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We study the effect of the edge disorder on the conductance of the graphene nanoribbons �GNRs�. We find
that already very modest edge disorder is sufficient to induce the conduction energy gap in the otherwise
metallic GNRs and to lift any difference in the conductance between nanoribbons of different edge geometry.
We relate the formation of the conduction gap to the pronounced edge-disorder-induced Anderson-type local-
ization which leads to the strongly enhanced density of states at the edges, formation of surfacelike states, and
to blocking of conductive paths through the ribbons.
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I. INTRODUCTION

The discovery of single layer graphene sheets1 has gener-
ated both surprise and interest over the past few years. Sur-
prise because pure two-dimensional sheets were thought for
a long time to be thermodynamically unstable.2 Interest be-
cause graphene shows some extraordinary properties; its
charge carriers mimic relativistic particles and can be de-
scribed by the Dirac equation.1,3,4 Furthermore it has shown
a high mobility both at room temperature and at a high de-
gree of doping.5 The latter makes graphene nanoribbons
�GNRs� a strong candidate for building blocks in future elec-
tronic devices.6,7 However, one problem GNR electronics
faces is the absence of the energy gap which makes it diffi-
cult to control electronic and transport properties of the
graphene-based devices. This problem can be addressed by
making sufficiently narrow GNRs and thereby augment the
energy gap. The tight-binding calculations �or solutions of
Dirac’s equation based on them� indicate that the width of
the gap depends sensitively on the geometry of edges and the
width of the nanoribbons.8,9

The fundamental question of band-gap engineering in
graphene nanoribbons has been recently addressed in several
experimental studies7,10,11 whose results have been strikingly
different from the expectations based on the models for ideal
GNRs. In particular, the conductance of the GNR did not
exhibit the metallic behavior expected for the ideal zigzag
ribbons. Moreover, the experiment did not show any differ-
ence between the armchair and zigzag GNRs. It is clear that
the edges and the confinement are responsible for these ob-
servations, but no consensus has been reached yet on the
origin of this remarkable behavior. The factors that might
lead to this behavior include scattering on rough
boundaries,7,10,12–16 imperfections on the atomic scale,7 im-
purity scattering,17 electron interaction and/or modification
of the electronic structure due to the edge effects,18,19 and
even the Coulomb blockade effects.20 It should be stressed,
however, that because of computation limitations most of the
reported theoretical studies such as the calculations of the
mobility edge,16 conductance calculations addressing the ef-
fect of the edge disorder,13–15 as well as the density func-
tional theory �DFT�-based electronic structure
calculations18,19 �predicting the gap opening in otherwise

semiconducting ribbons� are performed for narrow GNRs
where the widths are far from the range of widths of nanor-
ibbons studied experimentally �such as those of Ref. 10�.
Because any edge effect is far stronger for a narrow ribbon it
is not always clear how modeling in narrow ribbons and
experiments in wide ribbons relate to each other.

In this Rapid Communication we present a systematic
study of the conductance of realistic edge-disordered GNRs
whose dimensions are similar to those studied
experimentally.7,10,11 Our calculations are in excellent quali-
tative agreement with all the findings reported by Han et al.10

We find that only very modest edge disorder is needed to
induce the energy gap in the otherwise metallic GNRs and to
lift any difference in the conductance between nanoribbons
of different edge geometry. We relate the formation of the
conduction gap to the pronounced Anderson-type localiza-
tion which is induced by edge disorder and leads to the
strongly enhanced density of states at the edges and to block-
ing of the conductive channels through the ribbons.

