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1 Introduction Graphene – a single layer of carbon 
atoms covalently bonded to each other – is a unique mate-
rial with extraordinary properties [1, 2]. The low resistance, 
high tunability and long elastic mean free path together 
with a special band structure make it a promising material 
for future applications. As pristine graphene does not pos-
sess a band gap, it cannot directly be used in existing nano-
electronic device designs. It was predicted by theory that 
narrow graphene stripes called nanoribbons can exhibit a 
band gap as well as other interesting properties such as 
edge states [3, 4]. By connecting a graphene island to gra-

phene leads via such nanoribbons, quantum dot devices 
can be fabricated [5, 6]. Graphene quantum dots were pre-
dicted to exhibit long spin lifetimes due to low spin–orbit 
and hyperfine coupling [7–9] which would make them 
valuable components for quantum information processing.  

Over the last years, many different techniques were 
used to pattern graphene nanodevices for electronic trans-
port experiments. Employed technologies include etching 
of lithographically patterned devices with plasma [10, 11], 
etching of devices using nanowires as masks [12], unzip-
ping of carbon nanotubes [13, 14], bottom-up fabrication 

Patterned graphene nanodevices are promising candidates for
nano- and quantum-electronics. Low temperature electronic
transport in reactive ion etched graphene nanodevices is typi-
cally governed by charge localization manifesting itself in the
appearance of Coulomb blockade. The disorder originating
from non-perfect graphene edges was identified as being the
dominant reason for the stochastic charge localization in gra-
phene nanoribbons. It was found that electrons can localize
along the edges on length scales much longer than the physi-
cal disorder length. Such states localized along the edge can
even leak out of the nanoribbon into adjacent wide graphene
leads suggesting that a possibly existing confinement gap is
not required to explain transport properties of etched gra-
phene nanodevices. These insights are then used to improve
the understanding of transport in graphene quantum dots
where Coulomb blockade is typically more regular than in
nanoribbons. 

 It is shown that non-overlapping Coulomb diamonds can be
observed even in a regime where three states of localized
charge need to be passed in series by an electron traveling
from source to drain contact. This counter-intuitive observa-
tion is explained by higher order co-tunneling through the lo-
calized states in the nanoribbons connecting the graphene dot
to the leads. 
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from molecules [15], growth on silicon carbide step edges 
[16, 17] and various others. This review focuses on devices 
defined by a lithography process and subsequent etching 
with a plasma process such as reactive ion etching (RIE). 
This approach allows to fabricate devices with nearly arbi-
trary geometry. 

By performing electronic transport experiments on RIE 
patterned devices, it was found that the conductivity is 
generally reduced compared to micron-sized devices and 
often strongly suppressed around the charge neutrality 
point [10, 11]. The origin of this suppressed conductance 
was first attributed to the opening of a band gap predicted 
by theory [10, 11]. Later experiments clearly observed 
Coulomb blockade [18–23] in graphene nanoribbons at 
sufficiently low temperatures indicating that transport is 
governed by localized charges. Figure 1a shows the con-
ductance for a typical graphene nanoribbon as a function of 
applied back-gate voltage (or equivalently charge carrier 
density) and Fig. 1b as a function of applied bias voltage.  

 
1.1 Structure of this review In Section 2, different 

imperfections in graphene nanodevices are discussed with 
the aim of identifying the parameters limiting transport 
properties in state-of-the-art devices. Based on this discus-
sion, in Section 3 areas and locations are estimated on 
which charges are localized in graphene nanoribbons. This 
knowledge is then used to develop a qualitative picture of 
charge transport through a graphene quantum dot in Sec-
tion 4. Finally, the findings from this review are summa-
rized in Section 5, and Section 6 provides a short outlook 
of possible future experiments.  

 

 
Figure 1 (a) Conductance of a 80 nm wide and 240 nm long gra-
phene nanoribbon. As a function of applied back-gate voltage (or 
equivalently charge carrier density), the conductance typically 
decreases non-monotonically (hole regime) until it reaches a re-
gion of suppressed conductance. At higher voltages, the conduc-
tance increases again (electron regime). (b) Conductance as a 
function of applied back-gate voltage and source-drain voltage in 
the region of suppressed conductance marked in blue in (a). Sto-
chastically distributed Coulomb blockade diamonds are observed. 
(Data of device #2 from Ref. [24].) 

