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In graphene-based electronic devices like in transistors, the field effect applied thanks to a gate

electrode allows tuning the charge density in the graphene layer and passing continuously from the

electron to the hole doped regime across the Dirac point. Homogeneous doping is crucial to under-

stand electrical measurements and for the operation of future graphene-based electronic devices.

However, recently theoretical and experimental studies highlighted the role of the electrostatic

edge due to fringing electrostatic field lines at the graphene edges [P. Silvestrov and K. Efetov,

Phys. Rev. B 77, 155436 (2008); F. T. Vasko and I. V. Zozoulenko, Appl. Phys. Lett. 97, 092115

(2010)]. This effect originates from the particular geometric design of the samples. A direct conse-

quence is a charge accumulation at the graphene edges giving a value for the density, which devi-

ates from the simple picture of a plate capacitor and also varies along the width of the graphene

sample. Entering the quantum Hall regime would, in principle, allow probing this accumulation

thanks to the extreme sensitivity of this quantum effect to charge density and the charge distribu-

tion. Moreover, the presence of an additional and counter-propagating edge channel has been pre-

dicted [P. Silvestrov and K. Efetov, Phys. Rev. B 77, 155436 (2008)] giving a fundamental aspect

to this technological issue. In this article, we investigate this effect by tuning a high mobility gra-

phene wire into the quantum Hall regime in which charge carriers probe the electrostatic potential

at high magnetic field close to the edges. We observe a slight deviation to the linear shift of the

quantum Hall plateaus with magnetic field and we study its evolution for different filling factors,

which correspond to different probed regions in real space. We discuss the possible origins of this

effect including an increase of the charge density towards the edges. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893468]

I. INTRODUCTION

Graphene is a purely 2D material with a thickness of

only one carbon atom.1 Its particular linear band structure2

gives rise to charge carriers with unusual properties.

Mobilities reaching extreme values close to 106 cm2/Vs

(Ref. 3) and a hybrid character between holes and electrons

named charge conjugation4 have been reported. In the quan-

tum Hall regime,5 the appearance of a Berry phase accumu-

lated by the carriers during their orbital motion gives rise to

a shifted sequence of the quantum Hall plateaus compared to

conventional 2D systems6,7 with a fourfold degeneracy.

Most of the transport experiments in graphene-based devices

have been conducted with a field-effect transistor geometry.

The graphene flake is supported on a large substrate acting

as a back-gate (for instance, Si/SiO2, Si/SiO2/hexagonal bo-

ron nitride8 (hBN) or Si/air in the case of suspended devi-

ces). When a voltage is applied to this gate electrode,

electrostatic fields exist between the graphene and the gate

electrode. In the ideal case of a plate capacitor model, this

electric field between the graphene and the gate electrode is

homogeneous electric field and, thus, a homogeneous charge

density is induced. However, because of the finite lateral

size9 of the graphene flake and because of its finite density of

states at all energy, edge effects are present leading to charge

accumulation at the graphene edges (see Fig. 1(a)). The

value of the capacitance can, thus, strongly deviates10,11

from the plate capacitor model (Fig. 1(b)). This effect has

been recently evoked12–14 in experimental studies involving

high quality graphene devices (suspended and supported on

hBN) in the quantum Hall regime in which only edge states

propagate. In this study, we will use a similar approach (i.e.,

high quality graphene wire in the quantum Hall regime). We

will also distinguish between the different filling factors,

which may give spatial resolution for the measured capaci-

tance at high magnetic field.