II. MODEL

We describe graphene nanoribbons by the standard tight-
binding Hamiltonian on a honeycomb lattice,

H = �
r

Vrar
+ar − �

r,r�

tr,r�ar
+ar�, �1�

where Vr is the external potential at the site r and tr,r�
=2.7 eV is the overlap integral between neighboring sites r
and r�. The summation of r runs over the entire GNR lattice,
while r� is restricted to the sites next to r. We calculate the
conductance of the GNRs on the basis of the standard Lan-
dauer formalism. The GNR has length L and width W and is
connected to two semi-infinite leads �represented by ideal
ribbons of the same width W� from which electrons are in-
jected. On the edge of the GNR we model atoms missing
from the lattice by setting the appropriate hopping elements
tr,r� to zero. For the case of the armchair GNRs sites are
removed in the outermost �edge� row with the probability p
�see inset of Fig. 1 for illustration�. For the case of the zigzag
GNRs �which are less sensitive to edge disorder; see a dis-
cussion by Areshkin et al.12�, one more site �next to the al-
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ready missing one on the edge� is removed in the next row
with the probability p�. Note that a particular choice of dis-
order on the edge is not very important; see Fig. 3 below and
the related discussion. As graphene is known to have few
crystal defects in general5 we do not remove sites inside the
GNRs. We also disregard the effect of capturing of H-atoms
by the dangling bonds at the edge which is shown to be of
minor importance for the ribbons wider than a few
nanometers.18,19

The conductance is calculated on the basis of the Land-
auer formula, G=−2e2 /h�dET�E�

�fFD�E−EF�
�E , where fFD is the

Fermi-Dirac function. To compute the transmission coeffi-
cient T�E� we rely on our recent implementation of the re-
cursive Green’s function technique for GNRs.21 In contrast
to other existing implementations, this method does not re-
quire self-consistent calculations of the surface Green’s func-
tion, which makes it far more efficient in comparison to other
methods and allows studying GNRs of realistic dimensions.

III. RESULTS AND DISCUSSION

Figure 1 shows the conductance of the armchair GNRs of
varying lengths �L=24, 500, and 1000 nm� and widths �W
=24, 50, and 74 nm� for two representative edge disorders

p=5% and 30%. The ribbon widths are nominally identical
to those studied by Han et al.10 �where the length was L
�1 �m�. In order to outline the transport gap formation we
present the results only for the metallic GNRs that do not
have a gap in the absence of disorder.21 Note that the con-
ductance of the semiconducting GNRs show the features
identical to those shown in Fig. 1. Figure 1�a� shows the
conductance of the shortest and the narrowest ribbon, 24
�24 nm. Although no clear energy gap is present, the con-
ductance is strongly affected at all degrees of disorder in
comparison to the case of ideal GNRs. In wider ribbons of
the same length, Figs. 1�b� and 1�c�, the conductance in-
creases more steeply which is a direct consequence of the
increase in the number of propagating modes in the GNR of
larger width. For longer ribbons, L�0.2 �m, the energy gap
comparable to the energy interval for the lowest propagating
mode opens up in the conductance. Outside the energy gap
the conductance is significantly damped compared to the rib-
bons without disorder. Notably, the energy gap in the vicinity
of the Dirac point and the conductance outside the Dirac
point are practically saturated for the edge disorder as low as
p=2–5 %, and they change linearly as L increases. Qualita-
tively the same conductance is obtained for the zigzag GNRs
with the disorder strength p=30% , p�=50%; see the
supplementary material �Fig. 1 in Ref. 22�. Because the con-
ductance of the zigzag GNRs �for sufficiently high defect
concentration� and the armchair GNRs exhibits qualitatively
the same features, it is expected that the nanoribbons with
mixed edges would also show the same behavior �see also
Ref. 12 for a related discussion�.

In order to shed light on the origin of the conduction gap
we study the local density of states �LDOS� in the GNRs.
Figure 2�a� shows the LDOS in an infinite ribbon �with
leads� of the width W=24 nm and the length of the disor-
dered region L=150 nm �defect concentration p=1%� for
the energy E=−0.02t. �For the shown disorder configuration
and concentration, the transmission of the GNR is T�0.1,
which means that there is a conductive path that allows elec-
trons to pass through the ribbon from the left to the right
lead�. The LDOS shows the Anderson-type localization with
a strongly enhanced intensity near the defects at the ribbon
edges. �Note the logarithmic scale of the plots.� A closer
zoom demonstrates that in the direct vicinity of the defects
the magnitude of the LDOS exceeds its value in the leads by
�5–6 orders of magnitude �see inset on the top�. The overall
pattern of the LDOS shows hills �large LDOS� and canyons
�low LDOS� whose locations are clearly correlated with the
position of the disorders at the edges. With further increase
in the edge-disorder concentration, a surfacelike state with
the enhanced density forms over the entire edge of the rib-
bon. When the edge-disorder concentration increases the
canyons deepen and widen and get extended over the whole
width of the ribbon blocking the conductive paths. This is
illustrated in Fig. 2�b� for a ribbon with the defect concen-
tration p=5% �transmission T�10−5� where such a canyon
�dark blue area� is clearly seen.

