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Graphene—two-dimensional carbon—is a material with unique mechanical, optical, chemical, and

electronic properties. Its use in a wide range of applications was therefore suggested. From an

electronic point of view, nanostructured graphene is of great interest due to the potential opening of

a band gap, applications in quantum devices, and investigations of physical phenomena. Narrow

graphene stripes called “nanoribbons” show clearly different electronical transport properties than

micron-sized graphene devices. The conductivity is generally reduced and around the charge

neutrality point, the conductance is nearly completely suppressed. While various mechanisms can

lead to this observed suppression of conductance, disordered edges resulting in localized charge

carriers are likely the main cause in a large number of experiments. Localized charge carriers

manifest themselves in transport experiments by the appearance of Coulomb blockade diamonds.

This review focuses on the mechanisms responsible for this charge localization, on interpreting the

transport details, and on discussing the consequences for physics and applications. Effects such as

multiple coupled sites of localized charge, cotunneling processes, and excited states are discussed.

Also, different geometries of quantum devices are compared. Finally, an outlook is provided, where

open questions are addressed. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926448]
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I. INTRODUCTION

A. Two-dimensional carbon

Graphene—currently the thinnest existing material—

consists of a single layer of carbon atoms. Each carbon atom

is covalently bonded to its three nearest neighbors, thereby

forming a honeycomb crystal structure. Graphene can there-

fore be considered as a truly two-dimensional crystal. The

name “graphene” originates from graphite, which itself con-

sists of a thick stack of individual graphene layers, bonded to

each other by van-der-Waals forces. Graphene is also closely

related to carbon nanotubes, which can be thought of as

rolled-up graphene sheets, as well as diamond, which is

covalently bonded carbon in three dimensions.

As graphene is part of this family of famous and techno-

logically relevant carbon materials, it is rather surprising that

the first experiments date back to only 2004.1 While thin

layers of covalently (sp2) bonded carbon were produced

much earlier,2,3 the fast expansion of the research field after

the experiment in 2004 can be attributed to the ease with

which high quality graphene was obtained and characterized.

Graphene is also a material of many superlatives. Owing

to the covalent carbon-carbon bond, it is among the strongest

and most stretchable materials investigated so far.4,5 It is

chemically quite inert and has, at the same time, a huge sur-

face to volume ratio which makes it sensitive enough to

detect single adsorbed molecules.6 Furthermore, graphene is

optically nearly transparent,7 is one of the best conductors

of heat,8 and supports the highest ever measured current

densities at room temperature.9

B. Electrons in graphene are special

As graphene is the basic building block for graphite,

which itself is the key component of various applications

including nuclear reactors, it was theoretically heavily stud-

ied since the late 1940s.10 The crystal lattice is built from a

basis of two carbon atoms that are arranged in space to form

a hexagonal lattice. The band structure also possesses this

two-fold degeneracy manifesting itself in the K and K’

points in the Brillouin zone where bands cross each other.

For undoped graphene, the Fermi energy is located at the

crossing points of the bands. Graphene is therefore a semi-

metal or zero band gap semiconductor. In a perfect crystal,

the bands at K and K’ are indistinguishable and are often

described with the term “valley degeneracy.” In contrast to

most of the other materials used in electronics which exhibit

parabolic electronic bands, graphene exhibits a linear E(k)

relation at low energies as schematically depicted in Fig. 1.

Most of the properties of graphene originate from this special

crystal and band structure. As there are a number of excellent

theoretical reviews11–13 about graphene, only a few key

concepts important for graphene nanodevices will be dis-

cussed here.

Due to the special band structure, electrons and holes in

graphene exhibit in theory the same properties with excep-

tion of having the opposite charge. Also, as a result of the

band structure, a phenomenon called “Klein tunneling”14,15

occurs in graphene: electrons (and holes) have a low back-

scattering probability when crossing from an n-doped to a

p-doped region. This is in stark contrast to most other materi-

als and results in long electronic mean free paths even at

elevated temperatures.16

Owing to its special electronic properties, graphene was

suggested for multiple electronic applications. However, not

all of the superlatives are intrinsically favorable for elec-

tronic devices. Because of the large surface, graphene is

extremely sensitive to its environment. In order to fabricate

devices with high quality, contaminations and the substrate

need to be considered carefully.

Another issue for electronics is that most of the designs

for modern electronics require a semiconductor with a suffi-

ciently large band gap. Many of graphene’s special elec-

tronic properties, however, rely on the linear band structure

having no band gap. For traditional field effect transistor

designs, for example, this results in very low on-off ratios

and renders the devices not useful for digital applications.17

The problem is less severe for high frequency transistors.18

One way to circumvent the problem of the zero band gap is

to alter graphene such that a band gap opens. This can be

achieved by chemical functionalization with, for example,

hydrogen19 or fluorine.20 Alternatively, a band gap can be

opened by applying a perpendicular electric field to bilayer

FIG. 1. Schematic of the low energy part of the graphene band structure.

Marked in light blue is the Brillouin zone, Dirac cones at K are colored yel-

low, and Dirac cones at K’ are colored blue.
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graphene.21 A more promising route is however to use novel

device designs that benefit from the properties of graphene

rather than trying to correct them. Examples for such devices

are tunneling transistors.22,23

C. Graphene nanostructure quantum devices

Another route for changing graphene such that it obtains a

band gap is to cut it into narrow stripes24 called “nanoribbons”

or “nanoconstrictions.” Such a device is shown in Fig. 2. This

approach of fabricating narrow devices is further interesting as

digital electronics generally profit from smaller device sizes.

Graphene nanostructures are also intriguing from a

quantum physics point of view: graphene quantum dots (see

Fig. 3) were early on suggested as ideal devices for quantum

computing as long spin coherence times are expected.25–27

The principle reasoning is simple: spin-orbit interactions28 as

well as hyperfine interactions (nearly 99% of all carbon

atoms are of the C-12 isotope type and have no nuclear spin)

are expected to be low. These two effects were found to

strongly limit spin lifetimes in GaAs quantum dots.29,30

There are some indications that imperfections in graphene

might lead to a significantly lower spin lifetime,31 but this

problem can, in principle, be solved by fabricating devices

of better quality.

Other suggested and experimentally realized quantum

devices are ring shaped structures used to investigate elec-

tron interference.32–37 There are many theoretical proposals

for quantum devices such as, for example, spin valves38 or

quantum spin Hall devices.39 The experimental realization of

most of these suggested devices is, however, not yet possible

as they rely on special structures with atomic precision.

When comparing the conductivity of micron sized gra-

phene devices with nanoribbons, two striking differences are

typically observed: the conductivity of the wide device is

significantly higher and a region in gate voltage (carrier den-

sity) of strongly suppressed conductivity is visible in the

nanoribbon device close to the charge neutrality point. Such

a comparison is shown in Fig. 4. Two effects might start to

play a role for narrow devices: quantum confinement

(“particle in a box”) and edges. Along similar lines, the ques-

tion appears at which dimensions the bulk graphene proper-

ties (linear band structure, Klein tunneling, linear density of

states in energy, etc.) disappear in nanostructures.

Many open questions also exist for graphene quantum

dots. For quantum dots in other material systems, a number

of phenomena were observed such as spin blockade,29

Kondo effect in quantum dots,41,42 shell filling,43 and

FIG. 2. Scanning force microscopy (SFM) image of a single layer graphene

nanoribbon (highlighted in red) on a hexagonal boron nitride (hBN) sub-

strate with gold contacts on top and bottom. For the rest of this review, the

term “nanoribbon” will be used for graphene stripes that have a width of the

order of 100 nm or smaller. The width is generally constant and might

increase towards the lead regions.

FIG. 3. Scanning electron microscopy (SEM) image of a bilayer graphene

quantum dot (highlighted in red) with side gates 1–4 (device from Ref. 40).

A quantum dot is a device consisting of a small conductive island onto

which single charges can be loaded. The island is generally weakly coupled

to its environment. The combination of Coulomb energy and quantum con-

finement terms leads to a discrete energy spectrum. This discrete energy

spectrum can be probed experimentally and Coulomb blockade can be

observed. A double quantum dot consists of two such islands coupled to

each other. Single electron transistors (SETs) which are larger quantum dots

where only the Coulomb energy is relevant will also be called quantum dots

for the rest of this review in order to simplify the notation.

FIG. 4. Conductivity of a wide (blue) and a narrow (red) graphene stripe at a

temperature of 4:2 K. The x-axis of both curves is not identical but

comparable.
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electronic excited states.44 While features resembling elec-

tronic excited states were reported for various measurements

in graphene quantum dots, unresolved questions exist.45 Spin

blockade was so far not observed at all in graphene quantum

dot systems, and the Kondo effect as well as shell filling

were reported for only one device.46

D. Scope of this review

This review provides a general overview of the current

state of the art in the field of graphene nanodevices. Special

focus is put on electronic transport experiments at cryogenic

temperatures as the experimental energy resolution at low

temperatures is increased. Since graphene nanoribbons

(nanoconstrictions) are the basic building block for any gra-

phene nanodevice, they are discussed in depth. The main

part of this review focuses on the physical processes leading

to charge localization in graphene nanodevices and their con-

sequences for electronic transport. Consequently, aspects

such as disorder from the environment and edges need to be

discussed, as well as theoretical approaches for modeling

those effects. Finally, graphene quantum dots are briefly

discussed, again focusing on the physics governing

transport through those structures. Here, the focus is put on

experiments that were not already discussed in the review

in Ref. 47.

