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The stacking-dependent electronic structure and transport properties of bilayer graphene

nanoribbons suspended between gold electrodes are investigated using density functional

theory coupled with non-equilibrium Green’s functional method. We find substantially

enhanced electron transmission as well as tunneling currents in the AA stacking of bilayer

nanoribbons compared to either single-layer or AB stacked bilayer nanoribbons. Interlayer

separation between the nanoribbons appears to have a profound impact on the conducting

features of the bilayer nanoribbons, which is found to be closely related to the topology and

overlap between the edge-localized p orbitals.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene is a two-dimensional monoatomic layer system

which has attracted great research interest due to its remark-

able electronic properties [1]. Its honeycomb lattice can be

described in terms of an sp2 hybridized network of carbon

atomswhich essentially controls the characteristic p electronic

structure of graphene [2]. A pristine graphene monolayer can

be cut into elongated strips to form 1D structure, referred to

as graphene nanoribbons (GNRs) which can be terminated by

either armchair or zigzag edges. GNRs can be either metallic

or semiconducting depending on the type and width of edges

[1]. Recently, the stability of edge states and edge magnetism

in graphene nanoribbons is discussed, arguing that the intrin-

sic magnetism of GNRs may not be stable at room temperature

[3].

A bilayer (b) GNR system consists of two monolayers of

GNR, typically arranged in the Bernal (AB) or AA stacking

arrangements. Such a bilayer system with smooth edges

has been successfully fabricated by unzipping multiwalled

CNTs [4], the plasma etching [5] and chemical routs [6]. It
er Ltd. All rights reserved
dey).
can be channel material for a field-effect transistor due to

the opening of its gap by a perpendicularly applied electric

field [7–9]. It has been suggested that the application of bGNRs

in nanoscale electronic devices is advantageous due to their

low sensitivity to external perturbations [10]. Therefore, the

unique electronic properties offered by a bilayer GNR system

can add another dimension to the possibility of the use of car-

bon-based transistors in the post-silicon era.

In a bGNR configuration, the stacking of hexagonally

linked sp2-bonded nanoribbons facilitates an interlayer inter-

action between p electrons which leads to the modification of

its electronic properties relative to those of monolayer nano-

ribbons. Also, similar to the single-layer GNR, the edge chem-

istry is expected to have profound effect on the electronic

properties of bGNR. For example, a GNR with homogeneous

armchair or zigzag shaped edges is predicted to have finite

gap in the ground state, with the edge states forming the

top of the valence band and the bottom of the conduction

band [11]. Furthermore, this gap appears to scale inversely

with the width of the GNR [11]. Such an interesting electronic

structure of the GNR in general and bGNR in particular has
.
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attracted a great deal of attention in their electron transport

properties [5,12–16]. For the bGNR, in particular, the electron

transport studies have been performed using a part of the

channel-forming single-layer GNR as a contact [17,18]. Such

a configuration has limited practical applications as it has

the potential of introducing unwanted asymmetry in the

structure. In the present study, we investigate the role of

interplanar interaction in determining the transport proper-

ties of a bilayer GNR system by considering a practically real-

izable device configuration in which GNRs are suspended

between gold electrodes. Thus, the device configuration con-

sidered in the present study is capable of exploiting the pres-

ence of the transmission channel due to the interlayer

interaction between GNRs and the effect of interface between

GNR and metal electrodes for electronic transport.
Fig. 1 – Bilayer GNR configurations (a) AB and (b) AA (C in

grey and H in blue). (For interpretation of the references to

color in this figure legend, the reader is referred to the web

version of this article.)
2. Computational model

The local spin density approximation (LDA) of the exchange

[19] and correlation functional [20] forms within density func-

tional theory, incorporated in the SIESTA program package is

used [21]. It should be pointed out that the LDA-DFT method

has been shown to provide reasonably good descriptions of

the physics and chemistry of graphitic systems [22,23], though

it underestimates the band gap of the semiconducting materi-

als. Enhanced conductivity features in the current–voltage

characteristics of the bilayer GNR configuration considered

are clearly demonstrated by the LDA-DFT method employed.

It is worth noting that the LDA-DFT method mimics features

of the electronic band structure obtained by many-electron

Green’s function approach within the GW approximation rea-

sonably well [24].