2 Bulk versus edge disorder There are many im-
perfections in etched graphene nanodevices that could be 
responsible for the random charge localization, therefore 
preventing the observation of quantized conductance in 
graphene nanoribbons predicted by theory [25–27]. These 
imperfections can be grouped into two categories: bulk  
effects and edge effects. Bulk effects include the environ-
ment such as substrate imperfections [28], fabrication resi-
dues [29] and lattice defects [30]. Edge effects include  
microscopically rough edges, molecules bound to the edge 
[31], edge reconfigurations [32] and edges not follow- 
ing the primary crystallographic orientations [33]. A selec-
tion of these effects is shown in Fig. 2 where bulk imper-
fections are highlighted in blue and edge imperfections  
are highlighted in red. In order to improve transport prop-
erties of graphene nanodevices, it is crucial to determine 
the imperfections that result in the observed charge local-
ization. 

 While it is so far technologically challenging to con-
trollably alter the graphene edges, it was shown that the in-
fluence of bulk effects can be significantly reduced by fab-
ricating graphene devices on a hexagonal boron nitride 
(hBN) substrate and a subsequent cleaning step by thermal 
annealing [34]. This improvement in device fabrication 
was used to fabricate both graphene nanoribbons as well as 
micron-sized control devices on hBN [24]. All the devices 
were fabricated from the same graphene flake in close  
vicinity to each other. While a significant improvement of 
transport properties (mobility, disorder density) was found 
for micron-sized control devices, the electronic properties 
of ribbons on hBN were indistinguishable from their coun-
terparts fabricated on traditional silicon dioxide substrates 
[24]: conductance is still suppressed around the charge 
neutrality point due to the localization of charge carriers 
leading to Coulomb blockade. From these results it can be 
concluded that the imperfect edges in reactive-ion etched 

  

 
Figure 2 Illustration of a number of different disorder types. 
Disorder sources originating from the edge are labeled in red and 
disorder sources related to the bulk of the graphene, the substrate 
or the environment are colored in blue. 
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graphene nanodevices are mainly responsible for the ob-
served charge localization.  

To further test this hypothesis, the devices were con-
taminated with a polymer used for the lithography step: the 
transport properties of the control devices deteriorated no-
tably while no clear change was observed for the ribbon 
devices [24]. This is in line with the argument that disorder 
from the edge is dominant.  

Smith et al. [35] extended this approach by evaporating 
cesium atoms on top of their nanoribbons fabricated on 
silicon dioxide. A pronounced shift of the charge neutrality 
point and a broadening of the region of suppressed conduc-
tance were found. The doping was explained by charge 
transfer from the metal atoms to the graphene. The en-
hanced suppression of conductance suggested that bulk 
disorder can indeed influence transport in graphene nano-
devices.  

The different outcome of the two experiments [24, 35] 
suggests that as long as bulk disorder is weak, mainly edge 
disorder is responsible for charge localization. By intro-
ducing strong short-range disorder via the metal atoms, 
charge carriers can likely be localized around these atoms.  

 
3 Charge localization along the edge Short 

nanoribbons with a length of only 30 nm were fabricated 
on a hBN substrate to reduce the length of edges that were 
found to be responsible for charge localization [36]. Com-
patible with previous experiments, Coulomb blockade dia-
monds were observed. By analyzing the width BGVD  of the 
Coulomb diamonds, the capacitance between the area on 
which charge is localized and the back gate can be esti-
mated: loc BG BG/ .C e V, ≥ D  Assuming that charge carriers are 
localized in the bulk of the nanoribbon and by carefully 
converting the capacitances into areas, a puzzling result 
was obtained: the area on which charge is localized can be 
up to ten times larger than the nanoribbon itself [36].  

Coulomb blockade is observed when an electron tun-
nels from one of the leads into the localized state and then 
out again into the other lead. Additionally, the localized 
state needs to connect the delocalized wave functions in 
the two wide graphene leads therefore enabling current to 
flow.  

It is clear that a band/confinement gap alone cannot 
explain charge localization on an area larger than the con-
striction as no seizable gap is expected in the graphene 
leads. Along similar lines, models suggesting the combina-
tion of a confinement gap and some background disorder 
potential [22, 23, 37, 38] are not able to explain the results. 
Even if a mechanism could be found that localizes the 
electrons in the nanoribbon and its closer vicinity, a large 
wave function overlap between delocalized states in the 
leads and the localized state in the nanoribbon (yellow, 
Fig. 3a) would likely result in strong coupling and there-
fore prevent tunneling. This situation is schematically de-
picted in Fig. 3a.  

