/ξ−R−d/N0kBT (3.4)

Conductance will occur at the hopping distance R which maximizes the exponent,

and therefore maximizes the hopping probability:

R =

(
2N0kBT

ξd

)−1/(d+1)

(3.5)

So that the conductance as a function of temperature is given by:

G ∝ e−(T0/T )1/(d+1)

(3.6)

This expression for the VRH temperature dependence, derived assuming a constant

density of states, is known as Mott variable range hopping [50]. We can write a more
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general expression

G ∝ exp(−(T0/T )γ) (3.7)

where γ depends on the dimensionality of the system and the form of the density

of states; for Mott-VRH, γ = 1/(d + 1). Other VRH models have been derived

with different forms of g(ε) and hence γ. The Efros-Shklovskii VRH [51] picture

incorporates long-range Coulomb interactions in the form of a soft Coulomb gap

in the density of states. The form g(ε) of the soft Coulomb gap depends on d,

and has a zero only at ε = 0. The “2/5” law [52] describes systems with very low

impurity concentrations, which results in a different form of g(ε), again depending

on d. Fogler et. al. [52] summarize the VRH exponents seen for various systems as

γ = (µ+ 1)/(µ+ d+ 1), with g(ε) = εµ.

To summarize, variable range hopping is a single particle picture of electron trans-

port through disorder-induced localized states, and has a temperature dependence

with an exponent that depends on dimensionality and other properties of the system.

Coulomb charging effects in transport through small systems

In certain systems, the electrostatic effects of adding or removing one electron has

measurable consequences. If charging effects prevent the tunneling of electrons to

an island of charge, “Coulomb blockade” is said to prohibit transport through the

system.

Single-electron charging effects become relevant if two conditions are fulfilled.

First, we consider the charging energy, the change in electrostatic potential associated
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with adding or removing one electron, EC = e2/C, where C is the total capacitance

between the charge island and the rest of the system. For charging effects to be

relevant, this charging energy must be larger than the thermal energy kBT :

e2/C >> kBT (3.8)

Second, the charge island must be well isolated from the rest of the system, so that the

amount of charge on the island is a well-defined quantity. To meet this condition, the

resistance of the leads Rl must be large enough such that quantum fluctuations of the

number of charges on the island are less than one. Equivalently, the fluctuations in

the energy of the island must be small compared to EC = e2/C. From the Heisenberg

uncertainty relation ∆E∆t > h with the time to discharge the island ∆t = RlC, this

requires that

Rl >> h/e2 (3.9)

In systems where the level spacing in the island can be neglected, if conditions 3.8

and 3.9 are met, the charging energy EC is the addition energy for adding or removing

one electron to the island. At constant gate voltage, this addition energy prevents an

electron from tunneling to the island, resulting in the barrier to transport known as

Coulomb blockade [53]. Transport in such a system can only occur when an applied

bias voltage is large enough to overcome the charging energy, Vb > EC/|e|, or when a

change in gate voltage changes the electrostatic potential of the island by an amount

corresponding to one electron charge, ∆Vg = eEC = e/Cg. In small, semiconducting
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systems where the single particle level spacing ∆E within one island is relevant, the

addition energy becomes ∆E + EC = ∆E + e2/C.

3.1.2 Previous work on disordered graphene nanoribbons

Disordered GNR theory

Since the publication of the experiment presented in Chapter Two [31], many the-

oretical works on GNRs with imperfect edges have been published. The bulk of

the theoretical literature on transport in disordered graphene nanoribbons describes

a picture based on edge disorder induced localization of the electronic wavefunc-

tions. [54–60]. Most of those works explicitly describe this effect as a phenomenon

similar to Anderson localization, though it is noted that a transport gap due solely

to Anderson localization would have a size dependent on the strength of disorder

only [55], in contrast to the width dependence seen experimentally.

Querlioz et. al. [54] calculate the local density of states (LDOS) for perfect GNRs

and for GNRs with disordered edges. In perfect GNRs, they predict a band gap with

a size dependent on the crystallographic orientation of the ribbon, consistent with

earlier predictions such as those in Refs. [39–41]. In contrast, for disordered GNRs,

they find no gap in the density of states, but instead predict a threshold energy below

which electron wavefunctions are localized. Above the threshold energy, localization

lengths increase rapidly, and most states are extended along the ribbon. The authors

interpret this threshold energy as a “quasi-mobility edge”.1 They calculate values

1The mobility edge is referred to as “quasi” because in this case the transition is due in part
to the finite size of the system, whereas in a traditional Anderson insulator the transition between
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of the quasi-mobility edge for ribbons of different crystallographic orientations, and

find that the orientation dependence is almost completely suppressed in GNRs with

as little as two rows of edge disorder. They find a scaling law for the quasi-mobility

edge in disordered GNRs which matches the experimental rule we found in Chapter

Two, α/(W −W ∗), with a value of α = 4 eV · nm.

Martin and Blanter [55] reconcile the the Anderson localization picture with the

width dependence of the gap by demonstrating an edge disorder induced segmentation

of the wavefunctions into blocks with lengths on the same order as the ribbon width.

This leads to a conductivity at energies inside the gap which is governed by variable

range hopping at low temperatures and crosses over to nearest-neighbor hopping at

higher temperatures. Similarly, Evaldsson et. al. [56] calculate the LDOS in edge

disordered ribbons, and find “hills and canyons” in the density of states which can

extend across the width of the ribbon, blocking conductive paths.

Yoon and Guo [57] do not explicitly use the language of Anderson localization,

but they find that edge variation “induces localized states in the band-gap energy

range” which leads to an increase of current in the “off” state of the device.

A different description of the origin of the transport gap is offered by Sols et.

al. [46] in a paper written in response to our work Ref. [31]. In this work, the authors

suggest that edge disorder leads to the formation of “necks” in the ribbon, so that

the GNR behaves as a series of quantum dots. The transport gap is then a result

of Coulomb blockade. Their prediction for a scaling law was seen in Chapter Two

to match poorly with experiment (see Eqn. 2.3 and Fig. 2.14(d)), but this does not

localized and extended states is purely a function of disorder strength.
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preclude the possibility that Coulomb blockade plays a significant role in the formation

of the transport gap.

One theoretical work, Ref. [61], focuses on density inhomogeneity [62] as the origin

of the transport gap, and describes the gap behavior in terms of a percolation metal-

insulator transition. They apply this model to our data from Ref. [31] and their

own data, and find that ribbons with widths as narrow as (W = 24 nm) are in the

2D percolation universality class. They predict that further decreasing ribbon width

would reveal a transition to 1D percolation.

Experimental studies of the transport gap in etched GNRs

Several experimental works on graphene nanoribbons address questions about the

nature of the transport gap and conduction at energies inside the gap, in particular

from the ETH group [63, 64], the Stanford group [65, 66], and the Delft group [67].

The physical models proposed in these works are heavily influenced by the existence of

Coulomb diamond-like features in the data (see also Refs. [68–73]) which necessitate

a many-body picture, inconsistent with the Anderson localization model favored by

theorists.

Stampfer et. al. [64] propose a picture where the gap is formed by quantum dots

along the ribbon. The suggest that these quantum dots are the result of a quantum

confinement-induced energy gap in the presence of strong potential fluctuations from

edge and bulk disorder, so that there are two energy scales to the problem. One energy

scale, the characteristic charging energy, is related to measurements of the gap using

the source-drain bias, and is of the order of 10 meV. The other, the disorder potential
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strength, is seen in measurements using the gate voltage, and is of the order of 100

meV.

Collaborators Molitor et. al. [63] suggest that the width dependence of the gap

measured by gate voltage is due to an increase in the probability of a percolating

conductive path through the constriction. They also find that the gaps measured

both with gate voltage and with source-drain bias are dependent on ribbon length,

and claim that these two measures of the gap have a proportionality independent of

constriction geometry.

Gallagher et. al. [66] carry out a careful study of transport in GNRs with con-

stant width and varying length, and support a similar physical picture with two

energy scales corresponding to the energy gap measured with gate voltage or with

source-drain bias. The authors study the effect of annealing the ribbons, and find

that annealing reliably decreases the gate voltage gap, but changes the source-drain

gap unpredictably and non-monotonically. They also find a correlation between the

size of the gate voltage gap and its distance from zero volts. Taken together, they

interpret this as evidence that potential inhomogeneity in the device is due to charged

impurities of a dominant sign. Finally, in one particular GNR device, for a range of

carrier densities, they see the periodic conductance oscillations of Coulomb blockade.