E. Organization of this review

This review is organized as follows. Section II gives a

short introduction about substrate and contamination related

issues for micron sized graphene devices. Substrate, contam-

ination, and defects define the general material quality and

will ultimately also have an influence on the properties of

nanodevices. Section III introduces graphene edges starting

with perfect edges and reconstructed edges following princi-

pal crystal directions. Graphene edges have a direct impact

on the bandstructure of graphene nanoribbons and therefore

on their electronic properties. Section IV provides a short

overview of how graphene nanostructures with disordered

edges can be treated in numerical simulations. The role

played by disordered edges is important in experiment as it

is so far challenging to fabricate devices with perfect edges.

Section V discusses experiments where different pristine and

disordered graphene edges were imaged. Sections VI and

VII provide an extensive overview of the different fabrica-

tion processes that can be used to pattern graphene nano-

structures for electronical transport experiments. Different

fabrication processes will result in different edge morpholo-

gies, defects, and disorder which might in turn strongly

influence the electronic transport properties. Section VIII

discusses electronic transport experiments in graphene nano-

ribbons in detail. Charge localization, transport mechanisms,

and alternative explanations are discussed in detail. Section

IX extends the discussion to island-shaped graphene nanode-

vices with a focus on general transport properties rather than

a focus on special effects. This section is to be seen as an

extension of Sec. VIII for devices that have a different geom-

etry. In Sec. X, the findings of this review paper are summar-

ized and put into perspective. Section XI highlights

unresolved questions and provides ideas for future experi-

ments. Appendix A clarifies how the authors use the term

“band gap.” Appendix B lists a number of abbreviations

used in this review.

II. SUBSTRATES AND ENVIRONMENT

For large scale graphene devices, it has been shown that

the substrate as well as the cleanliness of the devices have a

strong influence on transport properties. These effects might

therefore also play an important role for graphene nanodevi-

ces and are briefly discussed in this section.

Typical micron sized graphene devices on a silicon

dioxide (SiO2) substrate exhibit charge carrier mobilities of

around 10 000 cm2V�1s�1 or lower and disorder densities of

around 1011 cm�2 or higher.48,49 The disorder density is a

measure for the disorder potential originating from impur-

ities and the substrate.50 A shift of the charge neutrality point

to high back-gate voltage is not uncommon and indicates

high overall doping levels.1

A first significant improvement of the transport proper-

ties of graphene devices was achieved when they were sus-

pended51 and current annealed:52 low temperature mobilities

exceeding 100 000 cm2V�1s�1 and disorder densities lower

than 1010 cm�2 were obtained.49,53,54 Further improvements

in fabrication and annealing55 allowed for mobilities

exceeding 106 cm2V�1s�1 and disorder densities as low as

108 cm�2.

Suspended graphene devices have, however, several

inherent limitations: their length is limited to micro-

meters,56 and the maximal applicable back-gate voltage

(and thereby the maximum charge carrier density) is small

due to bending of the graphene.57 It is furthermore chal-

lenging to fabricate multi-terminal devices,58,59 top

gates,59–61 and nanostructures.56,62

Another breakthrough was achieved with the fabrication

of graphene devices on hexagonal boron nitride (hBN) as

shown in Fig. 5.63 First graphene devices on hBN were com-

parable to suspended devices in terms of mobility and disor-

der density.63 There are a number of factors that might be

FIG. 5. Comparison of the resistivity as a function of applied back-gate volt-

age for a micron sized graphene device on SiO2 (red) and on hBN (blue).
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responsible for the enhanced performance compared to devi-

ces on silicon dioxide: a flatter substrate,63 less charged

impurities in the substrate,64 and successful thermal anneal-

ing65 leading to less disorder.66,67

The next significant improvement in the quality of gra-

phene devices was achieved when they were encapsulated

with an additional layer of hBN.16 Atomically clean interfa-

ces can be obtained with this method and the graphene is

protected from further contaminations.68

The latest improvement in technology and cleanliness

was obtained by the development of a process in which the

graphene flake never comes in contact with photo- or electron

beam lithography (EBL) resist: graphene and hBN are

stacked on top of each other with a “pick-up” process and

contacts are fabricated at the side by etching through the

complete stack.69–72 An issue that is so far not fully resolved

is that hydrocarbons seem to accumulate on the graphene sur-

face as soon as graphene is exposed to ambient conditions.73

An alternative route to obtain high quality graphene is

its direct growth on silicon carbide (SiC). The advantage of

graphene on SiC is that large area graphene is available

directly on an insulating substrate, at the cost of step edges

in the substrate.74,75 Recent research suggests, however, that

it is possible to transfer charge from the SiC substrate to the

graphene.76–78

III. GRAPHENE EDGES WITHOUT DISORDER

The smaller the graphene nanostructure is, the larger is the

influence of the edges compared to the bulk. Similar to carbon

nanotubes where the chirality determines the band structure,79

the edge chirality of graphene nanoribbons determines whether

a ribbon is semiconducting or metallic. Section III provides a

brief overview on some aspects of periodic graphene edges

from a theoretical and experimental point of view. For a more

detailed review of graphene edges, see Ref. 80.

A. Zig-zag and armchair edges

The majority of theoretical research was conducted for

graphene nanoribbons with perfect zig-zag or armchair edges.

For perfect zig-zag nanoribbons, conducting edge states were

predicted.24,81 Armchair ribbons should not support such

edge states but exhibit a width-dependent band gap.24 For rib-

bons that do not follow the principal crystal directions, a suc-

cession of armchair and zig-zag segments was suggested: if

there is a sufficient number of consecutive zig-zag segments

and the ribbon is narrow enough, an edge state should still

survive.24 Most of these results were obtained using a zone-

folding technique,24 similar to the band structure calculations

of carbon nanotubes.82 Calculations were also performed for

nanoribbons where all the dangling bonds at the edges were

terminated by hydrogen.82,83 For armchair ribbons wider than

1:5 nm, the termination by hydrogen does not significantly

influence transport.83 In contrast, for zig-zag nanoribbons,

hydrogen passivation of dangling bonds should lead to the

opening of a band gap.84

B. Reconstructed edges

Even if the edge is oriented along the armchair or the

zig-zag crystal direction, the outermost carbon atoms do not

necessarily need to follow zig-zag or armchair configura-

tions. The simplest deviations are changes in bond lengths85

and out-of-plane rippling.86,87 More complicated reconstruc-

tions show a change in the number of carbon atoms in the

outermost rings.85,88–92 A small selection of such edge

reconstructions with a changed number of carbon atoms per

ring is shown in Fig. 6. Depending on the conditions, such

reconfigured edge structures can be energetically more stable

than, for example, zig-zag edges.85 Reconstructed edges

where the outermost carbon atoms are passivated by hydro-

gen were further investigated.88 Many of these edge configu-

rations have similar energies85,88,90,92 such that it is hard to

predict which type of edge will be prevalent in experiments.

It is therefore likely that different fabrication techniques will

result in different edges.

C. Functionalization of edges

Due to the broken sp2 bonds at the graphene edge, car-

bon atoms missing a partner should be chemically reactive.

Theoretically, the termination of the edges with different

atoms or molecules was investigated.93–96 There is also some

limited experimental progress in chemically functionalizing

the graphene edges.97–99 It is intriguing that despite the theo-

retical high chemical reactivity of graphene edges and the

huge number of possible molecules that could be attached,

little experimental data are available.

IV. MODELING DISORDERED GRAPHENE EDGES

As it is experimentally challenging to fabricate disorder-

free graphene edges (see also Sections V and VI), this sec-

tion discusses theoretical approaches to model disordered

graphene edges. These theoretical expectations are then later

compared with experimental findings.

A. Removing random carbon atoms at the edge

The majority of disordered edges considered theoreti-

cally are perfect armchair or zig-zag ribbons where the

outermost atoms are removed.82,100–108 The details about

FIG. 6. (a) Zig-zag and armchair edge. (b) Zig-zag 5-7 edge reconstruction.

(c) Armchair 5-6 edge reconstruction.
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assumptions for contacts/periodicity and methods of remov-

ing carbon atoms are summarized in Table I.

For sufficiently narrow nanoribbons with perfect zig-zag

or armchair edges, quantized conductance is expected as

schematically depicted in Fig. 7. All studies agree that the

expected quantization of conductance for nanoribbons with

non-perfect armchair or zig-zag edges disappears.82,100–108

It is commonly agreed that the conductance generally

decreases for ribbons with non-perfect edges82,100–103,106,107—

except for semiconducting armchair ribbons around the charge

neutrality point where conductance is expected to be zero and

changes therefore increase the conductance.100,101 The reasons

for this behavior are enhanced backscattering of charge

carriers,82,100,101,105,106 Anderson localization,100,102,103,105–108

nearest neighbor hopping,104 and variable range hopping.104

Several studies found localized states along the disordered

edge of the ribbon103,104,107 and some attributed them to zig-

zag segments.82,108 Fig. 8 shows some results from Ref. 103.

Generally, zig-zag nanoribbons seem to be less sensitive

to the removal of edge groups than armchair ribbons.

Zig-zag ribbons of nearly identical width have similar band

structures as opposed to armchair ribbons where a slight

change in width strongly changes the band structure.82 This

difference becomes negligible if defects along the edge are

not limited to the outermost row of carbon atoms.107 In gen-

eral, the influence of edge defects is found to decrease with

increasing ribbon width.100–103,106,107

For bilayer graphene with randomly missing edge atoms

in both layers, similar results as for single layer graphene are

found with the difference that the localization length inside

the blocked regime is found to be longer.111

Slightly different to the approaches discussed so far is the

model from Sols et al.123 which suggests that charge localiza-

tion and therefore Coulomb blockade can occur due to edge

roughness forming “bottlenecks” for transport channels.

B. Other types of simulated edge disorder

Other types of defective edges were studied. Ribbons

built of perfect ribbon segments with different widths104,113

were found to show Anderson localization.113

TABLE I. Summary of different theoretical approaches for simulating gra-

phene nanoribbons including assumptions on (a) contacts and periodicity as

well as (b) disordered edges.