Figure 3b presents the solution suggested to solve this 
puzzle [36]:  charge carriers  could be primarily  localized  

 
Figure 3 (a) Schematic of a graphene nanoribbon with a possible 
wave function envelope of a localized state (yellow) and wave 
function envelopes of delocalized states in the adjacent graphene 
leads (blue). Due to the large expected overlap of the wave func-
tions, the resulting strong coupling will likely prevent tunneling 
from the blue states into the yellow state. It is therefore unlikely 
that Coulomb blockade could be observed. (b) If the wave func-
tion of the localized state is primarily situated at the edge of the 
device, a small wave function overlap might result in tunneling be-
tween the delocalized states in the leads and the localized state in 
the nanoribbon that extends along the edge of the device. In such a 
case the observation of Coulomb blockade might be possible. 

 
along the edge of the device and are allowed to extend out 
of the nanoribbon along the edge of the graphene leads. 
Along the edge, the capacitance to the back gate is en-
hanced due to electrostatic stray fields resulting in a locally 
higher capacitance and therefore an apparently larger area. 
Additionally, the small wave-function overlap between the 
two-dimensional delocalized states in the leads and the 
quasi-one-dimensional states along the edge should allow 
for tunneling. Notably, the length scales on which charge is 
localized along the edge (≈100 nm) are much larger than 
the physical disorder length (≈1 nm). It is therefore un-
likely that the states contributing to transport are localized 
around single defect sites.  
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The exact mechanism for the localization along the 
edge is currently not understood. As a huge variety of de-
vices fabricated by different processes (e.g. Refs. [18–21, 
39, 40]) show charge localization, the exact type of edge 
disorder is probably unimportant as long as it is suffi-
ciently strong. Qualitatively, one can argue that an edge in 
graphene is equivalent to a surface in a three-dimensional 
crystal where it is well known that symmetry breaking can 
result in surface states [41]. It is therefore plausible that lo-
calized states exist at disordered graphene edges.  

 
4 Localization in graphene quantum dots The 

insights about graphene nanoribbons are next applied to 
graphene quantum dots. Graphene quantum dots fabricated 
by RIE typically consist of a graphene island that is con-
nected via two nanoribbons to two wide graphene leads [5, 
6]. Therefore, it could be expected that a graphene quan-
tum dot would show even more irregular Coulomb block-
ade diamonds as an electron moving through the structure 
has to pass through two ribbons and an island. This is 
however not what is typically observed in experiment: 
most graphene quantum dots show rather regular Coulomb 
blockade diamonds closing at small bias [5, 6, 42–44]. In 
order to understand this behavior better, it is necessary to 
determine where charges are localized as well as which 
transport mechanisms lead to these significantly more 
regular Coulomb blockade diamonds.   

In Ref. [45], a bilayer graphene quantum dot with a 
geometry depicted schematically in Fig. 4a was investi-
gated. It was found that measurements of the current 
strongly depended on the choice of side gate voltages that 
were varied: sweeping one of the left gates (L) versus one 
of the right gates (R) resulted in current patterns showing 
three distinct sets of lines as exemplarily shown in Fig. 4b. 
The observed lines show avoided crossing indicating 
strong coupling between individual states of localized 
charge. This data suggest that at least three sites of local-
ized charges are present in the system [45]. While the di-
agonal lines are about equally spaced, the other two sets 
are not (see light blue lines), indicating energy dependent 
geometries of the involved localized states.  

The situation is different when using only both left (or 
only both right) gates as exemplarily shown in Fig. 4c: 
only one set of lines is visible [45]. This does, however, 
not imply that only one site of localized charge is present 
but rather that all sites couple equally well to both em-
ployed side gates. Using all combinations of side gates, it 
was possible to roughly triangulate the positions where lo-
calized charges were situated: one site must be located in 
the island and one site each somewhere close to or in the 
nanoribbons [45]. This situation is depicted in Fig. 5a.  

When measuring the current flowing through the dot as 
a function of applied bias, Coulomb diamonds are ob-
served [45] as shown in Fig. 6. In contrast to the measure-
ment presented in Fig. 1b for a graphene nanoribbon, the 
diamonds are much more regular and most of them close at 
low bias voltage. This is exactly the behavior expected for  

 
Figure 4 (a) Schematic drawing of the investigated device: a bi-
layer graphene quantum dot with 4 lateral side gates L1/2 and 
R1/2. (b) Current flowing through the quantum dot measured at 
small bias as a function of gates L1 and R1. Three different sets 
of lines are visible as highlighted by the blue dashed lines. Clear 
avoided crossings between different sets of lines can be observed. 
(c) Current flowing through the dot as a function of R1 and R2. 
Here, only one set of lines is visible. (Same data as published in 
Ref. [45].) 