As the width of the ribbon increases the strong enhance-
ment of the LDOS near the edges remains practically unaf-
fected. This is illustrated in Fig. 2�c�, showing a wider ribbon
of W=74 nm with p=5%. However the disorder-induced
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FIG. 1. �Color online� �a�–�i� Conductance through armchair
GNR with edge disorder and length and width as indicated in the
figure. The top inset illustrates the disordered edge with p=5%. �j�
Average conductance in the energy interval −0.061t�E�−0.049t
versus ribbon width for L=1 �m armchair GNRs with p=5% and
30%. �Note that this energy corresponds to the carrier density for
which a corresponding fit in Ref. 10 was made�. �k� Egap

−1 versus
ribbon width for the same armchair GNRs as in �j�. The solid lines
in �j� and �k� represent a fit as described in the text. We define the
energy gap Egap as the interval where G�10−3�2e2 /h �which is
consistent with the corresponding definition in Ref. 10�. Tempera-
ture T=0.
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LDOS variations do not any longer extend over the entire
width of the ribbon leaving a wide transmission path for
electrons open. This explains the absence of the conduction
gap in the wider ribbons. Note that calculated transmission in
this case is T�2.5 �with five propagating modes in the
leads�, i.e., no conduction gap is present.

Let us now compare quantitatively the results of our mod-
eling to the corresponding experimental data of Han et al.10

The measured conductance has been shown to scale linearly
with the GNR width, G=�

W−W0

L , with ��1.3 mS and W0

=14 nm. Our fit gives the same linear dependence with close
values of ��5.2 mS and W0�27 nm; see Fig. 1�j�. The
experimental energy gap is shown to scale as Egap�W�
= �

W−W� , with �=0.2 eV nm and W�=16 nm. Our fit gives
the linear scaling with �=2.1 eV nm and W�=11 nm �Fig.
1�k��. The experimentally extracted width W��W0 was in-
terpreted as an inactive edge width of the GNR. The width of
the disorder region in our calculation is just one atomic row
such that the nominally inactive edge width is just a fraction
of a nanometer. However, as shown above, the disorder-
induced localization leads to the strong enhancement of the
electron density in the surfacelike states not participating in
the transport. Their width on each side of the ribbon is lloc
�5–10 nm which is consistent with calculated values of
W� ,W0�2lloc. We therefore speculate that both W� and W0

can indeed be interpreted as inactive edges whose width is,
however, determined by the extent of the disorder-induced
localized surface-type states.

Our value for the energy gap is about a factor of �10
larger than the experimentally extracted one. One of the rea-
sons for this difference can be attributed to the phase break-
ing effects that would suppress localization of electrons. Re-
cent experiments23,24 indicate that the phase coherence length
in graphene l	�3–5 �m at 0.25 K and �1 �m at 1 K. It is
therefore reasonable to expect that in the measurements of
Han et al. �performed at T
1.7 K� l	 is smaller than the
device length �L�1 �m�, such that the inelastic processes
may play an important role in formation and/or suppression
of the gap. In real ribbons the energy gap in the conductance
might be due both to modification of the electronic structure
caused by edges �as the DFT calculations show18,19� as well
as due to Anderson-type localization as discussed above. The
latter is expected to depend on the coherent length �and thus
to be temperature sensitive when l	�L�, whereas the former
is practically not affected by the temperature. Thus, experi-
mental study of the conduction gap in the millikelvin range
�i.e., exploring the transitions between the regimes l	
L and
l	�L� might shed more light on the origin of the gap. An-
other factor that might strongly affect the gap formation is
the electron interaction. Indeed, because the LDOS is en-
hanced by many orders of magnitude near the edge imper-
fections, it is reasonable to expect that the Hartree potential
would contribute significantly to the total confining potential
and thus affect the conduction gap. We therefore hope that
our results will motivate further studies of electron interac-
tion and phase breaking effects in realistic GNRs.

