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T
he exploration of the electronic
properties of carbon-based materi-
als has witnessed a relentless pace

since the discovery of carbon nanotubes1,2

and two-dimensional graphene materials.3,4

Graphene nanoribbons (GNRs) are strips of

graphene with widths varying from a few to

several hundreds of nanometers,5�8 pre-

senting particular interest for the develop-

ment of carbon-based nanoelectronics.9�13

In contrast to carbon nanotubes, GNRs ex-

hibit a high degree of edge chemical reac-

tivity, which, for instance, prevents the ex-

istence of truly metallic nanoribbons.14�17

Additionally, the discrepancy between the

theoretical electronic confinement gap and

the experimentally measured transport

gap9 has been attributed to localized states

induced by edge disorder.18�21

To date, most transport studies of edge

disordered GNRs have assumed simplified

defect topologies.18�21 However, recent ab

initio calculations have unveiled a much

larger complexity of edge reconstructions

and edge chemistry.22�25 Several experi-

mental studies have also reported on the

characterization of individual edge defects

by means of either Raman, scanning tunnel-

ing and transmission electron

microscopies.26�28 Finally, the control of

monatomic hydrogen deposition on a

graphene surface has revealed the possibil-

ity to tune a metal�insulator transition.29,30

Accordingly, it is of great importance to in-

vestigate the impact of realistic edge defect

topologies and the role of hydrogenation

on charge transport properties of long and

disordered GNRs.

In this paper, we investigate the elec-
tronic transport in realistic edge disordered
armchair GNRs (aGNRs). Using density func-
tional theory combined with coherent
quantum transport models, the transport
properties of aGNRs are predicted to
strongly depend on the geometry of the re-
constructed edge profile and local defect
chemical reactivity. The effect of single
edge defects ranges from a full suppres-
sion of either hole or electron conduction
to a vanishing contribution of backscatter-
ing. Besides, hydrogenation of the chemi-
cally active defects is found to globally re-
store electron and hole conduction. Finally,
owing to the derivation of a suited tight-
binding model, mesoscopic transport calcu-
lations of disordered ribbons with lengths
up to several micrometers are achieved, and
conduction is found to change from metal-
lic to insulating regime depending on the
geometry and density of edge defects.

RESULTS AND DISCUSSION
Following the nomenclature of Son et

al.,14 we refer to an aGNR made up by
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ABSTRACT We present first-principles transport calculations of graphene nanoribbons with chemically

reconstructed edge profiles. Depending on the geometry of the defect and the degree of hydrogenation,

spectacularly different transport mechanisms are obtained. In the case of monohydrogenated pentagon

(heptagon) defects, an effective acceptor (donor) character results in strong electron�hole conductance

asymmetry. In contrast, weak backscattering is obtained for defects that preserve the benzenoid structure of

graphene. Based on a tight-binding model derived from ab initio calculations, evidence for large conductance

scaling fluctuations are found in disordered ribbons with lengths up to the micrometer scale.
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reactivity · density-of-state
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N dimer lines as an N-aGNR. We have focused on the 35-
aGNR, with a width of 4.2 nm, but our conclusions re-
main valid for wider aGNRs. The edge patterns consid-
ered in this study are displayed in Figure 1 using Clar’s
sextet representation. Among all the different studied
defects, the reconstructed geometries that preserve the
benzenoid structure of pristine aGNRs turn out to
weakly impact the transmission. The most striking ex-
ample is the conductance profile of the D4 defect (see
Figure 1e). The conductance remains very close to its
maximum quantized value as found in the pristine case,
with weak backscattering mainly observed in higher
subbands. Slightly differently, the double heptagon and
pentagon defect (D3) exhibits two conductance sup-
pression dips (Figure 1d), symmetric with respect to the
charge neutrality point, thus recalling the signature of
a sp3-type defect.31 Other topologies preserving the
benzenoid structure also yield very similar results to
those of the D3 and D4 defects (not shown here). In large
contrast, edge defects containing monohydrogenated
odd-membered rings convey much stronger backscat-
tering efficiency. Conductance fingerprints for single re-
constructed pentagon and heptagon defects are shown
in Figure 1a and Figure 1b, respectively. Interestingly,
a marked acceptor (donor) character develops for the
pentagon (heptagon) defect, as evidenced by the
strong electron�hole conductance asymmetry. Such
an effect, already observed in nanotube junctions,32 is
clearly due to the charge transfer taking place in the �

� �* bands when odd-membered rings are embedded
in a perfect hexagonal network. According to the Mul-
liken decomposition of the electronic density, a slight
excess of �-electrons (�0.152) is found on the pentago-

nal ring and a small deficit of �-electrons (�0.135) is re-
ported on the heptagon. Five-membered rings (D1) are
thus attractive (acceptor character), seven-membered
rings (D2) are repulsive of electrons (donor character),33

and even-membered rings (D3, D4) are predicted to be
neutral in a planar hexagonal network.

For all cases, the total and local densities-of-states
have been computed (shown for D1 and D2 in Figure
1a,b) and reveal the energy position of quasibound
states which are responsible for the conductance
drops.34 The charge density contour plot (Figure 1c)
shows the electronic state incident from the left and to-
tally reflected by the quasibound state at the energy in-
dicated by an arrow in Figure 1b. The backscattering as-
sociated with quasibound states is a general
mechanism, and we forecast the acceptor, donor, and
neutral characteristics reported respectively for the D1,
D2, and D3/4 topologies to be robust with respect to the
ribbon width. However, the broadening of the conduc-
tance dips is expected to decrease for larger ribbon
widths. The intensity of the observed electron�hole
conductance asymmetry is thus likely to depend on the
actual ribbon geometry.

The high chemical reactivity of defects such as D1

and D2 is further explored by assuming a dihydrogena-
tion of the carbon atom sitting at the edge. Resulting
conductance profiles for the new defects D1H (Figure 1f)
and D2H (Figure 1g) strongly differ from the monohydro-
genated cases (D1 and D2). Indeed, in the presence of
additional passivation the conductance is fully restored
for D1H, whereas the signature for D2H becomes similar
to that of D3. In both cases, the initial strong reduction
of electron or hole conductance is markedly sup-

Figure 1. Conductance profiles of 35-aGNR for six different edge geometries: pristine ribbon (dashed black lines), single de-
fect (red lines), and average conductance for 500 nm long aGNRs containing 30 defects (blue lines). The total density-of-
states (DOS) computed in the presence of single pentagon and heptagon defects are also shown. (Top panel) Edge defect to-
pologies containing odd-membered rings: (a) a single pentagon defect-D1, (b) a single heptagon-D2. (c) Spatial
representation of the transmission eigenchannel at the energy marked by an arrow in panel b. (Bottom panel) Edge recon-
struction involving only benzenoid defects: (d) 2 heptagons and 1 pentagon, D3, (e) small hole due to a dimer extraction, D4.
(f) D1H and (g) D2H denote the dihydrogenated pentagon and heptagon, respectively. Insets: Clar’s sextet representation for
each edge geometry.
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pressed. This clearly suggests a possibility to tune the
transport properties from a metallic to a truly insulat-
ing state (or vice versa) upon varying the coverage of
monotamic hydrogen, as recently discussed experimen-
tally for 2D graphene.29