(a) Contacts Refs.

Infinitely long ribbons or a periodic

repetition of ribbon segments

24, 83, 85, 88–92, 95, 104,

and 107–109

Finite length ribbons with infinitely

extended perfect ribbons as contacts

82, 100–103, 105, 106, and

110–114

Graphene contacts of different

widths than the ribbon itself

115–122

Other procedures 123–125

(b) Disordered edges Refs.

Single, double or triple vacancies 102

Removal of random H-C-C-H groups

at the edge

82 and 100

Removal of random carbon atoms at

the edge

101, 104, and 105

Removal of random carbon atoms at

the edge and successive removal of

all not double-bound carbon atoms

106

Removal of random carbon atoms

not only at the edge but also close to

the edge (no holes)

103, 107, and 108

FIG. 7. Schematic conductance as a function of energy of: (a) semiconduct-

ing armchair nanoribbon,100 (b) metallic armchair nanoribbon,82 and (c)

metallic zig-zag nanoribbon.102

FIG. 8. LDOS calculated for an infinite armchair nanoribbon by Evaldsson

et al.103 (a) Width of 24 nm and defect probabilities of p ¼ 1% and (b)

p ¼ 5%. (c) Wide ribbon (74 nm) with defect probability p ¼ 5%. In all

three cases, states with enhanced LDOS are found at the edges around

defects. Reprinted with permission from Evaldsson et al., Phys. Rev. B 78,

161407(R) (2008). Copyright 2008 the American Physical Society.
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If the width of perfect armchair/zig-zag ribbons is grad-

ually changed very slowly, quantized conductance is

expected to still be visible despite being smoothed out.112

Further, weak scatterers were introduced by changing

the on-site potential of carbon atoms at the edge: they were

found to only play a significant role if they are strong enough

to lead to Anderson localization.102

Additionally, long-range disorder—where the disorder

length is much larger than the C–C bond length—was inves-

tigated and found to only have a small influence around the

Dirac point.82

C. Other non-idealities

The influence of metal contacts on the conductance of

nanoribbons was investigated.108,124 Strong changes of the

nanoribbon properties close to the contacts124 as well as gen-

erally decreased conductance108 and asymmetries between

electrons and holes108 were found.

Another class of defects are missing atoms in the bulk

which lead to a significant reduction of conductivity due to

intravalley scattering.121 It was further shown that lattice

deformations can result in charge localization.114

Finally, it was shown that the quantum capacitance of

ribbons126 can strongly alter the geometrically expected

capacitance around the Dirac point when side gates are

present.109

V. EXPERIMENTAL INVESTIGATION OF EDGES

It is challenging to obtain experimental information about

the microscopic morphology of the edges. Experimental

information on the edges would, however, be extremely useful

to compare theoretical predictions with the experimental find-

ings. Some limited information can be obtained by Raman

spectroscopy,127–134 as, for example, perfect zig-zag edges

will not result in a D-peak.135 The other two possibilities to

investigate graphene edges are transmission electron micros-

copy (TEM) and scanning tunneling microscopy (STM). In

order to study graphene edges by TEM,46,133,136–144 the gra-

phene needs to be suspended. Also, imaging by TEM

can change the investigated graphene due to the high energy

of the employed electrons.136,142,145 Various edge configura-

tions were found with TEM studies as, for example, shown in

Fig. 9.

Alternatively, STM can be employed to image the gra-

phene edges. In order to perform STM on graphene edges,

conductive substrates (or a combined SFM/STM mode) as

well as especially clean graphene devices are required.

While hexagons in the graphene bulk can easily be imaged,

the resolution often drops towards the edge such that single

atoms cannot be resolved anymore.146–149 Under special

conditions, hydrogenated zig-zag, armchair, and mixed

edges were observed.125,149–153 Recently, also SFM scans of

graphene edges were shown.125

For multilayer graphene flakes, it is further possible that

the edges of several layers fuse together and create so-called

“closed edges.”140,154,155

VI. FABRICATION OF GRAPHENE NANORIBBONS

It is likely that the edge morphology of graphene nano-

ribbons will depend on the employed fabrication technique.

As discussed before, the edge morphology has an important

FIG. 9. TEM image of reconstructed

5-7 zig-zag graphene edges from Ref.

139. Reprinted with permission from

Koskinen et al., Phys. Rev. B 80,

073401 (2009). Copyright 2009 the

American Physical Society.
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impact on transport properties of graphene nanodevices.

Similarly, bulk properties such as defects or fabrication

residues might depend on the employed patterning method.

In experiments, widely different approaches for fabricating

nanoribbons were used. An overview of different fabrication

techniques for graphene nanoribbons is provided in Table II.

As details provided about the fabrication are often

sparse, several of the devices listed as “oxygen plasma”

might, for example, have been fabricated with an “oxygen

plasma” RIE process. This lack of details in the publications

makes a comparison of fabrication processes challenging.

Some of the fabrication techniques (e.g., RIE) allow to

fabricate nanostructures of any shape as long as the lithogra-

phy process provides enough resolution. Others only allow

the fabrication of specific geometries (e.g., unzipping of car-

bon nanotubes). From the etching techniques, some are iso-

tropic (e.g., RIE, all exposed graphene is etched equally fast)

and others are anisotropic (e.g., hydrogen plasma etching,

graphene close to defects is etched faster). Using these dif-

ferent fabrication techniques, ribbons of different length and

width were fabricated.

Just as the patterning technique, the employed graphene/

carbon source might have an impact on electronic transport

in the graphene nanodevices. Different graphene/carbon

sources will likely result in bulk graphene with different mi-

croscopic properties, such as, for example, number and type

of defects. Table II provides a summary of the different car-

bon sources that were used to fabricate graphene devices.

Many of the references do not explicitly state the graphene

source that was used but write, e.g., “mechanical

exfoliation.” For these cases, it was assumed that the gra-

phene source was natural graphite.

As discussed before, the substrate used for graphene

devices can have a significant impact on device performance.

A list of substrates used for electronical transport experi-

ments in graphene nanoribbons is provided in Table II.

Finally, as the band structure of graphene depends

strongly on the number of layers, it could be expected that

the electronical transport properties of graphene nanoribbons

also depend on the number of layers. Electronical transport

experiments were performed on graphene nanoribbon devi-

ces with a different number of layers as summarized in Table

II. Again, the information provided about the number of

layers is often limited. Many references do not explicitly

state how many layers their devices consist of or how this

amount of layers was determined. If information is provided,

often only an estimate with a large error bar of the amount of

layers (e.g., an SFM step height) is reported. When nothing

explicitly was stated (i.e., “graphene nanoribbon”), it was

assumed that the devices were single layer.

A. Comparison of fabrication techniques

From the different approaches of patterning graphene

nanoribbons, one could expect to obtain valuable informa-

tion on the involved electronical transport processes by com-

paring data of different ribbons. Comparing nanoribbons

fabricated with different processes is, however, difficult: in

addition to the limited information, difficulties arise as

different references provide different subsets of measure-

ment data. Moreover, there are many possible combinations

of how devices can be fabricated: different patterning meth-

ods, graphene sources, substrates, number of layers, and fab-

rication details. A direct comparison is only meaningful if

one parameter at a time is changed or if the resulting trans-

port properties are sufficiently different from other devices

(discussed in Sec. VIII). In the following cases, a single pa-

rameter was changed in the fabrication process.

1. Crystal orientation

For oxygen plasma etched ribbons, transport of several

devices on one flake having different angles with respect to

each other was investigated. While the exact orientation rela-

tive to the crystal lattice was not known, different ribbon

edges will on average have a different orientation relative to

the graphene lattice. No significant difference in transport

was found between the devices.157

2. RIE gas

Using the same fabrication process, graphene ribbons

were once etched with argon plasma RIE and once with oxy-

gen plasma RIE. Raman measurements indicate that oxygen

plasma induces significantly more defects along the edges

than argon plasma. The oxygen plasma RIE etched ribbons

also showed a much higher variation between devices in

transport experiments.192

3. Directed and undirected plasma etching

Graphene nanoribbons were patterned once with an

undirected plasma process (oxygen plasma ashing) and com-

pared to ribbons patterned with a directed process (oxygen

and argon RIE). It was found that devices patterned with the

undirected process resulted in significantly more noisy

devices.181

These findings suggest that seemingly small differences

in fabrication processes can have an impact on device

performance.

VII. FABRICATION OF GRAPHENE QUANTUM DOTS

Similar to the graphene nanoribbon devices presented in

Section VI, fabrication processes are compared for graphene

quantum dots. As the fabrication of island geometries is

more challenging than the fabrication of simple nanoribbons,

the number of employed fabrication techniques is smaller as

shown in Table III.

Most of the devices were fabricated on a SiO2 substrate

with the exception of Refs. 61, 240, and 241, where devices

were suspended, and Refs. 234, 242, and 243, where devices

were fabricated on a hBN substrate. Devices fabricated on

hBN were suggested to be “more stable,” to show a more

regular behavior and to exhibit less disorder.242,243 Similar

to the nanoribbons, devices with different numbers of gra-

phene layers were fabricated as shown in Table III.
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A. Device geometries

Devices were patterned using different designs with the

aim of achieving a certain functionality. This makes a com-

parison of devices and fabrication processes even harder

than for nanoribbons. The majority of devices were fabri-

cated by connecting graphene islands with narrow constric-

tions to graphene leads.40,221,242–252,254–273,276–278 Various

designs also used gated regions: top gates on a single layer

ribbon253 and split gates on bilayer graphene.61,234,274 Other

designs used a single constriction as a quantum dot240,241,275

or high resistive contacts.279

Patterns were designed with the aim of fabricating sin-

gle40,61,234,240–249,251,252,258–260,263,265–268,271,274–279 or serial

double quantum dots.221,250,253–255,257,261,262,264,267,269,270,272,273

Further, more exotic devices with three leads45,265 or parallel

double quantum dots257,262 were fabricated.