II. DEVICE FABRICATION AND TRANSPORT
MEASUREMENTS UNDER MAGNETIC FIELD

Using e-beam lithography, our device is contacted by

two Ohmic contacts (Cr 0.5 nm/Au 45 nm) deposited on a

bilayer graphene flake, which is itself deposited on a local

hBN flake sitting on a large Si/SiO2 substrate (the thickness

of the oxide is 285 nm). The graphene flake is obtained by

exfoliation from graphite on a PMMA (200 nm)/PVA

(100 nm) double-layer and identified by optical microscopy.
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It is then characterized by atomic force microscopy (AFM)

and subsequently transferred onto a hBN flake of 34 nm

thickness using the transfer technique.15 For this study, we

selected a graphene wire, naturally defined, 460 nm in width

and several tens of micrometers in length. The hBN surface

is characterized by AFM prior to the transfer to ensure a

high quality topography (very low roughness, no structural

defects, no contamination). The roughness is found to be

<0.1 nm (limited by the resolution of our AFM) over a large

area (>20� 20 lm2). This is one requirement15 to observe a

high mobility of charge carriers in graphene. The separation

between the Ohmic contacts is also reduced to match the

width of the graphene flake (i.e., 460 nm). Under these con-

ditions, well-defined quantum Hall plateaus can be

observed16 in a two-terminal configuration, which is another

requirement for this study. At the end of the fabrication pro-

cess, the device is annealed under a controlled atmosphere of

Ar/H2 (ratio of the gas flows: 10/1) at temperatures up to

300 �C during 5 h. This step was found15,17 to be crucial to

remove lithographic residues such as the PMMA used, for

instance, for e-beam lithography and from the transfer film

and thus to decrease residual doping in the system and to

improve its transport properties. An AFM image of the final

device after annealing is shown in the inset of Fig. 1(b). The

two contacts used in this study, which fulfill the geometric

condition, are represented in pink. The two other contacts

are floating during the transport experiment.

The device is measured in a variable temperature insert

designed for low-noise transport experiments. All measure-

ments shown here were obtained at a temperature of 2.5 K in

a two-terminal configuration. Superimposed DC

(V¼ 250 lV¼ linear regime) and AC (dV¼ 200 lV) vol-

tages were applied to the sample. AC signals are used to

extract the differential conductance G given by dI/dV (dI

was measured by sending the response signal through an I-V

converter). Fig. 2(a) shows a map, where dG/dVbg is plotted

as a function of back-gate voltage (¼ density) and magnetic

field applied perpendicularly to the graphene plane. Black

regions correspond to plateaus of conductance formed in the

quantum Hall regime. The observed sequence corresponds to

the series expected for bilayer graphene (64, 68, 612,

616, 620 e2/h…). Some plateaus corresponding to broken

symmetry (spins and valleys) states18 also appear like those

at 0, �1, 62, and �3 e2/h. The mobility of charge carriers

has been estimated to be around 35 000 cm2/V.s in our sys-

tem from the appearance of Shubnikov-de Haas oscillations

around 250 mT.19 The residual doping has been observed to

be low as the Landau fan is well centered at 0 V in back-gate

voltage.

In this device geometry and assuming a plate capacitor

model, quantum Hall plateaus of a particular filling factor

are expected to shift linearly with magnetic field and gate

voltage (¼ charge density). However, we observe, in Fig.

2(a), a slight deviation especially visible for the plateaus at 3

and 4 e2/h in the hole transport regime for which the plateau

positions seem to bend (evolution for different filling factors

assuming a plate capacitor is also plotted as a guide for the

eyes). Such a deviation has been recently interpreted20 as the

effect of charge accumulation at the graphene edges. In the

following, we will comment on this observation and discuss

its possible origins.

III. ANALYSIS OF THE QUANTUM HALL PLATEAUS
SHIFT

We start by applying the method originally developed

by Vera-Marun et al.12 after similar observations reported in

both supported and suspended graphene devices. In the quan-

tum Hall regime and when the Fermi energy lies in-between

two Landau levels, conduction is governed by propagating

edge states of well-defined conductance, whereas the “bulk”

part of the graphene flake is insulating.5 An estimate12 of the

lateral region probed by the charge carriers in those edge

channels is given by the cyclotron diameter of the highest

occupied Landau level d ¼
ffiffiffiffiffiffi
�h

epB

q
, where � is the filling fac-

tor and B is the magnetic field. As mentioned before, electro-

static fringe fields are expected to result in charge

accumulation at the edges of the device. This leads to an in-

homogeneous charge density profile along the width of the

FIG. 1. (a) Graphene wire supported on boron nitride substrate. The thickness of the SiO2 layer is 285 nm and 31 nm for the hBN local substrate. Field lines

