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Large on/off current ratio in hybrid graphene/BN nanoribbons by transverse
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We propose an approach to design efficient electronic switches based on Graphene/BN

heterostructures. By means of atomistic Tight Binding simulations, we investigate heterostructures

made of an armchair BN nanoribbon sided by two armchair graphene ribbons where a significant

bandgap can be opened. In particular, we show that a bandgap of about 0.55 eV can be strongly

suppressed by applying a relatively weak transverse electric field of 10 mV/A. Additionally, by

using non-equilibrium Green’s function simulation, we show that this effect can be used to control

the current in electron devices even at small bias and small length. An on/off current ratio higher

than 104 is achieved at room temperature. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893697]

Bandgap opening in graphene is a critical issue to make

this outstanding material suitable for a wide range of applica-

tions. Nanostructuring strategies, as cutting graphene into

narrow strips to form graphene nanoribbons (GNRs)1 or

punching a periodic array of nanoholes into a graphene sheet

to form a graphene nanomesh (GNM),2 have been shown to

be effective to generating a bandgap. However, to achieve a

gap of a few hundreds of meV the width of GNRs and neck

width of GNMs must be very small, typically smaller than

2–3 nm. Such small dimensions are difficult to achieve and

give rise to problems of reproducibility and edge disorder

control.3,4 It is also possible to use an external electric field

to generate and/or modulate the bandgap in graphene or

graphene-like structures. This technique has been first dem-

onstrated in carbon nanotubes (CNTs) by placing a CNT in

an electric field perpendicular to the tube axis.5 In ribbons, a

similar effect of transverse electric field applied along the

width has been predicted for GNRs,6–8 bi-layer GNRs,9 and

BN ribbons,10 as a consequence of field-induced symmetry

breaking. In the case of GNRs, the field may open a small

gap in metallic zigzag ribbons. It has a negligible effect on

metallic armchair ribbons,6 while it reduces the gap of semi-

conducting ones. However, in an armchair GNR of reasona-

ble width, e.g., with 69 dimer lines, the bandgap reduces

only for electric field higher than 4 mV/Å and can be modu-

lated in a limited range of 0.15 eV.6 In BN ribbons, the sig-

nificant suppression of the large bandgap requires electric

fields of strength higher than hundreds or even thousands of

mV/Å.10

An external field applied perpendicularly to the sheets

can also open and modulate a bandgap, as shown experimen-

tally in bilayer graphene11 and theoretically in bilayer BN,12

as a consequence of the difference of potential between both

layers. However, using this approach, the controllable

bandgap is limited to 0.25 eV in bilayer graphene13 and the

modulation of bandgap in BN bilayers is not enough to make

this material suitable for carrier transport.

Graphene functionalized with hydrogen (H) or fluorine

(F) has been shown to modify strongly the band structure

and the transport properties of graphene, with the possibility

to open a bandgap that can be adjusted by tuning the H or F

coverage.14–16 The improvement of Ion/Ioff ratio in graphene

transistors using selective fluorination has been experimen-

tally demonstrated.17 Recently, the possibility to grow hybrid

monolayers consisting of a mixture of BN and carbon nano-

domains has been demonstrated,18–20 with the possibility to

form heterostructures, which motivated new strategies of

bandgap engineering and proposal of devices.20–22 In particu-

lar, it has been suggested to introduce a finite-gap hybrid bo-

ron-nitride-carbon (BNC) region below the gate of a transistor

to improve significantly the Ion/Ioff ratio.22 A double-BN bar-

rier may be used also to design a resonant tunneling device.22

In this Letter, by using an atomistic tight binding (TB)

approach, we show that an external transverse electric field

applied along the width of an armchair hybrid graphene/BN

ribbon can modulate the bandgap over a wide range, typi-

cally from more than 0.5 eV to less than 0.08 eV. It is worth

noting that this effect is obtained for moderate electric fields,

smaller than 20 mV/Å. Based on this material study, an elec-

tronic device where such a ribbon is connected to two gra-

phene leads is proposed. It should be noted that in this

device the transport takes place along the BN/graphene het-

erostructure, which is expected to provide higher current

than for a transport across the heterostructure. According to

our ballistic Green’s function-based quantum simulations, an

on/off current ratio higher than 104 can be achieved due to

the field-induced modulation of bandgap.