Most devices employed a back gate (see Refs. 40, 45,

61, 221, 234, 240–272, and 275–279]) and one (see Refs.

251, 256, and 271) or multiple (see Refs. 40, 45, 61, 221,

234, 242–250, 252, 254, 255, 257–270, 272, 273, 276, and

278) side gates. Side gates were fabricated with graphene

except in one experiment where metal side gates were

used.221 A few designs also used one263 or multiple top

gates.61,234,253,274 Some devices additionally included a rib-

bon or SET nearby as a charge detector.244,258,266–268,271

VIII. ELECTRONIC TRANSPORT EXPERIMENTS IN
GRAPHENE NANORIBBONS

This section presents the findings from electronical

transport experiments in graphene nanoribbons. Different

interpretations of similar findings in comparable devices are

highlighted. Further, the current understanding of physical

transport mechanisms is discussed in detail, focusing on

etched graphene nanoribbons which comprise the majority

of the experiments. Focus is put on the mechanisms leading

to charge localization. Finally, transport properties of

TABLE II. Summary of different graphene nanoribbon experiments presented

in literature. Experiments sorted by (a) fabrication technique, (b) employed

graphite/carbon source, (c) substrate, and (d) the number of graphene layers.

(a) Patterning method Nanoribbon experiments in Refs.

Oxygen plasma 132 and 156–181

Oxygen plasma RIE 182–193

Argon plasma 160 and 194–196

Argon plasma RIE 192

Argonþ oxygen plasma 197–199

Argonþ oxygen plasma RIE 96, 131, 181, and 200–210

RIE without details about gas 211

Hydrogen plasma 134 and 148

Solution based chemical

processes

212–214

Unzipping carbon nanotubes

by argon plasma

215

Chemical unzipping of car-

bon nanotubes

46, 133, 144, 152, 171, and 216–221

Bottom-up fabrication from

molecules

151 and 222–226

Chemical etching at high

temperature

227

Joule heating 56, 62, 145, 218, and 219

SiC step edges 228 and 229

Oxidation by AFM 230

Natural exfoliation 159 and 231

Helium ion beam 232 and 233

TEM sculpting 145

Electrostatic gating 61 and 234

Others 153 and 235–239

(b) Carbon source Nanoribbon experiments in Refs.

Natural graphite exfoliated 62, 96, 131, 157, 159, 160, 163, 163,

165–175, 178, 181–184, 186, 189, 190,

195–207, 209, 210, 227, 231, 232, and 234

HOPG exfoliated 56, 61, 148, 156, 177, 208, and 235

Kish graphite exfoliated 132, 148, 161, 211, and 230

SiC graphene 179, 180, 188, 228, and 229

CVD graphene 145, 176, 187, 191–193, 233, and 239

Commercial expandable

graphite

212–214

Carbon nanotubes 46, 133, 144, 152, 171, and 215–221

Direct CVD growth by nickel

replacement

238

(c) Substrate Nanoribbon experiments in Refs.

Amorphous SiO2 46, 96, 131, 132, 144, 148, 156–163,

165–171, 173–178, 181–184, 186, 187,

189–193, 195, 197–204, 206–208,

210–216, 220, 221, 227, 230, 231, 233,

and 239

No substrate (“suspended”) 56, 61, 62, 145, 218, 219, 232, and 238

hBN 192, 205, 209, and 234

SrTiO3 172

SiC 179, 180, 188, 228, and 229

(d) Number of graphene

layers

Nanoribbon experiments in Refs.

Single layer 46, 56, 62, 96, 131, 132, 144, 145, 148,

156–160, 162, 163, 163, 165–173,

175–177, 179–184, 186–190, 192, 193,

195–206, 208–212, 214–216, 218–221,

227–233, 238, and 239

Bilayer 46, 61, 132, 144, 145, 167, 178, 183,

207, 213, 215, 219, and 234

Multilayer 145, 161, 167, 215, and 219

TABLE III. Summary of different graphene quantum dot experiments pre-

sented in literature. Experiments sorted by (a) fabrication technique and (b)

the number of graphene layers.

(a) Patterning method Quantum dot experiments in

Refs.

Argonþ oxygen RIE 40, 45, 221, and 241–268

Oxygen RIE 269–273

Definition by patterned top gates 61, 234, 253, and 274

Current annealing 240 and 275

AFM oxidation 276 and 277

Oxygen plasma 278

Chemical exfoliation 279

(b) Number of graphene layers Quantum dot experiments in

Refs.

Single layer graphene 45, 221, 240, 242–244, 246–257,

259, 260, 262, 265–268,

271–273, and 276–278

Bilayer graphene 40, 61, 234, 258, 261–264,

and 274

Multilayer graphene 241, 245, 269, 270, 275, and 279
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graphene nanoribbons showing distinctly different properties

from the majority of experiments are discussed to highlight

limitations of the current transport models and future

opportunities.

A. Suppressed conductance

Despite the many different routes taken for fabricating

devices, electronic transport properties are very similar for

many different graphene nanoribbons. From all references

presenting data at low temperature over a large range of

charge carrier densities (see Refs. 46, 56, 61, 62, 96,

156–160, 162, 164–166, 168, 173, 174, 176, 180, 186–189,

191, 194–206, 210, 211, 213, 217–219, 227, 229, 233, and

237), most agree that for sufficiently narrow ribbons at suffi-

ciently low temperatures, transport is strongly suppressed.

Typically, the conductance decreases with increasing gate

voltage until at a certain point conductance is nearly com-

pletely suppressed. A further increase in gate voltage then

usually results in an increase of conductance. The minimum

of the conductance is generally attributed to be roughly at

the position of the charge neutrality point. The change of

conductance with gate voltage is typically strongly non-

monotonic. Such a measurement curve is shown in Fig.

10(a).

Exceptions where the suppression of conductance

described above was not observed are Refs. 56, 61, 228,

and 234 where a fundamentally different behavior was

found. They will be discussed separately at the end of this

section.

B. Observation of Coulomb blockade

From those experiments where the conductance was

measured as a function of applied bias and gate voltage at

low temperature, nearly all observed Coulomb blockade (see

Refs. 46, 62, 96, 158, 160, 162, 164–166, 174, 176, 186,

195, 196, 199–206, 230, and 238) with exception of the pre-

viously highlighted experiments and Refs. 157, 187, and 211

that did not provide sufficiently high resolution data to make

a clear statement. For more details about Coulomb blockade

see, e.g., Refs. 280–285. Fig. 10(b) shows Coulomb blockade

diamonds recorded in the regime of suppressed conductance

from Fig. 10(a), and Fig. 11 shows Coulomb blockade dia-

monds measured in ribbons fabricated with different

techniques.

In many of these experiments, the presence of multiple

dots in series was inferred from the observation of overlap-

ping Coulomb diamonds.96,160,162,165,186,195,200–203,205,238

Additional top gates158,160,166,169,170,178 or side

gates96,162,200,201 were fabricated in order to obtain more in-

formation about the extent, location, and number of

“quantum dots” that form inside the ribbon. Note that the

term “quantum dot” is used in this context to describe the

rather stochastic Coulomb blockade observed in graphene

nanoribbons, rather than a system with a well defined island

where charge is added. By using additional gates, it was con-

firmed that several quantum dots coexist in longer devi-

ces,162 and a change in the position of different quantum

dots as a function of energy was found.201 Scanning gate

measurements confirmed both the presence of multiple quan-

tum dots in the ribbon as well as their changing position with

energy.206

A detailed investigation of the Coulomb blockade dia-

monds resulted in additional insights. The addition of single

electrons to the ribbon was demonstrated using a nearby

SET.201 It was further excluded that the observed features

stem from resonant tunneling or Fabry-P�erot interferences.162

Also, influences of cotunneling were observed.46,162

C. Models explaining Coulomb blockade

A number of models were suggested to explain the

observed suppression of conductance and the quantum dot-

like behavior at low temperatures.

The earliest publications suggested that the band gap

theoretically calculated for narrow armchair ribbons (as dis-

cussed before, zig-zag ribbons do not exhibit a band gap)

was the cause of the suppressed conductance.156,157 This

model has obvious limitations as a band gap alone cannot

explain Coulomb blockade.

The model with the band gap was extended into micro-

scopic graphene islands separated by smaller graphene parts

that exhibit a band gap.158 Along similar lines, electron-hole

FIG. 10. (a) Typical low temperature conductance of a graphene nanoribbon

as a function of applied back gate voltage: the conductance of the order of

e2=h or larger decreases non-monotonically, reaches a region where it is

strongly suppressed, and then increases again non-monotonically. (b) Bias

dependence of the current recorded in the region marked with a red box. In

order to enhance the visibility, the differential conductance dI/dVSD is plot-

ted. Non-overlapping (nol) and overlapping (ol) Coulomb diamonds are visi-

ble. (c) Current as a function of applied bias voltage at the two positions

marked with cyan and magenta. The current increases about linearly outside

of the blocked regime indicating that the device is in a multilevel regime.