They interpret this as evidence that conductance peaks in GNRs are due to Coulomb

blockade even in cases where the peaks do not have regular spacing, and they as-

sert that, because of their periodic spacing, the peaks cannot be caused by Anderson

localization.
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Liu et. al. [67] measure a different device geometry, a graphene nanoribbon with

a local top gate, so that the density under the top-gated center region of the ribbon

can be controlled independently from the density of the ribbon on either side of the

top gate. When the top gate region and the outside regions are oppositely doped,

so that the devices are in either the pnp or npn configuration and p-n junctions are

formed at the edges of the top gate, the devices exhibit Coulomb blockade with an

addition energy dependent on the area of the gated region, as expected. When the

center and the outside regions are doped with different densities of the same polarity

(pp’p or nn’n), Coulomb blockade is seen with an addition energy that is largely

independent of the device dimensions. The authors attribute this Coulomb blockade

in the absence of p-n junctions to Anderson localization of carriers due to edge and

substrate induced disorder. The addition energy in the case of unipolar doping is

lower than that in devices with p-n junctions, implying that the charge island size in

the unipolar case is larger than the size of the top-gated region.

3.2 Experiment

The experiments in this chapter differ from those discussed above in that: (1) We

measure the temperature dependent behavior, which is essential to understanding

transport mechanisms in disordered systems. (2) As a result of (1), we find two

additional characteristic energy scales to the problem, both related to temperature

dependent transport. (3) We draw from a large sample size of devices with a range
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of widths and lengths, allowing us to identify trends in the data, and (4) We di-

rectly compare transport in devices engineered to have difference capacitive coupling,

allowing us to quantify the contribution of electrostatic charging effects.

GNRs were fabricated following the procedures described in Chapter Two. Most

experiments in this chapter were performed on back-gated GNRs on a substrate of

highly doped silicon with a 285 nm thick SiO2 gate dielectric, like the devices in

Chapter Two. We measured electron transport in a total of 41 of these back-gated

GNRs with 20 < W < 120 nm and 0.5 < L < 2 µm. Additionally, we fabricated dual-

gated GNRs for a comparative study, as shown in Figure 3.1. Dual-gated GNRs have

both a top gate and a back gate. These were fabricated by first making a back-gated

GNR, then depositing a 10 nm gate dielectric of HfO2 using atomic layer deposition

(ALD), then patterning metal top gates. The final gate dielectric material consists

of the ≈ 15 nm HSQ etch mask, which is not removed from the ribbons, in addition

to the 10 nm HfO2. The top gates are designed to cover both the entire ribbon and

part of the wide “graphene lead”, in order to avoid the formation of p-n junctions in

the channel. For the comparative study in this chapter, dual-gated and back-gated

devices were fabricated together from the same sheet of graphene, so that back-gated

devices are also covered with the same HfO2 dielectric, controlling for any surface

phonon or screening effects. Since the entire graphene nanoribbon is covered with

HSQ, HfO2, and metal in the completed device, is it difficult accurately measure the

width of the underlying ribbon. In this experiment we control for width by making

several ribbons on one graphene flake with identical design and electron beam dose,
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Figure 3.1: Scanning electron microscope (SEM) images (top) and side view car-
toons (bottom) of (a) a back-gated device and (b) a dual-gated device used in the
comparative study.

then covering half of the ribbons with top gates.

3.3 Results and discussion

3.3.1 Signatures of hopping transport

Characteristic energies emerge from Vg and T dependent measurements

First we examine GNR transport as a function of back gate voltage Vg and extract

a measure of the transport gap in terms of Vg. As in Chapter Two, we measure

differential conductance G = dI/dV at low source-drain bias using a standard lock-in

technique. Again, GNR conductance is strongly suppressed for a region of back gate

voltages Vg near the graphene charge neutrality point, suggesting the formation of a
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Figure 3.2: (a) dI/dV of a GNR with W = 36 nm and L = 500 nm, plotted as a
function of Vg. Dashed lines highlight measurement of ∆Vg. (b) A close-up of dI/dV
within the gap regime plotted as a function of Vg − VCNP, where VCNP = 21 V is the
gate voltage for the charge neutrality point. Inset shows an atomic force microscope
image of the device, scale bar is 500 nm.

transport gap. Fig. 3.2(a) shows dI/dV as a function of Vg for a typical GNR. The

transport gap region as measured in back gate voltage, ∆Vg, can be identified in this

curve by extrapolating the smoothed dG/dVg to zero [63]. We note that reproducible

conductance peaks appear in the gap region, as shown in Fig. 3.2(b) [63, 64, 66]. These

peaks are indicative of resonant conduction paths through localized states inside the

transport gap. In general, resonance peaks in the gap are less than 10 % of the G

values outside of the gap region.

The observed transport gap, ∆Vg corresponds to an energy in the single particle

energy spectrum: ∆m = ~vF
√

2πCg∆Vg/|e|, where vF = 106 m/sec is the Fermi

velocity of graphene [74] and Cg is the capacitive coupling of the GNR to the back

gate. This geometric capacitance is strongly dependent on ribbon dimensions, and we

calculate it using a finite element model, obtaining, for example, Cg = 69.0 nF/cm2
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and ∆m = 200 meV for the particular device in Fig 3.2.

At energies inside the transport gap but away from the resonant conduction peaks,

the conductance is strongly suppressed, and the charge transport can be described

by thermally excited hopping. We study the thermal activation of the off-resonant

conduction in this regime by measuring Gmin, the minimum conductance for a given

sweep of gate voltage Vg, at different temperatures as shown in Figure 3.3(a). Fig-

ure 3.3(b) shows an Arrhenius plot for Gmin(T ). Evidently, thermally excited trans-

port exhibits two distinct regimes of behavior, separated by a characteristic tem-

perature T ∗. At high temperatures (T > T ∗), the transport is simply activated:

Gmin ∼ exp(−Ea/2kBT ), where Ea = 285 K is obtained from a linear fit of the Ar-

rhenius plot for the device in Fig. 3.3(b) (dashed red line). At lower temperatures

(T < T ∗), however, Gmin deviates from the simple activation behavior and decreases

more slowly with decreasing temperature than the activated transport would imply.

In this low temperature regime, the overall behavior is consistent with variable range

hopping (VRH), where G ∼ exp(−(T0/T )γ), with γ = 1/2 and a constant T0, deter-

mined by the characteristics of the localized states. This fit is shown as the dotted

blue line in Figure 3.3(b), though we note that reliable determination of γ and T0

requires decades of data on both axes, which is not available here due to the limited

temperature range exhibiting this behavior and our experimental limitations for very

low currents and temperatures.
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Figure 3.3: (a) dI/dV (Vg) at several temperatures for the same device as in Fig. 3.2
(b) T dependence of the minimum conductance at each temperature. The red dashed
and blue dotted lines are a fit to simple activated behavior and variable range hopping
with γ = 1/2, respectively. An arrow highlights the position of T ∗.

Scaling of GNR parameters suggests hopping transport through localized

states

The GNR transport gap and temperature dependent characteristics described above

are typical of all GNRs withW . 80 nm, so that ∆m, Ea, and kBT
∗ can be determined

for each of these narrow GNRs. These three representative energy scales are plotted

as a function of W in Figure 3.4.

In this graph, we note that (i) there is a clear separation between these energy

scales, setting a general relation: ∆m > Ea > kBT
∗ for given W ; (ii) ∆m, Ea, and

T ∗ depend sensitively on W but not L (iii) the energy scales are reasonably well

described by inverse proportion to the lateral confinement of the GNR.

The length independence of each of these parameters can be observed by com-

paring values from GNRs with similar W but different lengths L. In Figure 3.4,
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Figure 3.4: GNR transport energy scales : ∆m (solid), Ea (crosshatched), and kBT
∗

(open) plotted as a function of GNR width. Blue circles correspond to ribbons with
L = 0.5 µm. Red triangles, squares, and stars correspond to ribbons ribbons with
L =1, 1.5, and 2 µm, respectively. The dashed lines are the fits described in the text.
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the blue circles represent ribbons with L = 500 nm, and the red symbols represent

longer ribbons, up to L = 2 µm, as detailed in the figure caption. The longer GNRs

fit the same W dependent trend as the short ribbons, indicating these parameters

have no strong dependence on ribbon length. This suggests that these three energy

scales are 1D intensive properties of GNRs. To show this, we define the normalized

width w = (W −W0)/a0, where a0 = 0.142 nm is the carbon-carbon bond length

and W0 is an offset introduced phenomenologically, in agreement with Chapter Two

and Ref. [31]. Then, we find that all energy scales can be reasonably fit (dotted

lines): ∆m = ∆0
m/w; Ea = E0

a/w; T ∗ = T ∗0 /w with the proportionality parameters

∆0
m = 36.3 eV, E0

a = 3.39 eV, and kBT
∗
0 = 0.347 eV, respectively, with W0 = 12 nm

held fixed for all three fits.