 
a single quantum dot and not expected for three dots in se-
ries. This apparent contradiction can be resolved by taking 
co-tunneling into account, which is a higher order tunnel-
ing process via virtual intermediate states. The higher the 
order of the co-tunneling process is, the lower is generally 
the probability for it to happen [46, 47]. For a system with 
three dots in series, the following combinations can occur: 
normal tunneling (all three levels aligned with leads), sec- 
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Figure 5 (a) Schematic position of the states of localized charge 
for the experiment in Figs. 4 and 6 (see also Refs. [36, 45]). (b) 
Cotunneling process resulting in current through a serial triple 
quantum dot: in order to enter the middle dot which is aligned 
with the leads, electrons need to go via virtual states in the outer 
two dots. (c, d) Schematic drawing of two possible sets of wave 
function envelopes that will not contribute to current. (e) Set of 
wave function envelopes that will contribute to current but fail to 
produce the symmetry observed in experiment. (f–h) Possible sets 
of wave function envelopes that are compatible with the observa-
tions of the experiment in Ref. [45]. 

 
ond order co-tunneling (two levels aligned), two times sec-
ond order co-tunneling (only middle level aligned), third 
order co-tunneling (one of outer levels aligned) or fourth 
order co-tunneling (none of the levels aligned). As a triple 
dot system has a three-dimensional parameter space, the 
most common case is that either zero or one of the levels 
are aligned with the leads. As a consequence, current is 
more likely to flow when the middle level is aligned than 
when one of the outer levels is aligned. This results in the 
regular observed Coulomb blockade diamonds originating 
from the charge localized on the island. This situation 
where the outer dots act as tunneling barriers via higher 
order co-tunneling processes is depicted in Fig. 5b. 
Equivalently, the system can be understood as a coherently 
coupled triple dot molecule.  

 
Figure 6 Coulomb blockade diamonds recorded along the yellow 
dashed line in Fig. 4b. (Same data as published in Ref. [45].) 

 
Next, possible wave function envelopes are discussed. 

Many combinations of wave function envelopes will not 
contribute to the current as schematically depicted in 
Fig. 5c, d since they fail to connect the two leads. Others, 
as for example the one shown in Fig. 5e, will not fulfill the 
observed symmetry as the red state of localized charge is 
much stronger coupled to the upper gates than to the lower 
gates. This is in principle also true for the states in the rib-
bons, but due to the geometry of the investigated device, it 
is unlikely that a state on one ribbon edge could be ex-
perimentally discerned from a state at the other ribbon 
edge. It is therefore clear that in order to fulfill all require-
ments, the wave function of the state in the dot needs to be 
extended over the whole island as depicted in Fig. 5f–h. 
This extension over the whole island consequently results 
in the quite regular Coulomb blockade diamonds observed 
experimentally and is compatible with the capacitance ob-
tained from the width of the Coulomb blockade diamonds.  

 
5 Conclusion It was shown that disordered edges in 

etched graphene nanostructures are currently the main ori-
gin of the charge localization observable as Coulomb 
blockade in electronic transport measurements. By care-
fully analyzing capacitances of localized states in ul-
trashort nanoribbons, it was suggested that electrons can be 
localized along the edges of a device on length scales 
much longer than the physical disorder length. These edge 
states can continue along the edge in the wider lead parts 
of the device. This indicates that a potential band/con-
finement gap is not the relevant mechanism for the ob-
served suppression of conductance around the charge neu-
trality point. As an edge always breaks the symmetry of the 
crystal, it is not surprising to find electronic states local-
ized along the edge – similar to surface states in three-
dimensional crystals.  

By comparing graphene nanoribbons with graphene 
quantum dots, it was found that dot geometries usually fea-
ture more regular Coulomb blockade diamonds despite be-
ing built of two nanoribbons and an island in series. By 
careful triangulation of the sites of localized charge, it was 
found that localized states exist in each of the constrictions, 
as expected. Further, one state was found to be delocalized 
over the actual dot structure. By taking into account higher 
order co-tunneling processes, the following picture was 
suggested: the observed regular Coulomb blockade dia-
monds belong to the state being extended over the whole 
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island. Transport to and from this island happens via co-
tunneling through localized states in the nanoribbons.  

A more detailed and technical review of this line of re-
search can be found in Ref. [48].  

 
6 Perspectives There are many open questions con-

cerning the exact extent of wave functions or the micro-
scopic origins of the charge localization along the edge. 
More insight into those questions could be obtained by 
combining scanning tunneling microscopy together with 
low temperature transport experiments. It might also be 
worthwhile to further investigate chemical functionaliza-
tion of edges [31, 49] in order to obtain smoother poten-
tials.  

Alternatively, novel device designs can be investigated. 
A promising approach is the electrostatic definition of 
quantum dot structures in bilayer graphene [50, 51]. It 
would further be possible to replace the nanoribbons defin-
ing the connections to the island by real tunneling barriers: 
a graphene island could be separated from conducting elec-
trodes via a two-dimensional insulator such as hBN or WS2 
[52, 53].  
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