Ribbon on hBN (device #2 from Ref. 205) with a length of 240 nm and a

width of 80 nm.
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puddles were suggested to be the cause for the quantum

dots.159 Tunneling between different dots would then occur

through regions with a band gap (percolation).159 This model

was further adapted into a model where the band gap was

replaced by an energy gap286 due to quantum confine-

ment.162,165,186,201,202 The presence of an energy/band gap is

crucial for these models to ensure that Klein tunneling is

replaced by conventional tunneling.201 Temperature depend-

ent measurements established that transport can be described

by variable range hopping195,196 or alternatively a combina-

tion of variable range hopping, thermally excited hopping,

and a Coulomb gap.166,238 Further variations of this model

were suggested.199,203

D. Band gap

In contrast to attributing the suppressed conductance to

charge localization, a large number of references suggest

that a band gap is the origin of the suppressed conductance

observed in experiment (see Refs. 46, 144, 148, 156–158,

163, 168, 180, 182, 183, 187, 188, 192, 212, 213, 215,

218–220, 227, 228, and 231—the authors of Refs. 157 and

158 updated their interpretation in later publications as more

data became available166). While a “band gap” is a material

and geometrical property, an energy gap originating from

Coulomb blockade arises due to electron-electron interaction

in combination with the random localization of charge car-

riers. A separate section in Appendix A of this review high-

lights what the authors of this review assume when using the

term “band gap.” As for various applications it is important

to obtain a real band gap, the different interpretations are

compared in the following. The experiments attributing the

suppressed conductance to a band gap fall in one of

two groups: either no low temperature data were

recorded148,163,183,212,213,227 or no data suitable to observe

Coulomb blockade diamonds were pre-

sented.144,156,168,180,182,187,188,192,218–220 Two notable excep-

tions are Refs. 46 and 228 which will be discussed

separately. Without further data, it is hard to determine if the

random localization of charge carriers can be excluded as

being the main mechanism for the observation of suppressed

conductance in those experiments. It is, however, important

to note that so far no experiment exists that clearly rules out

the possibility of an energy gap due to quantum confinement

in graphene nanoribbons.

E. Charging energy and area of localized charge

Several experiments (in graphene nanoribbons205,209

and quantum dots40) allowed to compare the self capacitance

of a site of localized charge to the capacitances to the differ-

ent gates. The self capacitance is the sum of all capacitances

from an object to its surroundings. It was found that the larg-

est contributions to the self capacitance originate from cou-

pling to neighboring states of localized charge and from

coupling to the leads. This behavior is sketched in Fig. 12.

The size of a Coulomb diamond in bias direction (i.e.,

the “charging energy”) is determined by the self capacitance

for a single dot, if the area on which charge is localized is

rather large. For smaller dots, additional contributions due to

quantum confinement can play a role. The charging energy is

further enhanced by capacitive coupling to neighboring dots

for multidot systems.285 This strong dependence of the

charging energy on details of the coupling strength to neigh-

boring states makes it therefore extremely challenging to

extract areas on which charge is localized.

FIG. 11. Coulomb blockade observed in different experiments: devices fab-

ricated by (a) oxygen plasma etching,158 (b) AFM oxidation lithography,230

(c) argon plasma etching,195 and (d) chemical unzipping of carbon nano-

tubes.46 (a) Reprinted with permission from Appl. Phys. Lett. 91, 192107

(2007). Copyright 2007 AIP Publishing LLC. (b) Reprinted with permission

from Appl. Phys. Lett. 94, 082107 (2009). Copyright 2009 AIP Publishing

LLC. (c) Reprinted with permission from Oostinga et al., Phys. Rev. B 81,

193408 (2010). Copyright 2010 the American Physical Society. (d)

Reprinted with permission from Wang et al., Nat. Nanotechnol. 6, 563–567

(2011). Copyright 2011 Macmillan Publishers Ltd.

031301-11 Bischoff et al. Appl. Phys. Rev. 2, 031301 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

192.33.101.213 On: Thu, 10 Sep 2015 12:04:00



F. Transport gap, back-gate gap, and source-drain gap

To more quantitatively interpret and compare the meas-

ured data, the empirical term “transport gap” was introduced,

describing the range in which transport is strongly sup-

pressed: typically, the “source-drain gap” (SDG) and the

“back-gate gap” (BGG) were used to describe the relevant

ranges.200 Both values may be considered to be problematic

as they are defined differently by different authors and

because their physical interpretation is difficult. The size of

the SDG mostly characterizes the coupling strength between

a site of localized charges and neighboring sites or leads as

discussed before. The size of the BGG strongly depends on

the exact geometry of the device as it is directly related to

the capacitance of the ribbon to the back gate. Oxide thick-

ness, ribbon width, and the presence of side gates, top gates,

and electrodes will directly enter this capacitance.

For ribbons of similar geometry, a comparison is mean-

ingful.96,165,166,200,202,204 It was found that both

SDG96,166,202,204 and BGG96,200,202 increase for narrower rib-

bons. This is not surprising by taking into account the discus-

sion from Fig. 4: wide devices do not show any suppressed

conductance, whereas narrower devices of the order of

100 nm do. The increase in both BGG and SDG is therefore

a logical consequence.

It was further shown that longer ribbons result in higher

SDG,165,166,204 but no clear trend between length and BGG

was found.165 Increasing the length allows the formation of

multiple sites of localized charges in series, resulting in a

higher source-drain voltage needed to be applied for current

to flow. Conversely, the density necessary for the disappear-

ance of (strong) charge localization will not change signifi-

cantly by making the ribbon longer.

Finally, it was shown that the BGG got smaller and

shifted closer to zero back gate voltage upon thermal anneal-

ing of the ribbons, but the SDG did not change

significantly.165

G. Disorder from the edges

There are a number of imperfections that can influence

transport in graphene nanodevices and might lead to charge

localization. A selection of such imperfections is schemati-

cally depicted in Fig. 13. In order to distinguish between dis-

order originating from the bulk and from the edges, ribbons

were fabricated on a hBN substrate and annealed.205 While

for micron sized control devices the quality improved, the

transport properties of the nanoribbons on hBN were indis-

tinguishable from their counterparts on SiO2. Subsequent

contamination with PMMA decreased the quality of the con-

trol devices but did not significantly influence the nanorib-

bons. It was therefore concluded that the imperfect edges of

reactive ion etched devices are mostly responsible for the

observed localization of charge. A direct comparison of devi-

ces on SiO2
203 and on hBN205 is shown in Fig. 14.

In Ref. 211, the opposite experiment was performed:

instead of decreasing bulk disorder, it was increased by evap-

orating cesium atoms on top of an existing ribbon. As a

result, the region of suppressed conductance was shifted to

more negative values and transport was generally more sup-

pressed.211 Similarly, doping with potassium atoms strongly

shifted the position of the Dirac point to more negative

values.156 The additional atoms on top transfer electrons to

the ribbon and might provide additional scattering centers.

These findings together suggest that bulk disorder plays

only a minor role if it is sufficiently weak. Stronger bulk dis-

order might, however, provide additional sites at which elec-

trons can be trapped and lead to Anderson localization.102

It is worth noting that in the experiment from Ref. 192,

extremely narrow nanoribbons were etched on both silicon

dioxide and hBN substrates as well. The authors demonstrate

that devices on hBN show consistently lower currents and

much higher on-off ratios than their counterparts on silicon

dioxide. The reason for this difference is not understood.

H. Charge localization along the edge

The measurement of short graphene constrictions in

Ref. 209 gave evidence that some of the states resulting in

FIG. 12. For graphene nanostructures with side gates and a back gate (sepa-

rated by 285 nm SiO2), the self capacitance of a site of localized charge is to

a large part given by the coupling capacitance to the neighboring sites of

localized charge and to the leads. Capacitances to side gates and the back

gate are typically much smaller. The coupling originates likely from a wave

function overlap between different sites of localized charge and the leads.

This is similar to double quantum dot experiments where the wave function

overlap between the two dots is changed by a barrier gate between the

dots.285

FIG. 13. A number of disorder sources for graphene nanodevices are sche-

matically depicted. The disorder can be grouped into disorder originating

due to the presence of edges and disorder originating from substrate, bulk

graphene, and contaminations (“bulk disorder”).
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Coulomb blockade are localized along the edge of the

device. These states are allowed to extend out of the con-

striction along the edge of the device. A small wave function

overlap between these states along the edge and the extended

wave functions in the leads are likely responsible for the ob-

servation of Coulomb blockade. Such states localized along

the edge were also predicted by theory.103,104,107

It was further estimated that the length on which elec-

trons are localized along the edge is of the order of 100 nm

and therefore significantly longer than the physical disorder

length of the edge which is on the nanometer scale. States

localized on much shorter lengths might exist but will not be

visible in transport as they fail to couple to both leads.

In order to observe Coulomb blockade, transport also

needs to be sufficiently suppressed through the bulk of the

ribbon. This suppression could be the result of a small den-

sity of states and/or additional localized states in the bulk

that couple weakly to the leads and the states at the edge.

These findings were qualitatively reproduced with tight-

binding calculations where random atoms along the edge

were removed. Fig. 15 exemplarily shows a number of local-

ized states that were calculated for disordered edges. It also

becomes apparent that only states that manage to couple to

both leads will contribute to transport.

While the exact mechanism for charge localization

along the edge is not understood in detail, it is assumed that

some kind of sufficiently strong disorder at the edge

changes the potential landscape such that electrons prefer to

be located at the edge rather than in the bulk. As Coulomb

blockade was found in many different experiments where

devices were fabricated with different processes, the mech-

anism for the charge localization along the edge does likely

not require any specific edge configuration. Due to the large

extent of the wave function, the electrons will not be

trapped at a single defect site. For higher charge carrier

densities, a finite density of states in the bulk might appear

such that transport is not governed by localized charges

anymore. Fig. 16 schematically depicts this interpretation

of the results.

Within this picture, it is easy to explain why wider rib-

bons (w > 100 nm) usually do not feature Coulomb-block-

ade:157,166,200,202,204 as there are more electrons located in

the bulk per unit edge length, the edge might fail to localize

all of them resulting in a finite density of states in the bulk. It

is likely that charge carriers will still be localized along the

edge but transport is dominated by bulk contributions. Such

localized charges along the edge might also explain why in

FIG. 14. Direct comparison of the low temperature transport properties of a

graphene nanoribbon fabricated on (a) silicon dioxide203 and (b) on hBN.205

Aside from microscopic differences, the general transport properties are

unchanged. (a) Reprinted with permission from Dr€oscher et al., Phys. Rev.