Norm-conserving pseudopotentials and double-zeta basis

sets with polarization functions were used for all atoms in

electronic structure calculations [21]. The k-space integra-

tion was done with a grid of 1 · 1 · 32 k-points. For the con-

tact Au atoms, the chosen Au pseudopotential and basis sets

reproduce the electronic properties of the bulk Au near the

Fermi region and has been successfully applied to investi-

gate electronic transport properties of the Au–C60–Au system

[25].

The bias-dependent electron transmission and current are

calculated using the non-equilibrium Green’s functional

(NEGF) method based on the Keldysh formalism, as imple-

mented in the SMEAGOL program [26,27]. The current via

the gold-connected bilayer GNRs can be obtained as

I ¼ e
h

Z 1

�1
dETðE;VÞ½fðE� l1Þ � fðE� l2Þ� ð1Þ

where l1 and l2 are the electrochemical potentials in the two con-

tacts under an external bias V, f(E) is the Fermi–Dirac distribution

function. The transmission function, T(E, V) is an important

intrinsic factor describing the quantum mechanical transmis-

sion probabilities for electrons. The semi-infinite effect of the

left (right) electrode is taken into account by introducing the

self-energy RL (RR) in the effective Hamiltonian [see Supple-

mentary information, point 1]. It is worth noting that the

transmission depends on both the electron energy E and the

applied external bias V.
3. Results and discussion

3.1. Structural properties

A bilayer GNR configuration consisted of hydrogen passivated

zigzag graphene nanoribbons (zGNR) with a width of 13.4 Å is

considered. It has six primitive cells of graphene in each unit

cell and is denoted as 6-zGNR. In a zGNR, the ribbon edges or-

der magnetically due to localization of the unpaired electrons.

A parallel alignment of the spin states of both edges results

into the ferromagnetic (FM) spin configuration, whereas anti-

parallel alignment yields the antiferromagnetic (AF) spin con-

figuration. The calculated ground state of a pristine 6-zGNR

has AF ordering between two edges, though the coupling be-

tween carbon atoms on the same edge is ferromagnetic.

The calculated results on pristine 6-zGNR employing our

modeling elements agree very well with the previously re-

ported results [11,28,29]. For example, the energy difference

between AF and FM coupling of edges is about 0.006 eV per

zGNR cell which is comparable with 0.004 eV per cell predicted

for 8zGNR [11]. Note that Ref. [11] uses the same computation

method as we do, and it is shown this energy difference de-

creases with zGNR width. The calculated C–C bond length var-

ies from 1.39 Å to 1.45 Å as also predicted in earlier studies.

The magnetic moment of the edge carbon atoms of bare zGNR

is about 1.16 lB. This magnetic dipole is dramatically sup-

pressed (�0.2 lB) in the presence of passivating hydrogen

atoms. Since the bare (i.e. edge unpassivated) bilayer configu-

ration of zGNRs is predicted to be unstable [30], we consider a

bilayer configuration consisting of hydrogen passivated GNRs

which are shown to be thermodynamically stable [11,28–31]. A

full optimization of the pristine bilayer GNRs with smooth

edges leads to formation of (6, 6) single-wall armchair CNT

as also reported previously [30].

Following the stacking nomenclature of graphite, we clas-

sify the stacking arrangements to be either AA or AB as

shown in Fig. 1; all carbon atoms of the hexagon rings are

near-neighbors (i.e. top of each other) in the AA stacking

whereas only half of the atoms are near neighbor and the

other half of the atoms are above and below the empty cen-

ters of the hexagonal rings of GNR in the Bernal (AB) configu-

ration. The AA bilayer only has one form of edge alignment
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whereas AB has two types of edge alignments, namely a and b

alignments. Previous studies [31–33] have shown the a align-

ment to be energetically more stable and non-magnetic

whereas the energetically less favorable b alignment does

have magnetic properties [34] which can be explained by

Stoner’s criteria for itinerant magnetism.

The calculated results confirm the AB-a stacking arrange-

ment to be energetically preferred for the passivated bilayer

zGNRs, though the energy difference between AA and AB-a

is relatively small (�0.03 eV/atom) at the LDA-DFT level of

theory. The calculated value of the binding energy of the

AB-a configuration is 0.018 eV/atom in excellent agreement

with the previously reported value of 0.017 eV/atom [33].

The AA stacking arrangement consisting of individually opti-

mized 6-zGNR is predicted to be non-magnetic with an inter-

layer separation of 3.06 Å and binding energy of 0.015 eV/

atom [see Supplementary information, point 2]. We define

the binding energy to be the difference between the total en-

ergy of a bilayer and twice the value of the total energy of a

passivated (AF) single-layer zGNR.