Edge disorder in the GNRs tends to induce wavefunction localization, with a local-

ization length that decreases rapidly with decreasing energy, resulting in a transport

gap with strongly localized states at energies between the mobility edges [58]. The size

of this mobility gap is larger than the clean band gap of an ideal ribbon; Querlioz et.

al. calculate the scaling prefactor ∆0
m ≈ 32.2 eV, averaged over many configurations

of edge disorder [54]. The close match of our data to theoretical prediction supports

the view that atomic defects at the graphene edges create localized states. We point

out, however, that the observed energy scales lie within the range of disorder potential

fluctuation created by the charged impurities in the SiO2 substrate [61], making it

difficult to exclude the contribution of a substrate disorder induced transport gap, as

discussed in a recent experiment on transport in thermally annealed GNRs [66].
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On the other hand, E0
a/∆

0
m ≈ 0.1; that is, the activation energy at higher tem-

peratures is an order of magnitude smaller than ∆m. This observation excludes the

scenario that extended states carry current via thermal activation across the transport

gap. Instead, we interpret the simply activated behavior as a signature of 1D nearest

neighbor hopping (NNH) through localized states within the transport gap [55]. In

this picture, disorder at the edges tends to produce a rapid variation in the local

density of states over the whole width of the ribbon, blocking the conductive paths

and leading to a quasi-1D arrangement of localized states [56]. Martin and Blanter

predict [55] that the energy spacing between nearest neighbor states is determined

by ∼ t′/w, where t′ ≈ 0.2t is the hopping matrix element between second nearest

neighbor carbon atoms in graphene, so that E0
a ∼ 2t′ = 1.2 eV. Our measured value

for this scaling prefactor, 3.39 eV, is somewhat larger than this prediction, which

may be explained by the contribution of a charging energy to the hopping energy Ea,

discussed in more detail in Section 3.3.3.

The change of the transport behavior across the temperature T ∗ allows a further

comparison of our data to theory. In a recent theoretical work, the NNH and VRH

crossover is calculated to occur at T ∗ = Ea/kBα, where α ≈ 8 was estimated numer-

ically [75]. In our experiment, we obtain E0
a/kBT

∗ = 9.8, reasonably consistent with

this theoretical prediction, lending further support to a model of charge transport via

thermally activated hopping between localized states.
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Figure 3.5: Two representative examples of temperature dependent behavior in wide
ribbons with W > 80 nm. Temperature dependence of the minimum conductance for
(a) a 85 nm wide GNR and (b) a 120 nm wide GNR. The solid green curve shows a
fit to variable range hopping behavior G ∼ exp(−(T0/T )γ) with γ = 1/3. The dashed
blue curve shows γ = 1/2.

Wider ribbons show a qualitatively different temperature dependence

The temperature dependent characteristics described above are typical of all mea-

sured GNRs with W . 80 nm. For ribbons with W > 80 nm, we observe a different

temperature dependence, shown in Figure 3.5. In these wider ribbons, high temper-

ature behavior is not simply activated, and we do not see two distinct temperature

regimes at high and low temperatures as we do for narrower ribbons (as in Fig. 3.3(b)).

Rather, the entire range of data can be fit with a variable range hopping model. The

curve fits well with γ = 1/3, although, as above, the exponent can not be reliably

extracted with this range of data, and γ = 1/2 may also fit the data.

Variable range hopping with γ = 1/3 corresponds to 2D Mott variable range

hopping. A value of γ = 1/2 can indicate Mott-1D VRH, and it can also occur

in a 2D system with a soft Coulomb gap in the Efros-Shklovskii VRH model. The
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notable feature here is not the precise exponent, but the fact that wider ribbons show

a distinctly different temperature dependent behavior than narrower ribbons. The

absence of a crossover to NNH behavior for W > 80 nm lends additional insight into

the mechanism for that behavior. In particular, the 1D behavior breaks down above a

certain width, and that this width is significantly greater than the ∼10–20 nm length

scale of charge inhomogeneity observed in bulk graphene [76, 77]. This supports a

model where the observed simply activated behavior corresponds to nearest neighbor

hopping through a 1D arrangement of states induced by ribbon-wide local minima in

the density of states.

We note that, based on the scaling rules above, an 80 nm GNR is expected to have

an Ea corresponding to ∼ 80 K. The absence of simply activated behavior cannot be

attributed to measurement in a range of temperatures too high to resolve Ea.

3.3.2 The gap in bias voltage corresponds to a critical electric field

An alternative approach to probing the GNR transport gap is measurement of the

non-linear transport characteristics [31]. Figure 3.6(a) shows differential conductance,

dI/dVb as a function of both Vg and source-drain bias voltage Vb. Transport through

the GNR at finite Vb shows a strong non-linear I−Vb characteristic when EF is in the

transport gap regime, which is most extreme when Vg is near the charge neutrality

point of the GNR (Figure 3.6(b), black curve). The non-linear gap ∆Vb can be

defined where a steep increase of current appears in logarithmic scale (Figure 3.6,

green curve). Note that this definition of ∆Vb is slightly different from the one used

in the previous chapter. As others have observed [63, 66], the precise definition has
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Figure 3.6: (a) Differential conductance as a function of both Vg and Vb measured in
a GNR with L = 1 µm and W = 31 nm. (b) Current as a function of Vb with Vg
fixed in the off-resonant condition marked by the dotted yellow line in (a). ∆Vb is
highlighted by the dashed red lines.

little affect on the overall scaling behavior.

In our previous study [31], the energy corresponding to e∆Vb was interpreted as

the band gap of the GNR. However, this naive interpretation should be carefully

reconsidered for edge disordered GNRs, where the charge transport is dominated by

hopping through localized states. Indeed, from the plot of ∆Vb vs. W (Figure 3.7(a)),

we notice that ∆Vb depends strongly on L, and is not well determined by W alone,

in contrast to the three characteristic energy scales discussed earlier (∆m, Ea, and

kBT
∗). Since the charge transport in disordered GNRs is diffusive, it is likely that

electric field is driving transport in the transport gap. Indeed, if we convert ∆Vb into

the corresponding critical electric field Ecr = ∆Vb/L, we restore a reasonable scaling

behavior, where Ecr depends only on W and not on L (Figure 3.7(b)).

In disordered systems in which transport is dominated by hopping through lo-

calized states, applied electric field E plays a similar role to temperature. Thus we
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(b) The critical electric field Ecr versus W converted from the data set in (a). (c) Lc
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can treat the electric field as an effective temperature: kBTeff = eELc, where Lc is

the average hopping length between localized states [78]. Noting that the transition

from NNH dominated transport to VRH transport occurs at T ∗, we relate T ∗ to the

transition occurring at Ecr and estimate Lc ≈ kBT
∗/eEcr. For most GNRs in this

experiment we find that W . Lc < 2W , as seen in Fig. 3.7(c). The fact that Lc & W

supports our claim that hopping transport through the ribbons is effectively 1D. We

note that this Lc is distinct from the wavefuction localization length, which should

be smaller than Lc and is expected to be comparable to W [60, 79].

3.3.3 Coulomb charging contributes to Ea

Finally, we discuss the effect of Coulomb charging in GNRs. Several previous works

have discussed the role of Coulomb blockade and charging effects on the transport gap

in GNRs and graphene constrictions [46, 64, 66]. In principle, in a GNR with hopping

between localized states, we expect Coulomb interactions to open a soft Coulomb gap
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near the Fermi surface, which can be incorporated into the total nearest-neighbor

hopping energy Ea in addition to the single particle energy level spacing t′/w, so that

Ea ≈ t′/w + EC , where EC is the Coulomb charging energy. [51, 52, 55].