The Clar’s sextet representation35,36 (Figure 1 (in-
sets)) provides a pictorial scheme to understand the im-
pact of edge defects37 on the transport properties. The
Clar’s theory proposes a simplified description of the
�-electronic structure of hydrocarbons on the basis of
the resonance patterns that maximize the number of
benzenoid sextets drawn for the system. The benzenoid
sextets, shown as plain circles in the insets of Figure 1,
are defined as the carbon hexagons that stem from the
resonance between two Kekulé structures with alternat-
ing single and double bonds. These are associated
with a benzene-like delocalization of the � electrons
over the carbon ring. As a consequence, the Clar’s rep-
resentation provides direct insights into the aromaticity
of the �-electronic structure. According to the Clar’s
theory, pristine aGNRs are fully benzenoid (i.e., all
�-orbitals are involved in a benzenoid sextet). This
ideal picture is not preserved in the presence of de-
fects. Upon the introduction of the D1 and D2 topolo-
gies, the bonding of the aGNR can be seen as the super-
position of two mirroring Kekulé structures that partially
destroy the benzenoid character of the aGNRs (Figure
1a,b). By increasing the localization of � electrons in
carbon�carbon double bonds, such defects destroy the
local aromaticity at the ribbon edge and are thus ex-
pected to have a large effect on the ���* conduction
channels. On the contrary, the dihydrogenation of de-
fects D1 and D2 restores the complete benzenoid char-
acter of the ribbon as illustrated by Clar’s sextet repre-
sentations (Figure 1f,g).

To further substantiate the effect of these topologi-
cal defects on the mesoscopic transport properties, one
needs to explore the behavior of long disordered aG-
NRs with random distribution of edge defects. In Fig-
ure 1, the conductance of 500 nm long disordered aG-
NRs containing 30 defects (blue lines) are superimposed
to the single defect results (red lines). Computed con-
ductances are averaged over 20 different disorder con-
figurations. The original conductance fingerprints of the
considered defects are further exacerbated when longi-
tudinal disorder is introduced, resulting for D1 (D2) in
an almost fully suppressed hole (electron) conduction
for low defect density.

Ab initio transport calculations are highly computa-
tionally demanding, and the elaboration of an accu-
rate tight-binding (TB) model is therefore extremely
useful for achieving a complete mesoscopic study.
Though most of previous studies rely on a simple topo-
logical nearest-neighbor TB Hamiltonian to derive the
conductance patterns of mesoscopic GNRs, when com-
pared to ab initio results, this turns out to yield a wrong
description of transport properties in the case of non-

neutral defects. Figure 2 shows the conductance pro-

files of three different defects (D1, D2, and D4) com-

puted either within a topological TB model (black solid

lines) or within an adjusted TB model (red solid lines).

Though the agreement between ab initio and topologi-

cal TB results is good for the D4 defect, strong discrep-

ancies are found for D1 and D2 defects. In the latter

cases, the topological model leads to a severe underes-

timation of the backscattering efficiency. In contrast,

the fitting of the TB parameters allows the reproduc-

tion of the conductance evaluated by means of the full

density functional theory (DFT) Hamiltonian.38

Within the fitted TB model, the transport properties

of disordered aGNRs are investigated by considering

lengths varying up to L � 5 �m and random distribu-

tion of defects with a density of 6 � 10�2 nm�1. Figure

3 and Figure 4 display the conductance of long disor-

dered aGNRs (averaged over 100 different configura-

tions), as a function of energy and ribbon length. Be-

sides, the regions of the (L, E)-plane where the

conductance is experimentally insignificant (i.e., G(E) �

0.01G0) are delineated by white lines. This allows us to

determine the length dependent conduction gaps.

In the presence of charged defects (i.e., pentagon

(D1) and heptagon (D2) defects), the conductance scal-

ing behavior of long disordered aGNRs presents a strik-

ing electron�hole asymmetry. Figure 3 clearly shows

that depending on the energy at which carriers are in-

jected, the electronic transport ranges from ballistic to

localized regimes. In D1-defected aGNRs (Figure 3a), the

propagation of electrons in the first plateau remains

quasi-ballistic up to a length L � 5 �m. As a conse-

quence of the acceptor character of D1 defects, the hole

conduction, in the same energy window, is almost

fully suppressed for length L 	 0.5 �m. In contrast, in

the presence of D2 defects (Figure 3b), holes in the first

Figure 2. Conductance profiles of 35-aGNR for three different
isolated defects: (top panel) D1, (middle panel) D2, (bottom
panel) D4. Ball-and-stick models of the defects are illustrated in
the right panel. Black dashed lines represent the conductance of
the pristine ribbon. The ab initio computed curves are reported
in turquoise. Black and red lines correspond to the topological
and fitted TB models, respectively.
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plateau remain conductive up to length L � 5 �m,

while the donor character of the D2 defects involves

the suppression of electron conduction in the same en-

ergy window. Obviously, such disordered edge defect

profiles with a single defect type are rather unlikely, but

this example shows however that spectacular fluctua-

tions of transport length scales occur in some specific

situations.