3.2. Electronic properties

Fig. 2 shows the electronic band structures of single-layer and

bilayer 6-zGNRs along the high symmetry points in the k-

space suggesting that the presence of the interlayer coupling

significantly modifies the subband curvature and subband

spacing of the AA stacking configuration relative to those

for the AB stacked GNRs and the single-layer GNR. Note that

our calculated band structures for the AB-a bilayer configura-

tion are consistent with the results of previous theoretical

study [34].
Fig. 2 – The electronic band structures of passivated zGNRs: (top

bGNR. Zero of the energy is aligned to the Fermi energy.
In the band structure of the passivated zGNRs, only p edge

states exist due to the saturation of dangling r edge bonds by

hydrogen atoms (Fig. 2 (top)). The calculated project density of

states (PDOS) of zGNR whose qualitative features agree well

with the previous LDA-DFT calculations [24] is shown in

Fig. 3. We find that the peaks near Fermi level can be attrib-

uted to edge atoms suggesting that the electronic bands near

Fermi energy are composed of p edge states of the zGNR. The

localized nature of these p edge states leads to magnetic

instability in the system which opens up a gap in the band

at Fermi energy. It is expected that a graphene nanoribbon

with sufficiently large width is likely to mimic the band struc-

ture of a graphene sheet with zero band gap.

For the AB-a bilayer configuration, the stacking sequence

facilitates the interlayer coupling which leads to a significant

energy dispersion of electronic bands near Fermi surface rel-

ative to that for the single-layer GNR, though the band gap

changes from 0.35 eV for single-layer GNR to 0.29 eV for the

bGNR. This is in contrast to that of the AA-stacked bilayer

configuration where two degenerate pz-subbands associated

with each single layer cross at the Fermi level yielding a finite

density of states near Fermi energy (Fig. 3).

Fig. 3 shows the projected density of states (PDOS) on car-

bon atoms for single-layer and AA stacked bilayer GNR. The

magnetic properties of the monolayer GNR are eliminated in

the AA and AB-a GNRs leading to non-magnetic ground state

of both bilayer configurations. For single-layer GNR, edge

atoms dominate DOS near Fermi level (Fig. 3 (left)). The pres-

ence of the interlayer interaction between GNRs appears to

shift the peaks originating from the edge states away from

the Fermi level (Fig. 3 (right)); the shift is relatively larger for

the AA stacking arrangement relative to that of the AB-a
) single-layer GNR, (bottom left) AA bGNR, and (right) AB-a



Fig. 3 – Density of states (DOS) projected on carbon atoms of passivated zGNRs: (left) single-layer GNR, (right) AA bGNR. Black,

red, green, blue, cyan and magenta represent the PDOS associated with the 1st, 2nd, . . . , 6th carbon atom counted from ribbon

edge to the central region, as shown in Fig. 1. For the case of single-layer GNR, both spin up and spin-down components of

PDOS are shown. Zero of the energy is aligned to the Fermi energy. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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stacking arrangements. This effect is more pronounced in the

AA stacking of GNRs because of significant interlayer bonding

between all carbon atoms on top and bottom GNRs. In con-

trast, only half of the carbon atoms in the AB stacking of

the bGNR interact significantly. Thus, as expected, the AB-a

stacking has an interlayer coupling strength between the

AA stacking and the single-layer GNR. Consequentially, the

single-layer GNR has a finite gap and is magnetic, the AB-a

stacked bilayer has a finite gap and is non-magnetic, and

the AA stacked bilayer GNR is non-magnetic with zero gap.

The topology of the AA stacked bilayer GNR appears to be

the dominant factor in predicting its zero gap. Note that the
Fig. 4 – The electronic band structures of the AA bGNRs as a func

the Fermi energy.
existence of the energy gap in single-layer zGNR is associated

with the (unsaturated) dangling bonds associated with edge

atoms. On the other hand, the interaction between edge

atoms is facilitated by the topology of the AA stacked bilayer

leading to crossing of the bands at Fermi level. This is

confirmed in Fig. 4 where we have examined the evolution

of band structure of the AA GNR with the change in its inter-

layer spacing. For a large interlayer spacing of 5.94 Å, each

band is twofold degenerate due to negligible interaction

between the two passivated single-layer GNRs. The calculated

band gap is the same as that of the single-layer GNR. As the

interlayer separation between the GNRs decreases, the
tion of the interlayer spacing. Zero of the energy is aligned to