We consider the armchair ribbon heterostructure sche-

matized in Fig. 1, made of a central BN ribbon surrounded

by two graphene ribbons. The width of each sub-ribbon is

characterized by the number of dimer lines, denoted by

MCC1, MCC2, and MBN. For the band structure analysis, the

ribbon is considered to be infinite and periodic along x axis.

For MCC1¼MCC2¼ 15, MBN¼ 29, i.e., for a total ribbon

width W of about 7.1 nm, the calculated bandgap is about

0.55 eV. Two side gates are placed along the edges of the

ribbon. At these gates, two potentials V1 and V2 equal to
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�V0/2 and þV0/2, respectively, are applied to generate a

transverse electric field along the y axis. To make easier the

comparison with previous works where the transverse field

was assumed to be uniform, we use throughout the letter the

concept of average field F0 ¼ V0=W which is the strength of

the transverse field in free space, i.e., in the absence of

Graphene/BN ribbon between the side gates. Though

convenient to present the results, this uniform field, called

external field, may differ significantly from the actual space-

varying transverse field considered in our self-consistent

simulation, as will be shown later.

The electronic energy band structure is investigated

using a tight-binding model for the atomic structures limited

to the first nearest neighbor interaction,23 i.e., using the

Hamiltonian

H ¼
X

i

eijiihij �
X

hi;ji
tijjiihjj þ

X

i

Uijiihij; (1)

where ei is the on-site energy and Ui ¼ �e:Vi is the electro-

static potential energy at site i, tij is the hoping parameter

between atoms at i-th and j-th sites. On-site and hoping ener-

gies have been taken from Ref. 24 where they have been par-

ameterized to fit first-principles calculation.

In Refs. 6 and 8, the electric field-induced redistribution

of charge was neglected and the electrostatic potential in

Graphene ribbons was considered as a linear function of

atom position along the ribbon width. Here, a self-consistent

procedure was performed to compute the potential profile via

a coupled 1D Schr€odinger-Poisson solver, with Dirichlet

boundary conditions of Poisson’s equation. Recently, the

effect of electric field on the permittivity in graphene has

been reported.25 It was shown that both in-plane and out-of-

plane permittivities may vary significantly under strong field

of some hundreds of mV/Å. Moreover, it has been shown

that such strong field can also induce mechanical deforma-

tion of the lattice that may dramatically change the electronic

structure.26,27 These phenomena can be neglected in the

range of field considered here, i.e., smaller than 20 mV/Å. In

the present work, we have assumed the in-plane relative per-

mittivity to be 1.8 in graphene25 and 3 in BN.28 The hole and

electron densities were computed from the wave functions

and eigen-energy values as29

nhð~rÞ ¼ 2:
X

kx

X

valence states

½1� f ðEv � ENÞ�:j/vð~rÞj2

neð~rÞ ¼ 2:
X

kx

X

conduction states

f ðEc � ENÞ:j/cð~rÞj2:
(2)

From the in-plane charge density q ¼ eðnh � neÞ, the 3D

charge density q3D ¼ q=Dz30 to be introduced into Poisson’s

equation was obtained by assuming the monolayer thickness

Dz to be equal to the distance between two graphene layers

in graphite, i.e., Dz ¼ 0:35 nm.31

In Fig. 2(a), the charge distribution and potential are

plotted along y axis for an external electric field F0 of

9 mV/Å. The charge distribution along the width of the rib-

bon can be separated in three groups as a function of the

atom position along the y direction. The three groups are

composed with atoms which have an index position of the

form 3mþ 1, 3mþ 2, and 3mþ 3, respectively, where m is a

natural number. This classification of charge is similar to the

energy rule demonstrated in armchair graphene nanorib-

bons.23 We checked that it is the same for all other honey-

comb armchair structures such as pure graphene and BN

ribbons. Fig. 2(a) also shows that under the effect of electric

field, free positive and negative charges are separated and the

local charge neutrality is no longer ensured. Carriers on elec-

tron states tend to move towards the high potential gate and

carrier on hole states move towards the low potential gate.

Additionally, it is not surprising that the charge density is

strongly localized in the graphene regions while the central

BN region is almost free of charges. The dielectric properties

of the involved materials reinforce the weakness of the

charge density in BN.