In order to quantify the contribution of charging energy EC to the hopping en-

ergy Ea, we perform a comparative transport measurement on GNRs with different

gate coupling (Figure 3.1). Figure 3.8 shows the temperature dependent minimum

conductance Gmin(T ) for a back-gated GNR (device I) and dual-gated GNR (device

II) with similar W and L. While device I has the usual capacitive coupling to the

back gate, (i.e., CI ≈ Cg), device II is much closer to the top gate, leading to a larger

capacitance: CII/CI ≈ 4. This ratio was calculated using a finite element method

in COMSOL Multiphysics and is lower than the analogous ratio for bulk graphene

devices. This is because back-gated only ribbons have an enhanced gate capacitance

due to fringing electric fields, which are screened in the dual-gated device, as shown

in Figure 3.9. From the thermally activated Arrhenius behavior in the high tem-

perature regime (dashed lines), we obtain the activation energies of the two devices,

EI
a = 15 meV and EII

a = 8.4 meV averaged over two devices of type I and four of type

II. Considering the reduced charging energy contribution in the dual gated device,

smaller values of the activation energy are indeed expected, if Coulomb effects are

appreciable in the GNR.

Employing the ratio EII
a /E

I
a ≈ 0.55, we now can estimate the charging energy

contribution quantitatively. Assuming that the single particle energy level spacing

t′/w is similar for both GNRs due to their similar dimensions, we obtain EII
a −EII

C =
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dashed red lines are Arrhenius fits in the high temperature regime.

Figure 3.9: A simulated cross-sectional side view of (a) a back-gated device and (b) a
dual-gated device. Electric field lines from the back gate were calculated using finite
element methods in COMSOL Multiphysics.
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EI
a − EI

C = t′/w, where the charging energy ratio of device I and II are given by

EI
C/E

II
C = CII/CI ≈ 4. The resulting estimate for the charging energy contribution,

EI
C/E

I
a ≈ 0.6, indicates that the Coulomb charging effect provides a substantial

portion of the activation energy.

3.4 Conclusions

In this chapter we have studied the transport gap in etched graphene nanoribbons in

detail, and found evidence of hopping transport through localized states inside the

transport gap, with features of both Anderson localization and Coulomb charging

effects. The main results of the chapter follow below.

The gap as measured in gate voltage, ∆m gives the mobility edge, the threshold

energy below which electron wavefunctions are localized, and above which states are

extended along the length of the ribbon. Our measured trend for ∆m(W ) matches

well with predictions for mobility gap size by Querlioz et. al.

Temperature dependent behavior in the transport gap shows variable range hop-

ping behavior at low temperatures and crosses over to simply activated behaviors

at higher temperature in narrow ribbons. The corresponding activation energy is

an order of magnitude lower than the mobility gap, indicating transport by hopping

through nearest neighbor localized states inside the transport gap. The crossover to

NNH at high temperatures, as well as the absence of NNH in ribbons withW > 80 nm,

suggests a segmentation of the local density of states by ribbon-wide local minima in

the LDOS.
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Attempts to measure the gap based on the source-drain bias at the onset of con-

duction in the non-linear regime produce a length-dependent value which is more

meaningful when converted to a critical electric field. This critical electric field for

the onset of conduction in the gap can be related to the transition temperature T ∗

at the onset of NNH to derive a nearest-neighbor hopping length scale Lc. We find

that Lc is usually between one and two times the ribbon width, consistent with the

model for transport by quasi-1D hopping.

Charging energy constitutes a significant portion of the activation energy, but

importantly, it does not account for activation energy in its entirety. Understanding

the transport for energies inside the gap requires consideration of both Anderson-

type localization and single electron charging in localized states. This combination

of a disordered single-particle picture with strong electron-electron interaction is a

non-trivial problem for which no suitable theoretical model is yet available. We note

that GNRs are a well suited platform to study this combination of effects, since

they provide access to both disorder strength (through, for example, annealing, as in

Ref. [66]) and charging energy (through capacitance) as tunable parameters.
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Chapter 4

Graphene devices at high bias

This chapter examines the high bias transport characteristics of graphene nanorib-

bons. So far in this thesis, we have focused mainly on low-bias transport, with the

source-drain bias Vsd in the microvolt or millivolt range. Here we investigate the

transport behavior of devices biased up to a few volts, a regime more relevant for

electronics applications. We first address characteristics of graphene at high bias

which are not specific to graphene nanoribbons, then we address GNRs at high bias

specifically. Much of the work present in this chapter was published in Ref [14],

though here we rely on a different dataset and use slightly different analysis.

4.1 Background: Current saturation in carbon nanotubes

Since graphene and graphene nanoribbons have a similar band structure to carbon

nanotubes, we first review related nanotube experiments.

In a well known experiment, Yao et. al. [80] found that current in metallic single
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wall carbon nanotubes saturates at high electric field. Their result is explained in

terms of zone-boundary optical phonon emission from high energy electrons. At high

electric fields, a steady-state population is developed between right and left moving

charge carriers with a maximum energy difference corresponding to the phonon energy

~Ω = 160 meV, leading to a saturated current of (4e/h)/(~Ω) ≈ 25 µA.

A slightly different behavior was reported in semiconducting single wall carbon

nanotubes by Chen and Fuhrer [81]. In these devices, current does not saturate com-

pletely, and the transport is described by an electric field dependent carrier velocity.

The authors fit their data with a model based on a carrier velocity that saturates to

a constant value at high electric field and a carrier density dependent on the local

potential along the device. They find a saturation velocity of 2 × 107 cm/s in their

device.

4.2 Experiment: Measurement at high source-drain bias

The devices measured in this experiment are back-gated and dual-gated etched graphene

devices made following similar fabrication procedures to those described in Chapters

Two and Three. Graphene devices often fail or change drastically and irreversibly

when the current density per unit width exceeds a threshold of ∼ 2 mA/µm. For

measurements described in this chapter, we operate the device at currents below this

threshold. Current-voltage characteristics at varying gate voltages were measured for

17 ribbon devices with a range of widths and lengths, and three “wide” devices with

W = 200 nm, in order to compare to the behavior of “non-ribbon” devices.
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Figure 4.1: High bias transport data from a ribbon with W=70 nm and L=500 nm
measured at room temperature in vacuum. (a) Current vs. source drain bias at
varying gate voltages Vg, as shown in the legend. (b) Conductance vs. gate voltage
for the same device at a source drain bias of Vsd =200 meV.

4.3 Results and discussion

4.3.1 Saturating behavior fits a velocity saturation model

Figure 4.1 shows a plot of current vs source-drain bias for varying gate voltages in a

back-gated device. We focus here on the curves taken at densities far from the charge

neutrality point, such as the curve singled out in Figure 4.2. Here we see that at

low bias the slope of the curve is constant, and at high bias the curve turns down,

approaching a linear behavior with a reduced slope.

To describe this saturating decrease in conductivity, we propose a model based on

an electric field-dependent carrier velocity vd(E) of the form:

vd(E) =

(
1

µ0E
+

1

vsat

)−1

(4.1)
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Figure 4.2: Current-voltage characteristic for the curve with Vg−VCNP = -30V shown
in Figure 4.1(a). The distinct slopes at low and high Vsd resulting from the saturation
behavior are highlighted with green and red dashed lines, respectively.

where µ0 is the low field mobility and vsat is a phenomenologically introduced satu-

ration velocity. The total current through the device is given by

I = jW = −nevdW (4.2)

We assume that the capacitance to the back gate dominates in determining the charge

density in the channel, so that

ne = Cg (V (x)− (Vg − VCNP)) = Cg(V − V0) (4.3)

where V = V (x) is the potential at position x along the channel, and we have defined
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V0 ≡ Vg − VCNP. Using the relation E = dV/dx, we have

I−1 = − 1

WCg(V − V0)

(
1

µ0dV/dx
+

1

vsat

)
(4.4)

Rearranging terms and integrating gives the current

∫ Vb

0

(
WCgµ0

I
(V0 − V )− µ0

vsat

)
dV =

∫ L

0

dx (4.5)

WCgµ0

I

(
V0Vb −

1

2
V 2
b

)
− µ0Vb

vsat

= L (4.6)

I = WCg(V0 − Vb/2)
µ0Vb/L

1 + µ0Vb/vsatL
(4.7)

In its limiting forms, Eqn. 4.7 for the current qualitatively gives the behavior seen

in Figure 4.2. At low Vb, current is linear in Vb with a conductivity WCgV0µ0/L,

determined by the low field mobility, as expected. At high Vb, current is again linear

in Vb, but now with a conductivity of WCgvsat/2 and an offset determined by the

gate voltage. At low fields, the variation in carrier density is small and the linear

I–V results from the linear form of vd(E) ≈ µ0E in this regime. At high fields, vd

approaches a constant value vsat, and the linear dependence of the carrier concentra-

tion on Vb is responsible for an I–V characteristic approaching linear behavior. Note

this is in contrast to the case of carbon nanotubes, where there are a set number of

conducting channels, so that the current saturates with the drift velocity.