Fig. 5 – A top view of the suspended passivated AA bGNR

coupled with semi-infinite bulk gold electrodes. The insert

shows the lattice matching of GNR and gold leads. Symbols:

C in grey, H in blue, and Au in yellow. (For interpretation of

the references to color in this figure legend, the reader is

referred to the web version of this article.)
Fig. 7 – The transmission function of the AA bGNR at zero

bias: (i) (dotted line) interlayer spacing = 0.594 nm and (ii)

(solid line) interlayer spacing = 0.306 nm. Zero of the energy

is aligned to the Fermi energy.
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coupling between the two begins to dominate in determining

the band structure; eventually leading to the crossing of linear

valence and conduction bands at the Fermi level (Fig. 4).

3.3. Transport properties

The Au (111) surface is chosen to be the contact lead for

transport calculations since its lattice parameter matches

well with that of the GNR, thus minimizing the interfacial lat-

tice distortions in the device configuration. The lattice vector

‘a’ of Au (111) has a length of 5.00 Å, while the double length

of GNR shown as vector ‘b’ is 4.92 Å, as shown in Fig. 5. The

contact distance is taken to be 2 Å yielding the distance be-

tween left and right gold electrodes to be 17.4 Å. There exists

a weak interaction between the gold contact and the passiv-

ated GNR.

Consequently, Au atoms do not lead to charge transfer or

doping in GNRs as also reported previously [35]. Note that

the passivated GNR is infinitely long with a width of 13.4 Å,

as a 1D structure, and the electron transport direction is along

the width.

The I–V characteristics of the AA bilayer and monolayer

configurations are shown in Fig. 6. The results predict sub-

stantial device conduction for AA relative to that of mono-

layer. This is consistent with the calculated band structure
Fig. 6 – I–V characteristics of the single-layer GNR and the AA bG

0.306 nm, (right) AA bGNR with a large interlayer spacing of 0.5
and density of states of these configurations. The calculated

current of the AA bilayer equilibrium configuration at a given

bias cannot be regarded as a sum of current due to individual

GNRs. At a relatively large interlayer spacing (�6 Å), the calcu-

lated current is indeed approximately twice the current calcu-

lated for a monolayer passivated GNR (Fig. 6). We notice that

the increase in the interlayer spacing does not change the de-

tails of gold contacts with the GNRs, keeping the interfacial

configurations to be the same. We have also calculated the

electronic transport properties of the AB bilayer configuration

predicting a much smaller current compared with the AA-

stacked bilayer at a given bias [see, Supplementary informa-

tion, Figure S1]. Considering the asymmetric coupling to elec-

trodes on the left and right side of each layer of GNR for the

AB bilayer, a larger vacuum gap acts as a higher energy barrier

decreasing the current at a given bias.

Analysis of transmission functions shown in Fig. 7 con-

firms the role of interlayer coupling in facilitating the trans-

mission channel for the AA stacking arrangement for the

passivated zGNRs. An additional inter-band state appears in

the vicinity of the Fermi level with a decrease in the interlayer
NR (left) AA bGNR with the equilibrium interlayer spacing of

94 nm.
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separation of the bilayer GNRs. Thus, the interlayer interac-

tions mainly due to delocalized p electronic states in the AA

stacked bilayer appear to play a critical role on the metal-like

conducting behavior of these GNRs.

We note that our results are not in agreement with the re-

sults of (spin-unpolarized) tight binding method calculations

[36] in which the AB stacked bilayer GNR was reported to be

semi metallic with the finite density of states at Fermi level.

Recent first principles investigations considering spin-polari-

zation terms [11,32,33] showed that both monolayer zGNR

and AB stacked bilayer zGNR have a finite gap at Fermi level

as also predicted in our study.

4. Summary

First principles electronic structure calculations together with

non-equilibrium Green’s Function method were performed on

a bilayer GNR system in two different stacking arrangements.

The calculations reveal that a bilayer GNR system in the AA

stacking configuration exhibits substantially enhanced

electron transmission as well as tunneling currents compared

to single-layer GNRs. The AA bGNR system has a non-

vanishing transmission near Fermi energy. In contrast, either

a single-layer or AB-a bilayer GNRs has a large transmission

gap. The calculated enhanced conducting features of the AA

bilayer are closely related to the interacting p-orbitals of the

two GNRs. Considering that the graphene bilayers with the

AA stacking configuration can be synthesized [37], their pre-

dicted enhanced conductivity suggest them to play a an

important role in the development of future nanoscale elec-

tronic devices.
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