In Fig. 2(b), the potential profiles obtained by including

(solid line) or not (dashed line) the effect of Charge

Redistribution (CR) are plotted for F0¼ 9 mV/Å. Without

CR effect the result can be found analytically by using the

continuity conditions of potential and displacement vector at

the interfaces whereas the calculation with CR effect

requires a fully numerical self-consistent procedure. As the

two potential profiles are different, Fig. 2(b) clearly illus-

trates that the CR effect is significant for F0¼ 9 mV/Å.

However, at smaller electric field the two potential profiles

are very similar (not shown). Actually, the CR effect in this

FIG. 1. Schematic view of the Armchair Graphene/BN/Graphene structure

studied in this work with MCC1¼MCC2¼ 15, MBN¼ 29. It is placed in

between two side gates that generate a transverse electric field. For the trans-

port analysis, a portion of this hybrid ribbon is connected to two graphene

contacts.

FIG. 2. (a) Redistribution of charge in the system under effect of the electric

field. (b) Potential profile along the width of the ribbon with and without

effect of CR. Here, the external electric field is F0¼ 9 mV/Å.
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structure is negligible for electric fields lower than 6 mV/Å.

For larger electric fields, the self-consistent solution is

mandatory.

In Fig. 3, the potential profiles (with CR) are plotted for

different electric fields F0 ranging between 3 and 20 mV/Å.

At external field high enough to induce significant CR effect,

the local electric field in the device is no longer distributed

uniformly along the width. While a high field builds up near

the ribbon edges where the mobile charges induce a strong

screening effect, the field remains relatively small inside the

BN sub-ribbon. At external fields F0 higher than 15 mV/Å,

the direction of the local field in the BN region even tends to

reverse.

The band structure of the studied hetero-structure is dis-

played in Fig. 4 for different external fields F0. The resulting

energy gaps are plotted in Fig. 5 as a function of the external

field. Both figures show clearly the suppression of energy

gap when increasing F0. This suppression of bandgap, con-

trolled by the potential applied to the gates, is governed by

the effect of the local potential energy U ¼ �eV, where V is

the local potential which contributes directly to the on-site

energy, as expressed in Eq. (1). Thus, at the edge near the

gate biased at positive potential, the negative potential

energy shifts down the anti-bonding states of the conduction

bands, while at the other edge, the positive energy potential

shifts up the bonding states of the valence band. This leads

to a gradual narrowing of the bandgap when the electric field

strength increases. At low external electric field F0, these

phenomena result in a linear decrease of the bandgap when

increasing the potential applied between the gates.

Further analysis of Fig. 5 shows that for F0> 6 mV/Å

this linear behavior fails and the gap tends to saturate. When

the electric field is larger than 20 mV/Å, the gap reaches the

nearly constant value of 74 meV. In this structure, the gap

cannot be fully suppressed by applying an external field, due

to the effect of charge redistribution. At high field, the reduc-

tion of the gap is not only related to the strength of the exter-

nal field but depends also on the strength of the local internal

electric field limited by the CR effect as seen in Fig. 2(b) and

discussed above.

The electron effective mass in the lowest conduction

band was also examined and is plotted in Fig. 5 as a function

of the external field. At zero field, the calculated effective

mass is relatively small and equal to 0.069 m0, where m0 is

the electron rest mass. This effective mass slightly increases

up to 0.077 m0 for a field of 9 mV/Å. At higher field, the

effect of charge redistribution affects not only the energy

gap but also the shape of the band. The saturation behavior

of the gap is associated with a strong increase of the effective

mass that reaches 0.174m0 at F0¼ 20 mV/Å. The CR effect

limits the band mixing between the lowest conduction band

and highest valence band. This resistance to the mixing

results in the flattening of the bands.

Electrostatic gates are usually used to control the free

charge density in the channel by shifting the Fermi level

while the energy gap and the shape of the energy bands

remain unchanged. Considering the effect of field-induced

bandgap modulation previously highlighted, we propose a

way to control the electronic current by using two side gates

instead of top and/or back gates. In an electronic switch

based on graphene/BN ribbon with two side gates oppositely

biased, the induced transverse electric field modulates the

energy gap in the active region. Thus the local ambipolar

free carrier density and finally the electronic resistance in the

active region are controlled. In this field-effect mechanism,

at weak electric field the gap should remain large enough to

cut off the current. At high electric field the gap tends to van-

ish and the current is expected to turn on. Following this

idea, the device schematized in Fig. 1 has been simulated.