coming from the Si/SiO2 back-gate participating to the electrostatic edge focusing effect are represented in black dotted lines. (b) Simulated charge density

profile along the width of the graphene flake (1 V applied to the back-gate electrode). Solid black line represents the simulation including effects of the fringing

field lines. Dashed line represents the value for the plate capacitor model. (Inset) Scanning force microscope image of the measured device. The graphene

wire’s edges are outlined with the white dashed line.
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flake as shown before in Fig. 1(b). Electrostatic equations

describing this dependence can be found in Refs. 10 and 11

(graphene is taken as an ideal metal, the effect of magnetic

field and of finite density of states on the screening properties

of the graphene are also neglected). This effect is significant

and differences between the charge density in the middle of

the flake and at the edges could, in principle, reach several

hundreds of percents.10–12 Within this study, finite elements

simulations predicted a notable change of the local effective

capacitance per area (¼ Cv*) from 1.12� 10�8 C/V.cm2 in

the center of the flake to 3.30� 10�8 C/V.cm2 at the edges.

As in the quantum Hall regime, the charge density and

magnetic field are linked for the different filling factors by

the following equation:

n� ¼ �
eB

h
; (1)

we can follow the evolution of the effective local capaci-

tance (¼ Cv*) (n� ¼ C�� ðVbg � VDiracÞ=e) with respect to the

applied magnetic field as plotted in Fig. 2(a).

Following the procedure described in Ref. 12, we plot in

Figs. 2(b) and 2(c) the evolution of the effective capacitance

par area C* (the center of each plateau Vbg is extracted from

the data at different magnetic fields. Corresponding n� are

then calculated following equation (1) and C* is finally also

calculated) as a function of the cyclotron diameter for differ-

ent magnetic fields ranging from 1 to 7 T. In their approxi-

mation, the cyclotron diameter was expected to give a rough

estimation of the distance of the edge state from the edge of

the sample. The two Figs. 2(b) and 2(c) correspond to the

holes transport regime and electrons transport regime,

respectively. We can observe the tendency of a gradual

increase of the effective capacitance as the charge carriers

are pushed towards the edges (i.e., decreasing cyclotron

diameter¼ increasing magnetic field). This variation is how-

ever, in the present study, moderate (�20%) compared to the

simulations (>100%). In a less extent, this was also observed

in Ref. 12, where scaling factors of 0.8 (for a suspended

bilayer flake of 0.4 lm width and 2.6 lm length) and 0.7 (for

a monolayer graphene flake of 2 lm width and 2.5 lm length

supported on hBN) were used to fit the experimental data.

Here, one has to remember that the modeling assumes that

FIG. 2. (a) Conductance mapping in the quantum Hall regime of the bilayer graphene wire. A regular sequence is observed for bilayer graphene (4, 8, 12,

16e2/h…). Additional plateaus corresponding to broken symmetries states at 0, �1, 62, and �3 e2/h also appear. White dotted lines represent the expected

evolution for the different plateaus (center) for filling factor �20, �16, �12, �8, �6, �4, �3, �2, �1, 4, 8, 12, and 16. (b) and (c) Shift of the effective capac-

itance per area as a function of the cyclotron diameter for the hole and electron side, respectively, and for different values of the magnetic field. The solid line

corresponds to the value of the capacitance obtained with a standard plate capacitor model.

073705-3 Barraud et al. J. Appl. Phys. 116, 073705 (2014)
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the top electrode is an ideal metal, which is certainly not the

case with graphene under high magnetic field. As mentioned

before, the graphene plane is composed of insulating and

conducting parts. It is, thus, expected not to fit correctly the

experimental data with the simulated capacitance profile,

which assumes a fully metallic plane.