The comparison with more realistic defect distribu-

tions is rather instructive. Figure 4 details the conduc-

tance scaling in the presence of a random distribution

of D4 defects (Figure 4a), and a mix of three types of de-

fects {D1, D2, and D4} (Figure 4b) for the same edge de-

fect density. For both defect distributions, the conduc-

tance decay is rather homogeneous within the first

electron and hole plateaus. However, while the marked

electron�hole asymmetries associated with the D1

and D2 defects compensate each other, the presence

of odd-membered rings continues to crucially impact

the electron and hole localization. This appears evident

by looking at the white line in the (L, E)-plane. The pres-

ence of defects that are noncompliant with the ben-

zenoid character of aGNRs (i.e., D1 and D2) thus appears

to strongly impinge the ballistic propagation of carri-

ers, even for the low defect concentration considered

here. This is further emphasized by the estimated local-

ization lengths that are reported in Figure 5 as a func-

tion of the carrier energy. While the distribution of D4

defects gives rise to a localization length 
 � 1 �m for

low energy carriers, the introduction of charged defects

strongly reduces the average value in the [�0.5,0.5] eV

energy window. Note that the fluctuations of 
 in corre-

Figure 3. Conductance of a 35-aGNR with a 6 � 10�2 nm�1

density of (a) D1 defects and (b) D2 defects. The conductance
is given as a function of the carrier energy (E) and the length
of the ribbon (L). G(L, E) has been averaged over 100 differ-
ent defect distributions. The white lines delineate the (L, E)
regions for which the conductance value G < 0.01G0 (crite-
rion for the experimental conduction gap9).

Figure 4. Conductance of a 34-aGNR with a 6 � 10�2 nm�1

density of (a) D4 defects and (b) mix of {D1, D2, D4} defects.
The conductance is given as a function of the carrier energy
(E) and the length of the ribbon (L). G(L, E) has been aver-
aged over 100 different defect distributions. The white lines
delineate the (L, E) regions for which the conductance value
G < 0.01G0 (criterion for the experimental conduction gap9).

Figure 5. Localization length � for a 35-aGNR with a 6 �
10�2 nm�1 density of D4 defects (blue line) and a mix of {D1,
D2, D4} defects. The vertical dashed lines correspond to the
position of the van Hove singularities. In some energy re-
gions, � is very short (below 100 nm), and it cannot be ex-
tracted from the data. In this case, we set � � 0. As already
arguable from Figure 4, the localization length for the D4 de-
fects is up to almost 1 order of magnitude longer than in
the case of mixed defects.
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spondence of the van Hove singularities for D4 defects
are due to the increased scattering induced by the high
density-of-states at these points. In the case of the
mixed disorder, these fluctuations are absent or consid-
erably reduced owing to the strong smearing effect
that disorder produces in the density-of-states.

CONCLUSIONS
The electronic and quantum transport properties of

edge disordered graphene nanoribbons have been in-
vestigated using both fully ab initio techniques and ac-
curately parametrized tight-binding models. Single to-
pological defects such as pentagons and heptagons are
predicted to induce a strong electron�hole transport
asymmetry. Besides, conduction gaps driven by defect-
induced localization effects have been shown to de-
pend not only on the defect density and ribbon length
but also on the geometry and chemical reactivity of
edge imperfections. The above analysis is drawn from