The active region is made of a finite portion (10.5 nm) of the

hybrid BN/graphene ribbon studied previously, connected to

two graphene leads with a total width of 59 dimer lines. Two

gates are located at each side of the active region to generate

the transverse electric field. The graphene contacts are

FIG. 3. Typical potential profiles obtained for different external electric

fields F0¼ 3, 9, 15, and 20 mV/Å.

FIG. 4. Plot of energy bands for four values of the external field F0¼ 0, 3, 9,

and15 mV/Å.

FIG. 5. Energy bandgap (circles) of the hybrid ribbon and effective mass

(squares) in the lowest conduction band as a function of the external field

F0.
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metallic while the active region is semiconducting at zero

transverse field. The simulation was performed at room tem-

perature (T¼ 300 K) with an initial Fermi energy in the con-

tacts EF¼ 0.2 eV.

The applied voltages in the two side gates of the device

are equal to V1¼�EF and V2¼V0�EF, respectively. This

bias generates an external field F0¼V0/W that is used to

modulate the gap in the active region. In the off-regime, i.e.,

for F0 close to zero, as the side gate potential is equal to�EF,

the Fermi level in the contacts is aligned to the middle of the

large gap formed in the active region. Hence, a very low off-

current is expected. The increase of the potential V0, applied

on side gate 2, turns on the device. Indeed, the associated

increase of F0 induces a reduction of the band-gap that

finally increases the value of the current. Moreover, the

increase of the potential V0 generates a standard field-effect,

i.e., it induces an increase of the charge density in the device

which reinforces the effect of the bandgap suppression to

switch on the device. Thus, an excellent on-off current ratio

is expected in this device.

The simulation of electron transport was performed

within the ballistic approximation. The quantum transport

was treated by means of the previous tight-binding descrip-

tion coupled to the non-equilibrium Green’s function

approach29,32 where the transmission TðEÞ is computed as

T ¼ TraceðCLGCRG
†Þ, where G ¼ ½E� HD � RL � RR��1

is

the retarded Green’s function of the device, and CLðRÞ
¼ iðRLðRÞ � R

†

LðRÞÞ is the injection rate at the left (right)

contact characterized by the self-energy RLðRÞ. Finally, the

current was computed from the transmission using the

Landauer’s formula.29

In Fig. 6, the current is plotted as a function of the bias

voltage Vbias applied between the graphene leads for trans-

verse electric fields F0¼ 0, 5, 10 and 20 mV/Å. As the energy

bandgap is gradually suppressed, it is remarkable that the cur-

rent increases strongly. The red curve with circles, that corre-

sponds to F0¼ 0 mV/Å, exhibits very weak current at low

bias because the chemical potentials in the leads do not cross

available energy states in the active region. Nevertheless, due

to the finite and small size of the active region, some evanes-

cent waves can tunnel through the active region. Once the

transverse electric field is high enough, the gap is strongly

suppressed and the current is widely enhanced due to the

increasing contribution of propagating waves. At low F0, the

rapid increase of current when F0 increases is consistent with

the bandgap reduction observed in Fig. 5. For fields higher

than about 10–15 mV/Å, the bandgap tends to saturate, which

leads to a limited increase of current. Actually, two effects

contribute to limit the current at high transverse field: the

quasi-saturation of bandgap and the increase of effective

mass, as shown in Fig. 5. For this particular ribbon, at

Vbias¼ 0.2 V the on/off current ratio ION/IOFF defined as the

ratio of currents at F0¼ 20 mV/Å and at F0¼ 0 mV/Å reaches

the nice value of 3830, and even 14200 if the length of the

active region increases to 17 nm (not shown), due to the lower

transparency of the active region.

In conclusion, we have demonstrated the effect of a

moderate transverse electric field on the effective modulation

and suppression of the energy bandgap in an armchair

Graphene/BN structure, by considering carefully the effect

of charge redistribution at high field. We have shown that

the gap can be modulated from 0.55 eV down to values lower

than 0.1 eV by applying a transverse electric field of about

15 mV/Å. Beyond this value of field, the reduction of

bandgap becomes limited, as a consequence of the effect of

charge redistribution, and the effective mass increases

strongly, which makes the field range 0–15 mV/Å the most

relevant to control the band structure of the ribbon studied

here. Taking advantage of this effect, we have proposed an

efficient method for controlling the current in devices by

using side gates conveniently biased. This could open new

approaches to controlling electron current in small graphene

and graphene-like devices.
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