B 84, 073405 (2011). Copyright 2011 the American Physical Society. (b)

Reprinted with permission from Appl. Phys. Lett. 101, 203103 (2012).

Copyright 2012 AIP Publishing LLC.

FIG. 15. Wave function envelopes calculated for a 30 nm wide and 30 nm

long graphene constriction.209 No bulk disorder was assumed and edge dis-

order was introduced by removing random carbon atoms at the edges.

Different pictures correspond to different energies. (a) Localized state at the

edge of the lead. (b) and (c) Localized states at the edges of the constriction

with different extents. (d) and (e) Wave functions delocalized over the leads.

(f) Wave function delocalized over the whole device. Reprinted with permis-

sion from Bischoff et al., Phys. Rev. B 90, 115405 (2014). Copyright 2014

the American Physical Society.

FIG. 16. A nanoribbon (center) is connected via wide graphene leads to two

metal contacts. The edges are disordered on a length scale of 1 nm.

Electrons in the bulk of the ribbon prefer to be localized at the edges, pre-

sumably due to the disorder there. It is generally unknown what the edges

look like on a microscopic level. Also, the edges will be different for differ-

ent experiments. Extended wave functions exist in the wide graphene leads.

A state localized along the edge contributes to transport if it manages to con-

nect the two extended wave functions in the leads such as the green state on

the left side of the ribbon. The green state on the right side of the ribbon and

the magenta state at the edge of the upper graphene lead will, however, not

contribute to transport unless they are part of a chain of strongly coupled

states that connect the two leads.
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graphene ring experiments, the area on which transport hap-

pens is generally smaller than the ring width.32,36

Recent experiments have shown that also in other

experiments localized states in ribbons can be found that are

clearly located more towards one side of the ribbon.181,210

I. Interference pattern from the leads

In Ref. 209, a clearly visible pattern of additional lines

roughly parallel to the diamond edges was observed and

explained by phase coherent interferences in the graphene

leads adjacent to the nanoconstriction. A zoom of the data

presented in Ref. 209 is shown in Fig. 17. Care has therefore

to be taken with the identification of lines inside and outside

of Coulomb diamonds that resemble electronic excited

states. The observation of lines parallel to the diamond edges

is consequently not a sufficient criterion for the observation

of electronic excited states.

J. Different devices and cooldowns

In order to check the reproducibility, it is worthwhile to

fabricate devices of similar geometry and measure each de-

vice in several consecutive cooldowns. For the experiments

where different devices of similar geometry were investi-

gated, it was found that the transport details depended

strongly on the microscopic configuration of the de-

vice.165,205,209 When a device was measured in consecutive

cooldowns, transport details changed.162,205 While some

devices were electronically stable over a long period of time

in one cooldown, others changed their transport details spon-

taneously within one cooldown.205 The general transport fea-

tures such as the suppressed conductance and the

observation of Coulomb blockade were, however, unaffected

by those changes. In addition, thermal annealing165 as well

as current annealing219 were shown to significantly change

transport properties.

Based on these findings, different possible mechanisms

responsible for the observed changes can be discussed. It is,

for example, unlikely that the atomic edge configuration

spontaneously changes at cryogenic temperatures. Also,

adsorbates (“dirt”) will most likely be immobilized at

cryogenic temperatures. Factors like surface roughness and

crystallographic orientation will even be constant over

several cooldowns. Possible spontaneous changes at low

temperature could, for example, originate from the charging

of defect sites in the substrate or at the edges. Due to the

many different nonidealities (selection see Fig. 13) and a

lack of systematic experiments, it is currently not possible to

successfully correlate all observed changes in transport

measurements to a microscopic cause.

K. Electronic transport properties different from
Coulomb-blockade behavior

There are a number of experiments where the investi-

gated ribbons showed transport behavior clearly different

from Coulomb blockade. These experiments give a perspec-

tive on the potential transport characteristics that can be

obtained by a better control over the microscopic details in

graphene nanoribbon devices or by improving the fabrication

processes.

1. Quantized conductance

Tombros et al.56 showed a suspended graphene ribbon

device that was current annealed. Upon successful annealing,

quantized conductance was observed as expected for narrow

and ballistic two-dimensional conductors.287,288 Up to today,

it was not possible to reproduce these results suggesting that

a very special device geometry and edge arrangement were

necessary to obtain quantized conductance. Quantized con-

ductance was also observed in bilayer graphene constrictions

that were defined by electrostatic gating (“split gates”):

either in suspended graphene61 or encapsulated in hBN.234

2. Silicon carbide step edges

Baringhaus et al.228 showed transport data on graphene

ribbons grown on SiC step edges. No signature of Coulomb

blockade was observed. While the mechanisms are not yet

fully understood, the authors claimed to observe ballistic

transport over lengths of microns even at room tempera-

ture.228 More recent work on this topic addressed questions

as to where exactly current might be flowing in these

devices.229

3. Unzipped carbon nanotubes

Most experiments where nanoribbons were fabricated

from unzipped carbon nanotubes unfortunately do not pro-

vide low temperature transport data as a function of applied

gate voltage and bias voltage.133,144,152,171,215–221 It is there-

fore not possible to determine if those devices also show

Coulomb blockade or not. One notable exception is Ref. 46:

the unzipped carbon nanotube with a width of about 20 nm

showed extremely clean Coulomb blockade with regular

spacing and various other intriguing features resembling

“shell filling” and “Kondo effect” (see also Fig. 11(d)). The

clarity of the features suggests that there might be some fun-

damental difference to the other experiments. Additional

devices presented in the supplementary of Ref. 46, however,

showed transport characteristics similar to other nanoribbons

showing less regular Coulomb blockade. One possible expla-

nation is that this specific process of unzipping carbon

FIG. 17. Zoom of the data presented in Fig. 2(b) of Ref. 209. The measured

data can be explained by the overlap of the Coulomb blockade diamonds

(black lines) of the constriction and the phase coherent interference pattern

from the leads (orange lines).
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nanotubes can, under certain conditions, lead to significantly

less defective edges.

4. Bottom-up fabrication of nanoribbons

A class of devices that are fundamentally different from

most other nanoribbons are the ones obtained by bottom-up

fabrication using molecules and resulting in perfect

edges.151,222–226 Unfortunately, it was so far not possible to

fabricate sufficiently long devices for transport experiments.

Some limited transport data were obtained by lifting a ribbon

off the metal surface with an STM tip.224

L. Additional investigated parameters

Various different experimental parameters were varied

to study graphene nanoribbons. For completeness, a sum-

mary is provided here:

1. Magnetic field

Various experiments investigated graphene nanoribbons

in perpendicular magnetic field (see Refs. 56, 62, 164, 173,

189, 190, 195, 197, 198, 200, 205, and 214]) and in some of

them, quantum Hall effect was observed (see Refs. 62, 189,

197, 198, and 205).

2. Temperature

In a number of experiments, electronic transport as a

function of temperature was investigated (see Refs. 46, 156,

157, 166, 168, 174, 182, 187, 188, 192, 195, 203, 205, 211,

212, 214, 218–220, and 238) and most experiments found a

suppression of conductance for narrow ribbons and low

temperatures.

3. Functionalization

Upon treatment of graphene nanoribbons on SiO2 with a

short HF (hydrofluoric acid) dip, transport was significantly

changed:96 conductance was less suppressed, the BGG

shifted towards zero back gate voltage, and the capacitance

between side gates and localized states strongly depended on

the applied side gate voltages. While details are not fully

understood, it was speculated that the HF alters the edge by

passivating dangling bonds with fluorine.96 More insights

could be obtained if these experiments were repeated for rib-

bon devices on hBN as the HF also alters the SiO2 substrate.

4. Noise

Different references investigated the noise characteris-

tics of graphene nanoribbons.183,196,199

5. High current regime

In graphene nanoribbons, currents larger than 1 lA per

1 nm width were applied to the ribbons,145,171,175,176,194 and

it was found that the thermal conductivity of graphene nano-

ribbons is about one order of magnitude smaller than for

bulk graphene, which is attributed to defects and the pres-

ence of edges.171

IX. ELECTRONIC TRANSPORT EXPERIMENTS IN
GRAPHENE QUANTUM DOTS

This chapter focuses on graphene quantum dot experi-

ments that provide additional insight into the physical trans-

port mechanisms discussed in Section VIII. A more thorough

review of graphene quantum dots can be found in Ref. 47.

A. More regular Coulomb blockade than in
nanoribbons

In most single quantum dot experiments, Coulomb

blockade diamonds were observed as depicted in Fig. 18 for

the device shown in Fig. 3. Most experiments showed one

or several Coulomb diamonds closing at zero

bias40,45,61,234,240,241,243–249,251,252,256,258,260,263,267,268,271,276–278)

and in a few experiments, diamonds did not close.242,274,275,279

For the double dot experiments, the expected hexagon pat-

terns were observed221,250,253–255,257,261,262,264,269,270,272,273 and

various references report the observation of finite bias

triangles.250,253–255,261,264,272

Generally, Coulomb blockade diamonds are much more

regular in quantum dot devices than in graphene nanorib-

bons. This can directly be seen by comparing Fig. 18 with

Figs. 10, 11, and 14. Some caution has to be taken because

often only a very small number of Coulomb diamonds were

shown: the range from VBG ¼ 0� 2 V in Fig. 18 looks, for

example, much more regular than the range from

VBG ¼ 2� 3 V.