The expression in Eqn. 4.7 for I = I(Vb) was fit to the I–V characteristics in

Figure 4.1; the result is shown in Figure 4.3. For ribbon devices, the geometry is not

well approximated by a parallel plate capacitor, so the gate capacitance was calculated
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Figure 4.3: Fit of the current model in Equation 4.7 to the data in Figure 4.1. The
legend gives the gate voltage for each sweep, dashed lines are fits to each sweep.

numerically.1 The model fits well for curves taken at densities far at high carrier

densities, and begins to break down for curves measured near the charge neutrality

point, as seen in Figure 4.3 for Vg = −10 V. This fit has two free parameters, vsat

and µ0. For this dataset, this model gives µ0 values between 400 and 600 cm2/Vs,

compared to the value of 700 cm2/Vs from low bias sweeps of G–Vg.

The values of vsat obtained from this fit are plotted against Vg in Figure 4.4(a).

In Figure 4.4(b), we plot vsat against the inverse of the Fermi energy

EF = ~vF
√
πCg(Vg − VCNP) (4.8)

Converting Vg to EF involves the value of VCNP, which commonly drifts throughout

measurement due to changes in adsorbed molecules and positions of trapped charges.

1For the device in Figure 4.3, the capacitance was calculated to be 47.5 nF/cm2; the method for
calculating the capacitance will be discussed in more detail in Chapter Five.
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Figure 4.4: Saturation velocity values extracted from the fits in Figure 4.3. (a)
Saturation velocity vsat as a function of the gate voltage Vg. (b) vsat vs the inverse of
the Fermi energy EF . Black circles and red triangles correspond to a conversion of Vg
to EF using VCNP = −15 V and VCNP = −8 V, respectively. Dashed line is a linear
fit to this data.

Here the black circles correspond to conversion of Vg to EF using VCNP = −15 V,

the same value used in Equation 4.3 for the original fit. Red triangles represent a

conversion to EF using VCNP = −8 V so that the a linear fit of vsat vs. E−1
F intersects

the origin.

In order to understand the inverse relationship between vsat and EF , we seek a

physical understanding of the electric field dependent carrier velocity, or drift velocity,

in Equation 4.1. This expression corresponds to scattering by optical phonons, which

would produce an electric field dependent mean free path. By Matthiessen’s rule,

mean free paths add as

1

l
=

1

lsc

+
1

lop

(4.9)

where l is the total mean free path and lsc is the mean free path for elastic impurity

scattering and quasi-elastic acoustic scattering, and lop is the mean free path for
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optical phonon emission. If electrons are immediately scattered upon reaching the

optical phonon energy, so that

lop =
~Ω

eE
(4.10)

where E is the electric field and Ω is the relevant optical phonon frequency, then the

mobility µ is given by

1

µ
=

1

µ0

+
E

vsat

(4.11)

This form of the mobility results in the expression for the drift velocity vd = µE

given in Equation 4.1. For electrons and holes in graphene, which have a constant

carrier velocity of vF , drift velocity can be understood as the time averaged velocity

of carriers when scattering is taken into account.

From the above calculation we see that our phenomenological velocity saturation

model can be understood in terms of a picture where electrons scatter by optical

phonon emission upon reaching the phonon energy ~Ω under the influence of the

applied electric field. With this in mind, we derive an expression for current density

using a different approach, in order to gain insight into our measured values for the

saturation velocity. Current density is given by

~j = −e
∫
d~kDk~v(~k)g(~k) (4.12)

where Dk = 2/(2π)2 is the density of electronic states in k-space, ~v(~k) = vF is

the electron velocity, and g(~k) is the distribution function. In the relaxation time
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approximation, we have

g(~k) = g0(~k)− e ~E · ~v(~k)τ(ε(~k))

(
−∂f
∂ε

)
(4.13)

where g0(~k) is the equilibrium distribution function, τ is the relaxation time, and f is

the Fermi-Dirac distribution function. For a device with its length in the x direction,

we seek ~j = jx̂, so we consider only ~E = Ex̂, and

~E · ~v(~k) = EvF cos θ (4.14)

where θ is the angle between d~k and ~E. We assume that electrons are immediately

scattered upon reaching the energy threshold for phonon emission, giving

τ =
~Ω

eEvF
(4.15)

So that for Eqn. 4.12 we have

j = e

∫
dk

π2
vF cos2 θ~Ω

(
−∂f
∂ε

) ∣∣∣
ε=~vF k

(4.16)

In polar coordinates

j = e

∫ ∞
0

dk

π2

∫ 2π

0

dθvF cos2 θ~Ωδ(~vFk − EF )

=
e

π
Ω
EF
~vF

(4.17)



CHAPTER 4. GRAPHENE DEVICES AT HIGH BIAS 79

At high fields, we assume j = nevsat and use EF = ~vF
√
πn to obtain

vsat

vF
=

~Ω

EF
(4.18)

Using this expression with vF = 108 cm/s [10, 11], we obtain a value of ~Ω = 62.0 meV

from the linear fit (dashed line) in Figure 4.4(b). This is well below the value of the

longitudinal zone-boundary phonon for graphene, which has ~Ω = 200 meV [43]. We

suggest that our measured phonon energy corresponds to the SiO2 surface phonon

energy ~Ω = 55 meV [82–84], although we note that values measured in other ribbon

devices of different geometries vary widely (from ≈ 22 meV to ≈ 120 meV), possibly

due to discrepancies in determining the relevant device geometry, the corresponding

capacitance, and the position of the charge neutrality point.

4.3.2 Top-gated graphene devices show an enhanced current saturation

effect

In dual-gated devices, we observe a velocity saturation behavior similar to that the

back-gated device behavior described above. However, we also see an enhanced

current saturation at certain gate voltage combinations, as first reported in Refer-

ence [14]. Figure 4.5 shows current-voltage characteristics and corresponding conductance-

gate voltage sweeps for a dual-gated device with W = 35 nm and L = 2 µm. At

combinations of Vbg and Vtg near the charge neutrality point, we see a “kink” in the

I–V curve, where the current first begins to flatten out, then turns upwards again.

Figure 4.6 highlights this behavior in one I–V curve from the same device. This effect
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is specific to top-gated devices, where the strong capacitive coupling allows the bias

voltage to dominate the carrier density in the channel.

The “kink” effect in graphene is similar to pinch-off in traditional MOSFETs,

where a strong bias voltage pulls the quasi-Fermi level at one end of the channel into

the charge-depleted bandgap. In graphene, where there is no bandgap, this results

in a transition within the channel from one carrier type (electrons or holes) to the

other. In a device that is n-type, as in Figure 4.6(c)(I), a positive source-drain voltage

(applied to the source) depletes the electron density in the channel near the source

(II). At sufficiently strong positive bias voltage, the bias voltage begins to pull holes

into the channel, so a region of the channel is at charge neutrality and contributes

a large resistance (III). As bias is further increased, hole density at the source also

increases, so conductivity increases again (IV). In Reference [14] we showed that wide

plateaus in current could be achieved when this “kink” effect is made to coincide with

velocity saturation.