IV. DISCUSSION

We now try to understand the possible origin of this phe-

nomenon by starting from the model of charge accumulation

at the edges. In the picture of compressible and incompressi-

ble stripes,21 edge channels act like parallel charge wave-

guides. This model is only valid in the case of a smooth edge

confinement potential, in which the edge channels can recon-

struct. This may not be the case realized in graphene, where

edges are naturally atomically sharp, and the density profile

may change rather abruptly at the sample edge because there

is no band gap in the material. Assuming that the increase of

capacitance is due to the charge accumulation, edge states of

different filling factors should however probe different

regions22 of the graphene flake and, thus, in principle, should

“feel” different effective density regions and also different

variations with magnetic field. The lowest filling factor is the

closest to the edge and should, thus, see the highest effective

capacitance variation as a function of magnetic field). In

Figs. 3(a) and 3(b), the data presented previously in Figs.

2(b) and 2(c) are plotted now as a function of magnetic field

and for different filling factors (positive and negative), which

are specified in the figures.

We first observe that the previous expectation (highest

capacitance variation for the lowest filling factors) is not ful-

filled. At a given magnetic field, an apparent random order is

observed. The lowest filling factor is here not even associ-

ated to the highest value of the effective capacitance. For

negative filling factors, the situation seems to be even the op-

posite. At this point, one may argue that the positions in real-

space of the different wave-functions are not easy to deter-

mine as described in Ref. 22 and could even overlap between

the forward and backward channels for very narrow ribbons.

In Figs. 3(c) and 3(d), we show the cyclotron diameter de-

pendence for the different filling factors. We notice that all

the effective capacitance associated with different filling fac-

tors increase with their cyclotron diameter. They all start

from the same value close to the one obtained with a plate

capacitor model (1.07� 10�8 C/V.cm2) and then, surpris-

ingly, they all reach roughly the same maximum value.

Interestingly, we also observe a continuous increase of the

capacitance for the negative filling factors whereas, for posi-

tive filling factors (þ4, þ8, þ12, and þ16), the plot shows a

linear increase up to 3 T and, then, a saturation. From the

electrostatic point of view, one would expect e-h symmetry

FIG. 3. (a) and (b) Effective capacitance per area versus magnetic field obtained for the different filling factors (electrons¼filled symbols and holes¼ empty

symbols, respectively). (c) and (d) Effective capacitance per area versus cyclotron diameter plotted for the different filling factors. The dashed line represents

the value of the capacitance obtained in the framework of a plate capacitor model.
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but effects of localized trapped charges in the SiO2 substrate

could be relevant.23,24

The charge accumulation is expected to be a universal

behavior. However, here we observe that the effect of charge

accumulation is quite reduced in agreement with the obser-

vation of Vera-Marun et al.12 and that the different filling

factors feel roughly the same capacitance profile (which can-

not be compared with Ref. 12 as there was no discrimination

between the different filling factors). Alternative and/or com-

peting phenomena could thus be invoked to explain this ob-

servation. For instance, the quantum capacitance25,26 (which

is not taken into account in the simulation) could also lead to

a non-linear dependence of the density on gate voltage.

Another alternative could be related to the formation of

localized states27 at higher magnetic fields. If the width of

the quantum Hall plateaus, which depends on the presence of

localized states in the bulk of the sample, changes non-

linearly with gate voltage (¼ density); then, one would also

observe such non-linearities. Also, the effect of band struc-

ture at the graphene edges is unknown. Theoretically, it can

be assumed that the density can increase up to the last row of

carbon atoms but the electronic structures and, thus, the den-

sity of states also strongly depends on the edge configura-

tion,28 which may certainly vary here at the scale of the

device. An experimental effort has to be made in this direc-

tion to control it. Finally, the effect of spin-orbit coupling in

bilayer graphene has been predicted to bend also the differ-

ent Landau levels.29

V. CONCLUSION

In this paper, we have investigated the effect of electro-

static fringe fields at the sample edge by employing quantum

Hall edge channels. We have followed the behavior of differ-

ent states corresponding to different regions probed in the

real space. A complex behavior is then observed, which

could highlight the fact that charge density profile is not

entirely dominated by the charge accumulation effect.

Further investigations should be performed by checking the

role of the thickness of the dielectric used for gating and dif-

ferent device geometries.
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