All the results presented above correspond to zero tem-
perature. We also performed calculations in the temperature
range of 0–200 K which, as expected, show gradual suppres-
sion of the gap as temperature rises. The energy broadening
at 200 K is roughly the same as the energy gap for the 24-
nm-wide ribbon, and hence at this temperature the gap dis-
appears due to the temperature averaging.

In real samples fabricated by etching techniques a varia-
tion in the ribbon width near the edges is expected to be
much larger in comparison to the model used above, of the
order of at least several nanometers.7,10 Figure 3 shows the
conductance of the armchair GNR with the boundary mod-
eled as a superposition of the Lorentzians �see inset for illus-
tration of a typical edge�. We focus on the 1-�m-long and

FIG. 2. �Color online� The local density of states in a represen-
tative part of the edge-disordered region of infinite armchair nanor-
ibbon �with leads� �note the logarithmic scale�. The total length of
the disordered region L=150 nm and E=−0.02t. The defect con-
centration �a� p=1% and �b�, �c� p=5%. �a�,�b� W=24 nm; �c� W
=74 nm. Temperature T=0.
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FIG. 3. �Color online� Conductance for a W=24 nm wide arm-
chair GNR with extended edge disorder as shown in the inset; L
=1 �m. The legend indicates the minimum width of the ribbon.
Each transmission curve is averaged over a set of edge contour
configuration with the same minimum width. Red solid curve is
averaged transmission for a ribbon with impurities in the outermost
row only. Temperature T=0.
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24-nm-wide armchair GNR with the edge of the narrowest
constriction of 18 and 22 nm. For the ribbons with the largest
width variation the overall conductance is somehow sup-
pressed and the energy gap increases. However, even though
the conductance is apparently more strongly affected for the
ribbons with larger width variation, the conductance of the
GNRs for different models of a disordered edge is qualita-
tively very similar. We therefore expect that the utilized
model of the imperfect edge �with missing atoms in the out-
ermost row� already captures all the essential physics of
realistic GNRs.

It is important to stress that in striking contrast to the
GNRs, the Anderson-type localization near the edges is ab-
sent in conventional heterostructure semiconductor wires be-
cause their edges are smooth on an atomic scale. It should be
also noted that the strong enhancement of the LDOS near
defects at the edges and formation of the surfacelike state for
sufficiently high disorder concentration can be detected with
the help of scanning tunnel microscopy �STM�.25

Recently an alternative explanation of the energy gap in
GNRs based on the assumption of the Coulomb blockaded
�CB� transport regime in GNRs was suggested by Sols et
al.20 While we do not challenge their theory per se, our find-
ings indicate that the bare presence of a slightly disordered
edge �much weaker that it would be required for the CB

regime� is already sufficient to explain the gap formation.
Finally, we also performed conductance calculations

studying the effect of charged impurities which is believed to
be the main mechanism of scattering in the bulk
graphene.26,27 We model them by adding randomly the on-
site potential Vi=

e
4��0�racc

,28 where �r=5 and acc=1.42 Å is
the carbon-carbon atom distance. For realistic impurity den-
sities n�1�1016 m−2 and strength Vi�0.3 eV �Refs. 26
and 27�, we find that the conductance remains practically
unaffected; see the supplementary material �Fig. 2 in Ref.
22�. This rules out the charged impurities as the origin of the
energy-gap formation in the GNR.

IV. CONCLUSION

We studied the effect of the edge disorder on the conduc-
tance on GNRs and found that even a very modest defect
concentration causes a strong Anderson-type localization at
the edges giving rise to the conduction gap in accordance to
recent experiments.
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