4.3.3 Heating effects can overcome transport gap at high bias

The results discussed so far in this chapter come from graphene nanoribbons measured

at high bias, but the key features of the data, saturation velocity at strong electric

fields and the “kink” effect in the current for top-gated devices, are also seen in wide

graphene devices [14]. This leads to the question, how are nanoribbons different

from wide, non-ribbon devices when operated at high bias? Here we present the

preliminary results of a comparison between dual-gated ribbons and wide devices and

so far find no major differences in their performance. This result is only preliminary
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Figure 4.5: Current-voltage characteristics for a dual-gated device with W=35 nm
and L=2 µm measured at room temperature in vacuum. (a) I–Vsd at constant Vbg = -
40 V and varying Vtg. Select curves are shown in color and have Vtg values as noted in
the legend, the black curves fall between these curves at 0.5 V increments. (b) G-Vtg

at varying Vbg values, as noted on each curve, measured with Vsd = 1 meV. Colored
dots correspond to the gate voltage positions where the colored curves in Figure (a)
were measured.

because the widths of the GNRs in this experiment are not well specified within the

range of W ≈ 20–60 nm. Recall from Chapter Three that in dual-gated devices,

the widths of nanoribbons lying underneath the dielectric and metal layers cannot

be accurately measured. Estimates of the width can be made based on the expected

width dependence of the low-temperature transport characteristics ∆m and ∆Vb from

the analysis in Chapter Three. From these comparisons, it is estimated that the

ribbons used in this experiment have W ≈ 50 nm. Ribbons of this width are narrow

enough to behave distinctly from “wide” (W & 100 nm) devices at low temperatures

and low bias, but as we shall see below, they may not be narrow enough show a

difference in transport characteristics at high bias. Ribbons as narrow as W ≈ 15–

20 nm are achievable by our fabrication methods, so measurements of narrower devices



CHAPTER 4. GRAPHENE DEVICES AT HIGH BIAS 82

-5 -4 -3 -2 -1 0
0

4

8

12 Vbg = -40 V

G
 (

μ
S

)

Vtg (V)

0 1 2 3
0

2

4

6

I

III
II

IV

Vbg = -40 V

Vtg = -4.3 V

I 
(μ

A
)

Vsd (V)

I

II

III

IV

(a)

(b)

(c)

S D

x

E

S
D

S

D

S

D

V

Figure 4.6: (a) An I–Vsd curve for the device in Figure 4.5, highlighting the current
saturation “kink” behavior. (b) G-Vtg for the same device; the red “x” highlights the
low bias (Vsd = 1 meV) conditions corresponding to the curve in (a). (c) Cartoon
schematic of the Fermi level in the channel for each condition (I–IV) marked in (a).
Dirac cones with different Fermi levels along the length of the channel result from
carrier density variation along the channel under the influence of a strong Vsd.
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with larger transport gaps may still reveal distinct device behavior.

In comparing gapped graphene nanoribbons to wide graphene with no gap, there

are several differences we may expect to see. First, since graphene nanoribbons have

a strongly suppressed current at energies inside the gap, we may see an increased

transconductance. Also, we could see larger and more fully saturated current in the

“kink” region, as the presence of a gap causes the “kink” to more closely resemble

pinch-off in a traditional MOSFET. We may also see the effects of edge roughness.

In narrow ribbons where edge roughness constitutes a significant portion of the total

ribbon width, this could lead to a decrease in maximum current carrying capabilities,

or cause the devices to degrade more quickly.

Figure 4.7 shows I–V characteristics for graphene devices taken at two different

temperatures, 77 K and 300 K. The I–V curves do not change significantly between

the two temperatures. Since we expect to see thermal effects in the conductivity even

away from the charge neutrality point, this suggests that the effective temperature

in the device is similar at both 77 K and 300 K, in other words, other heating in the

system dominates over the ambient temperature up to 300 K.

As a straightforward method to directly compare ribbon devices with wide devices,

we compare the scaled current density per width j = I/W for two devices, a ribbon

device with width W ≈ 50 nm and a wide device with W = 200 nm, both with length

L = 500 nm, shown in Figure 4.8. Here we can see that in the ribbon device, there

is no difference in the size or shape of the kink behavior (Figure 4.8(b)), and only a

minor difference in transconductance. From this data we see that a ∼ 50 nm wide
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Figure 4.7: I–Vsd characteristics at constant Vbg = 0 with Vtg varying from 0 to -8 V,
measured at T=77 K and T=300 K for (a) a ribbon device (W ≈ 50 nm) and (b) a
wide graphene device (W = 200 nm). Both devices have L = 500 nm

graphene nanoribbon shows no major differences in behavior from a wide device when

operated at high bias.

To understand the similarity in behavior between 50 nm and 200 nm wide devices,

we compare the gap size of the ribbon device with the relevant thermal effects in the

system; if the available thermal energy in the system is larger than the gap, the effect

of the gap will be washed out by thermally activated charge carriers. In Chapter

Three we found that there are three different ways to measure the size of the gap:

∆m, from the gate voltage, ∆Vb, from the bias voltage, and Ea, from the activation

energy for nearest neighbor hopping. Here we are concerned with current flow at high

bias, so ∆Vb is the most relevant of these scales for distinguishing the on and off states

of the device, though Ea will determine the leakage current in the off state. For the

500 nm long devices studied here, these values are similar. Since ∆Vb has a strong

length dependence, if we wish to increase ∆Vb we can increase the device length L,



CHAPTER 4. GRAPHENE DEVICES AT HIGH BIAS 85

j 
(m

A
/μ

m
)

Vsd (V)

(a) (b)

j 
(m

A
/μ

m
)

Vsd (V)

0 1 2
0.0

0.2

0.4

Ribbon

Wide

0 1 2 3
0.0

0.5

1.0

1.5 Ribbon

Wide

Figure 4.8: (a) Current density j = I/W at high Vsd at constant Vbg and varying Vtg

for the two devices in Figure 4.7. (b) Same data as in (a), enlarged to show behavior
near in the region of the “kink”.

with the trade-off of an increased the resistance and therefore a decreased current.

We consider two heating effects in this experiment. First, we compare the size of

the gap with the thermal energy at room temperature, kBT ≈ 26 meV. Figure 4.9

shows how the relevant gap sizes (from the data in Chapter Three) compare with the

room temperature thermal energy. We see that ∆Vb can be easily made greater than

26 meV by decreasing the ribbon width to below 30 nm or increasing ribbon length.

However, only the narrowest ribbons shown here have a large enough Ea; narrower

ribbons would be needed to ensure a low thermally activated leakage current.

If heating effects raise the device temperature above room temperature, then

heating effects will be more relevant than ambient temperature effects. Several re-

cent works [85–87] address the topic of heating in graphene at high bias. From the

ribbon device data in Figure 4.7(a), we can expect to see dissipated electrical power
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Figure 4.9: Measures of gap size vs width from the data in Chapter Three, with the
room temperature thermal energy 26 meV highlighted with the dashed line.

P = IV of up to ≈ 350 kW/cm2, though power dissipation may be lower in the op-

timal operating regime for device applications. From the results in Reference [87] for

temperature vs. power per area, this power dissipation corresponds to a temperature

of 1350 K, or a thermal energy of 116 meV. From this it is clear that the thermal

energy from heating greatly exceeds that from the ambient temperature, but this

result was from a back-gated device. In a dual-gated device geometry, the top-gate

dielectric and electrode may act as a heat sink and decrease the effect of heating.

In Figure 4.10, we model the heat sinking effects of a gate dielectric and top gate

on a hot ribbon. This was done in the COMSOL Multiphysics finite element modeling

package by assigning a heat flux to the ribbon such that maximum temperature in a

back-gated device is ∼ 1100 K, shown in Figure 4.10(a). The graphene ribbon and

graphene leads were assigned a thermal conductivity of 5000 K [15] and a thickness

of 3.4 Å; heat dissipation was also allowed through the 285 nm SiO2 layer to the
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Si substrate below. In Figure 4.10(b), a 30 nm SiO2 gate dielectric and a 30 nm

gold top gate are added to the same model, again allowing heat dissipation into

the gate dielectric and the top gate. Here, SiO2 was used in place of HSQ because

they are expected to have similar material properties. In this model, the maximum

temperature is decreased to 825 K. If the top gate thickness is increased to 100 nm to

allow for more heat sinking, the temperature decreases only slightly more, to 812 K.

The gate dielectric actually used in the experiment consists of HSQ/HfO2 with

thicknesses of 15/15 nm. Hafnium dioxide has a much higher thermal conductivity

than silicon dioxide (23 W/m ·K for HfO2 versus 1.4 W/m ·K for SiO2). When the

model is changed to include the proper layer thicknesses of each dielectric, the maxi-

mum nanoribbon temperature decreases to 680 K, which corresponds to an energy of

59 meV. This is the behavior we can expect to see in the actual device measured in

Figures 4.7 and 4.8. From Figure 4.9 it is clear that Ea and ∆Vb are both far below

this energy, so thermally activated carriers easily wash away any gap-related effects

we might have seen in the transport at high bias.

Heat sinking could be greatly improved by removing the HSQ, such as by an

hydrofluoric acid etch, and depositing ≈ 15 nm of hafnia only as the dielectric. In this

geometry, the dielectric would be thinner and more thermally conductive, allowing for

more efficient heat dissipation to the metal top gate. For the same heating conditions,

this device construction would result in a maximum nanoribbon temperature of 460 K.