physical processes that are general in essence. The
scope of the results should therefore extend beyond
the edge profiles considered in this study. In particular,
we forecast similar fluctuations of the conductance to
be reported for other GNR topologies whose ground-
state �-electronic structure is aromatic according to
Clar’s rule. Note that the GNR topologies that come with
partially filled states at the edge are known to break
the graphene aromaticity.22 Therefore, our conclusions
and their rationalization in terms of the Clar’s sextet
theory are likely to not apply for such ribbon geom-
etries. In addition, hydrogenation has been identified
as a new route to tune the robustness of the electronic
conductance against edge roughness. As recently re-
ported experimentally in 2D graphene,29 the controlled
deposition of monotamic hydrogen is a key ingredient
to explore a metal/insulator transition in these materi-
als. Similar study on graphene ribbons would bring a
better understanding of low dimensional transport.

METHODS
Electronic structures of the edge-reconstructed ribbons are

computed by using the DFT within the generalized-gradient ap-
proximation as implemented in the SIESTA code.39 A basis set
of double-� quality and norm-conserving pseudopotentials are
used. The integration of the first Brillouin zone is achieved
through a summation over a regular grid of 24 k-points. The rib-
bon geometries are relaxed such that the residual forces on at-
oms become lesser than 0.01 eV/Å; 12 Å of vacuum between
GNRs in neighboring cells is taken.

At zero temperature and in the low bias limit, the conduc-
tance is given by G(E) � G0T(E), where T(E) denotes the transmis-
sion coefficient at a given energy E (G0 � 2e2/h is the conduc-
tance quantum). The conductance fingerprints of single defects
are computed within the Green’s function formalism adopted by
the SMEAGOL code.40 For that purpose, the defective supercells
are connected to semi-infinite GNR-based leads. The total
density-of-states stem from the trace of the retarded Green’s
functions (
(E) � Tr[Grr=(E)]). Within the Green’s function formal-
ism, the transmission eigenchannels can be readily derived from
the spectral functions associated with the scattering region.41

The electronic structures and conductance patterns dis-
cussed in the paper assume a 2-fold spin-degeneracy of the elec-
tronic states. Spin-polarized DFT calculations have been per-
formed in order to assess the robustness of the results. Upon
the explicit consideration of the spin degree of freedom, all the

edge profiles considered here do preserve the spin-degeneracy
with the exception of the D2 defect that involves a spin-polarized
electronic density. Though the spin density distribution induces
a splitting of the defect-induced quasibound states, the global
shape of the transmission function is likely to remain globally the
same. Therefore, our conclusions regarding the conduction
properties of aGNRs should not be affected by the spin-
degeneracy approximation.

The computation of the mesoscopic conductance is per-
formed within the Landauer�Büttiker formalism and has been
implemented at both first principles and tight-binding (TB)
levels.31,42,43 In the former case, ab initio self-consistent Hamilto-
nians corresponding to defective supercells are used to build
long (�500 nm) aGNRs containing 30 randomly distributed de-
fects. In the latter case, a suited nearest-neighbor TB Hamiltonian
has been derived. Owing to its use of atomic basis orbitals for
the expansion of the electronic density, the SIESTA code pro-
vides a self-consistent ab initio Hamiltonian of tight-binding
type.39 Therefore, the renormalized onsite and hopping ener-
gies can be readily extracted from the pz components of the ab
initio Hamiltonian associated with the �-point. The fitted TB pa-
rameters are detailed in Figure 6. On the one hand, the fine-
tuning of the on-site energies allows dealing with the defect-
induced charge transfer. On the other hand, the variation of the
hopping parameters accounts for the local modifications of the
interatomic distance. By reducing the computational costs, the
TB technique enables the investigation of disordered ribbons
with lengths up to several micrometers.
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Figure 6. Schematic representation of three edge topolo-
gies and the associated adjusted tight-binding parameters:
(a) pristine armchair edge, (b) D1 defect, and (c) D2 defect.
Black dots and lines represent unadjusted onsite energies
(� � 0 eV) and hopping integrals (� � �2.7 eV), respectively.
All values are given in eV.
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