B. Influence of constrictions

Taking into account that graphene nanoribbons usually

display stochastic Coulomb blockade, it is surprising that

graphene islands connected with graphene nanoribbons to

graphene leads act as relatively well behaved quantum dots.

The influence of the constrictions on transport through gra-

phene quantum dots was discussed in various experiments.

Often, it was found that the coupling between a dot and

another dot or a lead changed non-monotonically with

applied gate voltage.245,247,250,253,254,258,259,261,262,264,270,276

Multiple experiments found “transmission reso-

nances”45,242,245–247,254,258–261,265,268 originating from the

constrictions. Most of them were identified by measuring

transport as a function of multiple gates.45,245–247,260,265 The

resonances were explained by “localized states” in the con-

strictions,45,245,247,256,259,260,265,268 by the appearance of a

(transport) gap246,247 or by “parasitic charge puddles.”221 In

other experiments, the constrictions were believed to exhibit

FIG. 18. Coulomb blockade measured in the device presented in Ref. 40

(same device as in Fig. 3) in a different cooldown. Despite measuring many

consecutive non-overlapping Coulomb diamonds, the device is clearly in a

regime where three dots in series need to be passed by an electron moving

from one contact to the other. All side gates are grounded.
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a confinement gap278 or to behave as QPCs.276 Also, the

term “stochastic Coulomb blockade” was used to describe

transport in one double dot experiment.269

C. Single Coulomb diamonds as a consequence of
cotunneling

The measurements of the quantum dot structure from

Fig. 3 (Ref. 40) showed that non-overlapping Coulomb dia-

monds can be observed even when several sites of localized

charge are arranged in series. The multiple sites of localized

charge were identified and their position was triangulated

with the help of multiple side gates. Fig. 19(a) exemplarily

shows the current flowing through the device as a function of

voltages applied to two different side gates. Three different

sets of slopes are clearly visible (yellow dashed lines) indi-

cating that at least three sites of localized charge (or to fol-

low the notation from before: three quantum dots) are

present in the device.285 Using a different set of gates as

shown in Fig. 19(b), however, reveals only one set of slopes,

which highlights that employing a suitable gate geometry is

crucial for locating sites of localized charge. From different

gate configurations, the positions of the sites of localized

charge inside the graphene structure could be triangulated:

one is located in the island and (at least) one each in the two

constrictions as schematically depicted in Fig. 19(c).

The system therefore has to be treated as a serial quan-

tum dot. Within this picture, it is surprising that single non-

overlapping Coulomb diamonds were measured in the same

regime. In order to explain this, higher order tunneling proc-

esses over virtual states need to be considered. The situation

is schematically depicted in Fig. 20: whenever an energy

level of the middle dot in the island is aligned with the leads,

a Coulomb peak is measured. The outer two dots are, how-

ever, typically in Coulomb blockade such that a second order

cotunneling process over a forbidden (“virtual”) state is

necessary to transport an electron from the lead to the island.

As second order cotunneling is generally more probable than

third- or fourth-order cotunneling, the middle dot is typically

the one that can be linked to the observed Coulomb

diamonds.

These findings have immediate consequences: single dot

physics (e.g., dot Kondo effect289) or double dot physics

(e.g., spin blockade290,291) cannot easily be investigated in

such a system as at least three dots in series are found. This

is in stark contrast to, for example, quantum dots in GaAs

where tunneling barriers are formed by QPCs and the dots

therefore show clear single dot behavior.292

As there are various experiments that have found

“transmission resonances” originating from the constrictions

as well as non-closing Coulomb diamonds in graphene quan-

tum dots, it is therefore likely that this behavior is quite

generic for many devices.

It was further found that the site of localized charge in

the island is rather stable in size and position, whereas the

“quantum dots” in the constrictions change their size as well

as their position by applying gate voltages. This suggests

that the charge might be homogeneously distributed over the

island (compare also supplementary material of Ref. 209)

which would explain why Coulomb blockade is generally

more regular in island-shaped devices than in graphene

nanoribbons. Further, as nanoribbons often exhibit several

localized states in series, it is likely that cotunneling proc-

esses are also important in graphene nanoribbons.

Another parameter that was investigated was the capaci-

tive coupling between different sites of localized charge. It

was found that whenever different energy levels of the three

“quantum dots” are nearly aligned, the size of the Coulomb

FIG. 19. Current through the dot at a fixed small bias as a function of

applied side gate voltages for the device in Fig. 3 (see Ref. 40). For the gate

configuration in (a), multiple sets of lines are found, whereas for the gate

configuration in (b) only diagonal lines are found. (c) Based on measuring

additional gate configurations, three sites of localized charge (i.e., “quantum

dots”) were identified: one located in each constriction and one in the island.

Adapted with permission from Bischoff et al., New J. Phys. 15, 083029

(2013). Copyright 2013 IOP Publishing.
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diamond shrinks indicating an enhanced capacitive cou-

pling.40 This is demonstrated in Fig. 21 for the triple dot de-

vice: the charging energy of the island got significantly

decreased when one of the levels of the localized states in

the constrictions came close to resonance. The width of the

diamond, however, stayed constant. It is likely that an

increased overlap of the wave functions in the constriction

and in the island is responsible for this behavior. This

explains why effects such as shell filling293,294 are hard to

observe.

D. Electronic excited states

In a number of single-island graphene devices, features

outside but parallel to the Coulomb blockade diamond

edge were found and interpreted as electronic excited

states.240,248,249,251,252,267,268,271 Similarly, features parallel

to the base line of finite bias triangles in double-island devi-

ces were interpreted as electronic excited states253,254,261,264

or electron phonon coupling.255 In some cases for the single-

island devices, cotunneling lines corresponding to the

excited state features were observed inside the Coulomb dia-

monds.248,249,251 In Ref. 45, such lines that were parallel to

the Coulomb diamond edge were observed, but it was clearly

shown that the dot was in a multi-level regime.295

There are a variety of other effects that can lead to lines

being parallel (or nearly parallel) to the edges of Coulomb

diamonds, as, for example, coupled charge traps,296 electron-

phonon coupling,297 or density of states fluctuations282,298,299

and interferences209 in the leads. Similar arguments might

not only be true for the leads of the devices but also for the

(non-ideal) constrictions.254 Care has therefore to be taken

when interpreting features in conductance as electronic

excited states.

E. Magnetic field behavior

Aside from changing gate voltages and applied bias,

devices were investigated in parallel252,261,277 and perpendic-

ular61,242,243,248,249,251,252,260,267,276,279 magnetic field. The

magnetic field was used to probe the electron-hole cross-

over248,249 and investigate the Zeeman splitting.252,277 No

preferential spin filling sequence was found.252,277

F. Graphene quantum dots beyond electronic
transport measurements

There are a number of other approaches for fabricating

quantum dots out of graphene. These approaches were so far,

however, not used for electronic transport experiments. They

FIG. 21. “3D Coulomb diamonds”: for

each point in gate voltages 2 and 3, the

current is measured as a function of

applied bias voltage. If the current is

below a certain limit, a box is plotted.

The color of the boxes is given by the

applied bias. Cuts at constant gate 2 or

3 result in Coulomb blockade diamond

measurements similar to Fig. 18 (see

orange dashed line). When the white

line is crossed, an electron is loaded

into the middle dot. When the yellow

line is crossed, an electron is loaded

into the right dot. It is clearly visible

that the size of the Coulomb diamonds

of the middle dot decreases when

approaching the yellow line.

FIG. 20. Schematic diagram of how transport in the quantum dot experiment

from Ref. 40 can be interpreted: a Coulomb resonance is measured when an

energy level of the island (blue) is aligned with the leads. Strong tunneling

coupling of the localized states in the constrictions (orange, magenta) results

in second order cotunneling through these states. Higher order tunneling

processes occur through virtual states (i.e., electrons travel over levels that

are either already occupied or above the Fermi level).
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offer novel approaches for designing graphene quantum dot

devices with possibly different characteristics.

1. CVD grown graphene islands

There are a number of different experiments where gra-

phene quantum dots grown on an iridium surface were inves-

tigated by STM.300–304 Besides mapping the topology of the

graphene islands, the local density of states (LDOS) was

probed as a function of position.300–304 A modulation of the

LDOS with position and dot geometry was found and inter-

preted as influences from quantum confinement300,301,303,304

or as the observation of the wave function.302 In a recent

experiment, the graphene was intercalated by oxygen in

order to exclude the influence of surface states of the irid-

ium.304 Interestingly, one experiment also showed that the

modulation of the LDOS did not depend on the type of the

edge.301

2. Chemically derived quantum dots

In another set of experiments, chemically produced and

often functionalized graphene quantum dots were investi-

gated. Reference 305 provides an overview over different

fabrication techniques. A number of possible applications

for graphene quantum dots were suggested such as

photovoltaics,306–308 light emitting diodes,305,309–312 bioi-

maging,309,313,314 sensors,315 optoelectronics,306,309,310,314

supercapacitors,311 and fuel cells.309 Notably, these quantum

dots were found to be photoluminescent.306,310,313,314

Singlet-triplet lifetimes of such chemically derived graphene

quantum dots were measured optically316 and found to be in

the microsecond range. In a recent experiment, individual

dots were probed and it was found that the optical spectrum

did not depend on the dot size.312 Also, electrical measure-

ments of “piles” of such quantum dots were carried out.317

3. Strain-defined quantum dots

Along a different route was the experiment by Klimov

et al.318 where a graphene membrane was deformed by an

STM tip and a quantum dot was formed due to the induced

strain.