The corresponding energy, 40 meV, is a gap size easily achievable by our nanoribbon

fabrication methods. We note that from the results in Chapter Three, the addition
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Figure 4.10: Thermal modeling of (a) back-gated and (b) dual-gated graphene
nanoribbon devices. Top row is a full 3D view of each device (on a 3 µm by 4 µm rect-
angle), bottom row is a cross-sectional slice taken midway across the ribbon (showing
the oxide thickness of 285 nm), colorbar is the same for all plots.

of a top gate tends to decrease Ea, but as the top-gated geometry provides very good

heat sinking, and top gates will ultimately be needed for optimized device design,

we see this as the best route for development of a graphene nanoribbon device that

retains its gapped behavior at high bias.

4.4 Conclusions

In this chapter we have observed a saturating I–V characteristic in graphene devices

operated at high source-drain bias, and described the behavior using a model where

surface phonon emission results in a carrier velocity that saturates to a Fermi energy

dependent value at high applied electric field. We showed that for top-gated graphene

devices have an enhanced current saturation effect at certain gate voltage combina-

tions. This effect results from the introduction of the charge neutrality point into the
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channel, and is similar to pinch-off in MOSFET devices. We see that heating effects

in graphene at high bias are significant, and very narrow ribbons with a strongly heat

sinking device design are required to produce a device where confinement-induced

gap effects dominate over the effects of heating.
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Chapter 5

Chemical edge functionalization of

graphene nanoribbons

This chapter addresses a major hurdle in the use of etched graphene nanoribbons in

semiconductor applications, and begins to explore one possible solution. Specifically,

this chapter will discuss the use of chemical functionalization of the etched graphene

edges as first step in controlling edge disorder in GNRs with the goal of improving

GNR electronic properties.

5.1 Motivation and Background: Control of etched graphene

edges is essential for applications

The on/off ratio in etched GNRs is so far too low to allow for their use in digital

transistor applications. The on/off ratio, Ion/Ioff , describes the ratio between the

current in the “on” state of the device (Ion), at energies far from the gap, to the current
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in the “off” state of the device (Ioff ), at energies inside the gap. In etched graphene

nanoribbons, this quantity is typically on the order of 102 at low temperatures and

101 at room temperature, whereas for digital transistor applications, a larger on/off

ratio is needed.

The low on/off ratio in GNRs is due to the high off current Ioff through localized

states at energies inside the transport gap, and will persist as long as those localized

states are present in GNRs. For an idea of how to decrease the formation of localized

states in the gap, we turn to the results in Chapter Three or Ref. [47]. These studies

showed that disorder at the etched graphene edges is likely to play a major role in the

localization of states at low energies. Control over the edges could ultimately allow

us to produce GNRs with fewer localized states and, consequently, a lower off-current

and higher on/off ratio. As a first step towards controlling the ribbon edges, we seek

a selective, covalent, chemical functionalization of the etched graphene edges.

In addition to a process that is covalent and selective to the edges, we would like

our edge functionalization process to be compatible with large-scale fabrication. Since

graphene’s compatibility with lithographic processes was a major draw to graphene-

based electronics, we would like an edge-processing step that maintains this advan-

tage.

A few approaches so far in the literature attempt to gain control over graphene

edges. Li et. al. [88] have developed a method for creating ribbons in solution through

chemical exfoliation. After they are deposited onto a substrate, the ribbons have good

electronic properties including a very high on/off ratio of 107 at room temperature.
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The very low off current suggests that the ribbon edges may be structurally very clean

compared to etched ribbons, but no conclusive evidence (e.g., transmission electron

microscope images) has so far been published. Jia et. al. [89] have demonstrated that

Joule heating can lead to a rearrangement and vaporization of carbon atoms resulting

in sharp zigzag or armchair edges. An approach by Campos et. al. [90], following an

early demonstration by Datta et. al. [91] uses thermally activated metal nanoparticles

to etch graphene preferentially along the zigzag direction, though isolated nanorib-

bon devices have not yet been produced. Other locally controlled etching methods

by scanning tunneling microscope lithography [92] and local anodic oxidation lithog-

raphy [93] have also been reported.

All of these methods take the approach of controlling ribbon edge structure di-

rectly during fabrication. It is possible to imagine a fabrication process with a Joule

heating step that could be somewhat compatible with planar fabrication; combining

other fabrication processes with large scale fabrication is likely to be more challeng-

ing. We envision a chemical modification process that could be applied en masse to

already etched ribbons on a wafer scale. To date, no such process has been demon-

strated.

5.2 Experiment: Chemical functionalization of graphene edges

The goal of this experiment is to make covalent, chemical modifications that are

selective to etched graphene edges. Additionally, we would like to show that after

this initial chemical modification, we can perform additional chemistry on the newly
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added end groups.

We quantify the effectiveness of the chemical functionalization by measuring changes

in the position of the charge neutrality point (CNP), which reflects the charge doping

level in the graphene. In order to determine the edge-selectivity of the process, we

will perform the functionalization on ribbons of varying width, and look for a width

dependent response. If the process is selective to the edges, we expect to observe an

enhanced effect on narrower ribbons, which have a larger number of edge sites relative

to basal plane sites.

The basic structure of the experiment is as follows. First we fabricate a set of back-

gated GNRs with constant length and varying width using the methods described in

Chapter Two. Then we measure conductance as a function of gate voltage, and find

the position of the charge neutrality point in each ribbon. Once the initial CNP has

been determined, we subject the devices to a series of chemical treatments. After

each treatment, we repeat the CNP position measurement to measure the change in

doping from each treatment.

Our main data point at each stage is the position of the charge neutrality point,

which reflects doping due to chemical functionalization, but is also sensitive to phys-

ical adsorption of molecules. In order to focus on the effects from covalent chemistry,

it is necessary to minimize this incidental charge doping. For this reason, the mea-

surements are done in a vacuum probe station, and a thermal anneal step (1 hour at

110C in vacuum) is used at each stage to drive off physiosorped charge dopants. In
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some cases, the CNP was measured both before and after the anneal step for compar-

ison. In general, the CNP was moved to a lower voltage after annealing, suggesting

a desorption of p-type dopants (such as oxygen) during the anneal.

We study chemical treatment with diaminopropane, which is expected to donate

electrons and thus act as a n-type dopant, followed by methylation with methyl iodide,

which is expected to partially reverse the n-doping. The diaminopropane treatment

was done with a solution of 1,3-diaminopropane (1.99 g) in a solvent of pyridine (17.3

g) with 1-ethyl-3-(3-dimethylaminopropyl carbodiimide(EDCI)) (0.325 g). Graphene

ribbon devices (complete with electrodes) were soaked in this solution for 24–48 hours,

followed by a 24 hour rinse in pyridine or acetone. Methylation was done by soaking

the devices in a 3:1 solution of acetone:methyl iodide for 12 hours, followed by a

rinse in acetone and a 24 hour soak in isopropyl alcohol or deionized water. Control

experiments were done with pyridine only and with pyridine and EDCI only.

5.3 Modeling: Accurate capacitance estimates are needed to

find the expected CNP shift from doping

The gate voltage at the minimum conductance point corresponds to the charge density

required to modulate the Fermi level to the charge neutrality point through

VCNP =
Q

Cg
=
ne

Cg
(5.1)
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where VCNP is the gate voltage at the charge neutrality point, Q is the total induced

charge, n is the number of charge carriers (electrons or holes) per area, e is the electron

charge, and Cg is the geometrical gate capacitance per area associated with adding

charge to the device. For a given device, the position of the charge neutrality point

moves in proportion to the charge density of the device.

We are interested in the charge density contributed to the device though dopants

acting only on the edges. We use E to represent the number of charges donated

from edge sites per length of the ribbon (including both edges), so that density of

charges per area is E/W , or, if we take E and W to have units of charge/nm and

nm, respectively, then

n =
E × 1014

W
(5.2)

where n has units of cm−2. The analogous relation for doping in the basal plane has

a more straightforward form, n = P , where P is the number of charges donated per

unit area and has units of cm−2. Thus charge density from edge doping has a width

dependence that distinguishes it from plane doping.

The relation between width and CNP position is complicated by a width depen-

dent geometric capacitance. The graphene nanoribbons studied here have widths as

small as 20 nm, and are separated from the silicon backgate by 285 nm of silicon diox-

ide, so the geometry is very different from a parallel plate capacitor. Fringing electric

field lines from the back gate to the ribbon device result in a more strongly enhanced

capacitance for narrower ribbons, as shown in Figure 5.1. The width dependence of

the capacitance has the effect of reducing the width dependence of the CNP shift
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Figure 5.1: Electric field line simulations, calculated by finite element modeling with
the COMSOL Multiphysics electrostatics package. Color bar represents electric po-
tential in volts (a) Complete view of electric field lines in the device model to show
the geometry of the graphene device, with a 40 nm wide ribbon connected to 1 µm
wide graphene leads on 285 nm of SiO2. Extra lines in device geometry have been
added to define increased grid density near the graphene. (b) Cross-sectional side
view showing fringing electric fields converging on the narrow ribbon.

from edge doping. While edge doping has a stronger effect on the CNP for narrow

ribbons, the increased capacitance in narrow ribbons means that more charge density

is needed to produce a certain shift in voltage. This will make the width dependent

CNP shift due to edge doping more difficult to detect, but as we will see below, it

aids us in separating the effects of plane doping from those of edge doping.

To determine the geometric capacitance of GNR devices with varying widths, we

used the COMSOL Multiphysics software to carry out finite element method (FEM)

calculations. Capacitance for a given device geometry was determined by setting the

device voltage to 1 V, the backgate voltage to 0 V, and calculating the resulting

charge density accumulated on the ribbon, shown as a color plot in Figure 5.2(a).

This gives a correction factor to the capacitance S(W ) = Cr/Cp, where Cr is the

ribbon capacitance found through the FEM calculation and Cp is the parallel plate
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Figure 5.2: (a) Surface charge density on graphene device and SiO2 surface, from
FEM model. Note the increased charge density on the ribbon (W=40 nm, L=500 nm
as compared to the 1 µm wide “graphene leads”. Color bar represents surface change
in mC/m2(b) Correction factor S(W ) = Cribbon/Cparallel plate. Black circles are FEM
model results, red curve is a fit to the model results.

capacitance for the same dielectric. This process for determining S(W ) was carried

out for ribbons of several different widths, and then extrapolated to an empirical rule

for ribbons of any width. The scaling factor,

S(W ) = 1 +
1

.067 + .0037W
(5.3)

was designed to go to 1 for large W by fitting the FEM results to S(W ) = 1 + 1/(a+

bW ). This rule holds only for ribbons with L = 0.5 µm. It can be modified by

another multiplicative scaling factor to account for the (small) change in capacitance

resulting from variations in ribbon length.

The width dependent capacitance and the carrier concentrations due to doping

can be folded into Equation 5.1 to obtain expressions for the shift in CNP from either
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edge or plane doping in ribbons of varying width.

∆V edge
CNP =

(E × 1014/W )e

Cp(1 + 1
.067+.0037W

)
(5.4)

∆V plane
CNP =

Pe

Cp(1 + 1
.067+.0037W

)
(5.5)

where we use Cp = 11.5 nF/cm2 for the parallel plate capacitance on our substrates.

If E or P are negative, then a positive charge must be induced to bring the Fermi

level to the charge neutrality point, and ∆VCNP is negative. The expected CNP

shifts for varying levels of edge and plane doping are plotted versus ribbon width in

Figure 5.3. We see that edge doping still produces a width dependent effect, with

larger CNP shifts for narrower ribbons, and that the CNP shift from plane doping is

also dependent on width, with smaller CNP shifts for narrower ribbons.

Ultimately, the width dependent GNR capacitance makes it easier to detect edge-

specific doping in GNRs using the width dependence of the CNP shift. The width

dependent Cg works to muffle the CNP shift width dependence for edge-specific dop-

ing, but it also introduces an opposite width dependence to the CNP shift from plane

specific doping. This serves to distinguish edge and plane site doping effects and aids

in our goal of detecting charge donation from edge-specific dopants.
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Figure 5.3: Expected charge neutrality point shift as a function of ribbon width for
different values of edge and plane doping. (a) Edge doping E is measured in number
of charges per nanometer. (b) Plane doping P in number of charges per square
centimeter.

5.4 Results and Discussion: CNP shift implies diaminopropane

donates charge at graphene edge sites

The results from one set of devices is shown in Figure 5.4. Figure 5.4(a) shows

conductance vs. gate voltage sweeps for one ribbon in the set at each stage of the

experiment, including before and after each anneal step. Note that although in this

analysis we are only extracting the position of the CNP, more information might

be obtained by considering other aspects of this same data, such as the field-effect

mobility, or the degree of electron-hole symmetry.

In Figure 5.4(b), the position of the CNP is plotted at each experimental stage

for each device in the set as a function of ribbon width. In general, the devices are

p-type as fabricated, the CNP is brought close to zero during the first annealing step

as p-type dopants are driven off, and after subsequent chemical treatments the devices
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are, n-type. In Figure 5.4(c), we focus in on two key steps of the experiment: the

annealed diaminopropane treated devices, and the annealed methylated devices. In

this panel, we plot the shift in CNP relative to the CNP of the same device at the

pristine annealed stage, which for most devices was close to zero.

In Figure 5.4(c), the CNP shift for the diaminopropane treatment (black) has a

suggestive width dependence. In Figures 5.5(a–c), we focus on fitting this dataset to

edge or plane doping. Figure 5.5(a) shows a fit to plane doping only, using equation 5.5

with P as a fitting parameter. Clearly doping in the plane only does not account for

the CNP shifts in the data. Figure 5.5(b) shows the data fit to edge doping only, using

Equation 5.4 with E as the free parameter. This describes the data quite well. For

an even better fit, we fit the data a sum of both expressions, with two free parameters

P and E. This results in a curve that fits the data very well, with a large amount of

edge doping and a smaller amount of additional plane doping. In Figure 5.5(d), we

fit the data from the methylation step to the same two-parameter fitting curve, and

find that this data can be roughly described by a model where the edge doping is

greatly reduced from its value after the diaminopropane step, and the plane doping

is somewhat increased.

The quality of the fits to edge doping for the CNP shifts after diaminopropane

treatment suggest that charge donation in the device is occurring from edge selective

chemical functionalization. The improved quality of the fit when plane doping is

included could mean that either diaminopropane or another molecule is attaching

covalently on the plane, perhaps at defect sites, or adsorping with a binding energy
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Figure 5.4: (a) Typical charge neutrality point shift corresponding to the annealing
and chemical treatment steps. Data shown is for a 70nm wide ribbon. (b) Charge
neutrality point for ribbons of different widths after each treatment. (c) Charge
neutrality point shift relative to annealed sample before chemical treatment.
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Figure 5.5: Different fits of edge and plane doping levels to the same data set. In all
cases, E is edge doping in charge/nm and P is plane doping in 1012 charge/nm2.

too high to be removed by our annealing step. The results for the methyl iodide

step are less conclusive, partially due to the large amount of scatter in the data, but

the generally positive shift in the charge neutrality point would be consistent with

methylation of the diaminopropane.

It should be noted that although edge doping fits well to the data, the amount

of edge doping found from the fit is unexpectedly high. The fit in Figure 5.5(c)

predicts E = 7.6/nm. For context, a zigzag-edge GNR with one charge donated for

every single edge site corresponds to E = 16.2/nm. Even if a molecule bonds to
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every exposed edge site, we do not necessarily expect each molecule to donate one

full charge; it may only donate a fraction of a charge. The value for E predicted

by the fit corresponds to a large fraction of edge sites functionalized with molecules

donating a large amount of charge. Alternatively, the ribbon edges could be so so

rough that there are many more edge sites per length of ribbon than in a ribbon with

clean edges.

5.5 Conclusions and avenues for future work

In this chapter we have presented evidence that treatment of etched graphene nanorib-

bons with diaminopropane results in charge doping from covalent chemical functional-

ization that is selective to the graphene edges. We also showed that further treatment

with methyl iodide may partially reverse the edge doping effect, suggesting methyla-

tion of the attached diaminopropane.

A different experimental design could be used to more simply and clearly prove

that a treatment is covalent and selective to the edges. One possibility is to abandon

the ribbon geometry of the graphene device, and instead etch the graphene into

quantum dots. This would allow direct measurement of the device capacitance, and

also result in devices with more edge sites per area. However, detecting chemical

functionalization would still rely mainly on the position of the CNP, and thus it

would still be heavily dependent on many other environmental factors. A more robust

method of probing for edge functionalization would be one that made use of on other

techniques, such as imaging, rather than transport. One idea, currently being pursued
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by members of the Kim group and the Brus group at Columbia, is to attach molecules

that can be detected with florescence microscopy or atomic force microscopy. Using

imaging techniques rather than transport would give direct feedback as to the quantity

and location of functionalized sites.
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