X. SUMMARY

In experiments, nanoribbons typically do not show

quantized conductance as expected from theory for perfect

nanoribbons. There are many possible imperfections that can

alter transport properties. These imperfections can be

roughly grouped into three categories: disorder from the

environment, disorder from the graphene, and disorder from

the edges. Effects such as charge traps in the oxide, substrate

phonons, substrate roughness, or adsorbed molecules on top

of the graphene fall into the first category. The second cate-

gory includes effects such as lattice defects of the graphene

or ripples. The third category covers edges that do not follow

the principal crystal directions, reconstructed edges, and

molecules bound to the edges. The steady improvement of

device quality for micron sized graphene devices showed

that the first two categories can be successfully addressed as

in those devices edges only play a minor role.

Employing the same improvements in fabrication tech-

nology for reactive ion etched graphene nanodevices as for

the micron sized graphene devices does, however, not result

in a significant change of transport properties. This implies

that imperfect and disordered edges are currently the major

cause for the observed electronic transport properties of

those graphene nanodevices. As transport properties for a

wide range of devices are similar, those findings are likely

also valid for many other fabrication approaches.

Electronic transport through graphene nanostructures is

typically characterized by a reduced conductivity and a

region of strongly suppressed conductance around the charge

neutrality point. Although the presence of an energy gap due

to quantum confinement can currently not be fully excluded,

most experimental evidence points to another mechanism

that is responsible for blocking current through nanodevices:

charge localization resulting in Coulomb blockade. Many

experiments performed on devices fabricated with different

processes and methods have observed Coulomb blockade

diamonds in graphene nanoribbons. It is therefore very likely

that different kinds of edge disorder were present in the

different devices. This indicates that the exact type of edge

disorder is either unimportant or that due to some special

energetic configuration all processes resulted in similar

edges. The second possibility is rather unlikely as experi-

ments probing edges with atomic resolution (mostly STM

and TEM) showed different kinds of edge morphologies.

Further, theory predicts that various different atomic config-

urations at the edges have similar energies such that it is

unlikely that one of them always prevails.

So far, no clear difference in transport properties was

found for ribbons fabricated out of single layer and bilayer

graphene. This can again be interpreted as a sign that the

details of the band structure of graphene are currently not

probed in nanodevices as edge disorder is too strong.

Multiple mechanisms were suggested to be responsible

for the localization of electrons inside graphene nanoribbons.

Recent experiments have indicated that at least some local-

ized states follow the edge of the device and extend out of

the constriction along the edge of the graphene leads. These

findings suggest that models relying on an energy gap due to

quantum confinement are not capturing the whole picture as

such an energy gap is unlikely to exist in the wide graphene

leads adjacent to the ribbon. Numerical simulations of gra-

phene stripes with disordered edges also managed to predict

charge localization along the edges. From a theoretical point

of view, the exact mechanism is, however, not fully under-

stood: as the length on which charge is localized is about

two orders of magnitude longer than the typical length on

which edges are disordered, it is unlikely that electrons are

localized at a single defect site. It is further unclear if the

observed localization is related to the edge states predicted

for perfect zig-zag ribbons. As the general crystallographic

orientation of devices does, however, not seem to play an im-

portant role in experiments, this is unlikely. As a hand-

waving argument, graphene edges are similar to the surfaces

of three-dimensional crystals and it is therefore not

031301-18 Bischoff et al. Appl. Phys. Rev. 2, 031301 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

192.33.101.213 On: Thu, 10 Sep 2015 12:04:00



surprising to find surface states due to the breaking of the

crystal symmetry.

Most graphene nanodevices—ribbons or island shaped

quantum dot geometries—showed multiple sites of localized

charge that were capacitively and tunneling coupled to each

other. Due to strong coupling of different sites in series, it is,

however, still possible to observe well-behaving non-over-

lapping Coulomb diamonds. This was explained by higher

order cotunneling processes where the outer dots mimic the

role of tunneling barriers by allowing higher order cotunnel-

ing over virtual states. It is therefore important to have a suf-

ficient number of external gates in a useful geometry to

detect multiple sites of localized charge via their different

capacitive coupling to different gates.

This presence of multiple sites of localized charges in

series can explain why certain single dot physics such as the

Kondo effect and double dot physics such as spin blockade

are hard to observe in graphene nanodevices.

The transport properties of graphene nanodevices in rib-

bon and in island geometry are very similar. There is, how-

ever, a tendency that devices in island geometry show more

regular and less overlapping Coulomb blockade diamonds.

It was further shown that interference effects in the gra-

phene leads adjacent to the nanostructure can result in lines

being roughly parallel to the Coulomb diamond edges. Care

has therefore to be taken when attributing lines parallel to di-

amond edges to electronic excited states. It is further worth

noting that many devices are typically in a multi-level trans-

port regime where electronic excited states are so closely

spaced that they cannot be resolved unless the coupling

strength to the leads is sufficiently different.

There are, however, a number of exceptions where

experiments showed qualitatively different properties.

Examples are the unzipped carbon nanotubes from Ref. 46

that show signatures of Kondo effect or Ref. 56 showing

quantized conductance in a current annealed suspended rib-

bon. Alternative approaches completely avoiding edges by

electrostatically defining structures in bilayer graphene61,234

or resulting in atomically perfect edges151,222–226 exist.

Finally, novel devices grown on step edges of SiC show

promising properties as well.228

XI. OUTLOOK

Neither the exact mechanism for charge localization nor

the exact spatial extent of localized wave functions is currently

known in detail. It would therefore be interesting to combine

imaging techniques like STM with low-temperature transport

experiments. Such data would further allow to directly com-

pare theoretical and numerical models with reality. First steps

in this direction were performed by Qi et al.145 where a TEM

was used to image and manipulate graphene nanodevices

while transport was recorded at room temperature.

Additional information on number, position, and move-

ment of localized charge sites in graphene nanoribbons could

be obtained by fabricating devices with multiple gates. Such

an experiment might help to resolve the question whether a

“quantum dot” picture is applicable, where electrons are

loaded into the same site of localized charge repeatedly. The

alternative picture would suggest that at different energies

wave functions get localized at different positions.

There was much progress already in fabricating nanodevi-

ces with better control over the edges: bottom-up self-aligned

nanoribbons from molecules, double-gated bilayer devices,

and possibly also graphene ribbons on SiC step edges. Further

work is, however, needed to fabricate nanodevices of arbitrary

geometry in a reproducible way. A promising approach would

be to functionalize edges of reactive ion etched structures.

Finally, there is a large number of other two-

dimensional materials available: there are about 40 transition

metal dichalcogenides319 and a large number of further lay-

ered materials.320–323 A combination of different materials

together with nanostructures could yield in devices with

superior properties. It would, for example, be possible to fab-

ricate graphene quantum dots in a way where electrons need

to tunnel through an atomic layer of an insulator into a gra-

phene island with perfect edges grown by CVD and out

again. This would possibly enable to measure well controlled

single quantum dots in graphene and mark a significant step

towards graphene spintronics.
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APPENDIX A: BAND GAP

Assuming a perfect, periodic, and infinite crystal, the

choice of atoms and lattice will result in a band structure:

electrons are allowed to exist only at certain energies for cer-

tain k-vectors (so-called “bands”).324 Energy ranges in the

band structure where no electronic states are allowed to exist

are called band gaps (see Fig. 22(b)).324 If the Fermi energy

lies within such a band gap and the size of the band gap is

moderate, the system is considered as semiconductor.324

As in reality, crystals are never perfect and infinite; the

general assumption for the above model to be valid is that

the crystal is large and that the amount of perturbations is

small.

The easiest way to experimentally measure the band gap

at small k-vector is to perform an optical absorption mea-

surement: if the energy of the light is smaller than the band

gap of a semiconductor, light will not be absorbed.324

Alternatively, optical emission experiments can be used

where light with an energy higher than the band gap is shone

on the crystal and the photons emitted by the semiconductor

are investigated.325

Band gaps can also be measured with ARPES326 or

STM/STS,327 but experiments are typically challenging.

If the band gap is sufficiently small, electronical meas-

urements can also help to obtain information about its size.

By increasing the temperature, electrons can be excited into

the conduction band and thereby contribute to conduction.328

The resulting scaling of the conductance (for undoped
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semiconductors) will be proportional to the amount of

excited charge carriers (/ expð�E=2kBTÞ).328 This is sche-

matically depicted in Fig. 22(c). As other effects as, for

example, a change in mobility with temperature and phonons

play a role329 and as other physical effects have similar scal-

ing (e.g., Refs. 166 and 203), this method is not especially

reliable to extract a band gap.

Alternatively, a metal gate can be used to tune the Fermi

energy from below the gap to above the gap. By converting

the applied gate voltage difference into an energy, the gap

can be calculated. Care has to be taken when converting gate

voltages into energy, with the employed capacitor model and

with quantum capacitance effects arising due to small den-

sities. The process is depicted in Fig. 22(e).

As the band gap is a material property, it should in a first

approximation not depend on the details of the device geom-

etry. It is further worth noting that for various technological

applications the presence of a band gap is necessary.

APPENDIX B: GLOSSARY

AFM: atomic force microscopy, similar to SFM

ARPES: angle resolved photon emission spectroscopy

BGG: back-gate gap – region of suppressed conduct-

ance in back gate voltage

CVD: chemical vapor deposition, graphene grown typi-

cally on metal foils from organic precursors

EBL: electron beam lithography

Expanded graphite: chemically exfoliated graphite

hBN: hexagonal boron nitride

HOPG: highly ordered pyrolithic graphite, similar to

Kish graphite

Kish graphite: side product of steel fabrication

LDOS: local density of states

Natural graphite: graphite flakes obtained from mines,

usually cleaned

RIE: reactive ion etching

SDG: source-drain gap – region of suppressed conduct-

ance in source-drain voltage

SEM: scanning electron microscopy

SET: single electron transistor

SFM: scanning force microscopy

SiC: crystalline silicon carbide

STM: scanning tunneling microscopy

STS: scanning tunneling spectroscopy

TEM: transmission electron microscopy

QPC: quantum point contact
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