APPLIED PHYSICS LETTERS 92, 042114 共2008兲

Effect of edge roughness on electronic transport in graphene nanoribbon
channel metal-oxide-semiconductor field-effect transistors
D. Basu,a兲 M. J. Gilbert, L. F. Register, and S. K. Banerjee
Microelectronics Research Center, The University of Texas at Austin, 10100 Burnet Road, Bldg. 160,
MER 1.606B/R9900, Austin, Texas 78758-4445, USA

A. H. MacDonald
Department of Physics, The University of Texas at Austin, 1 University Station C1600, Austin,
Texas 78712-0264, USA

共Received 10 December 2007; accepted 10 January 2008; published online 30 January 2008兲
Results of quantum mechanical simulations of the influence of edge disorder on transport in
graphene nanoribbon metal-oxide-semiconductor field-effect transistors 共MOSFETs兲 are reported.
The addition of edge disorder significantly reduces ON-state currents and increases OFF-state
currents, and introduces wide variability across devices. These effects decrease as ribbon widths
increase and as edges become smoother. However, the band gap decreases with increasing
width, thereby increasing the band-to-band tunneling mediated subthreshold leakage current
even with perfect nanoribbons. These results suggest that without atomically precise
edge control during fabrication, MOSFET performance gains through use of graphene will be
difficult to achieve in complementary MOS applications. © 2008 American Institute of Physics.
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Graphene has recently generated considerable interest as
a semiconductor that can potentially be used to help advance
the silicon technology roadmap.1 Although bulk graphene
sheets are metallic, nanoscale graphene ribbons have band
gaps. The potential for performance gains in metal-oxidesemiconductor field-effect transistors 共MOSFETs兲 employing
semiconducting graphene nanoribbon channels have been
studied theoretically using both effective-mass models2 and
more involved full band models.3–5 The performance of
graphene channel with various constrictions has also been
investigated.6 Initial results from experiments have also demonstrated that it is indeed possible to fabricate field-effect
devices using graphene as the channel material in a conventional complementary metal-oxide semiconductor 共CMOS兲
process flow.7 Experimentalists have been able to pattern
graphene into ribbons with widths of the order of tens of
nanometers.8 Theoretical studies of graphene nanoribbons as
a channel material for MOSFETs have focused mainly on
perfect armchair graphene ribbons with widths as small as
1.4 nm.4 Ribbons this narrow have energy gaps that are sufficiently large for use as a semiconducting channel material
in CMOS applications. In practice, though, it is difficult to
fabricate samples of graphene with perfect edges,9 and one
can expect the effect of nonidealities to increase as the width
is scaled down. In this work, we report on the effect of these
edge imperfections in graphene nanoribbon MOSFETs as
observed through full band ballistic quantum transport
simulation.10 A theoretical analysis of the role of edge disorder in transport in simple conduction channels of graphene
ribbons with a different emphasis appeared as this work was
in progress.11
The carbon 共C兲 to carbon in-plane bond in graphene is
strong, making graphene sheets quite robust. Edges, however, tend to be rough.8,9 In particular, carbon atom vacancies
with respect to what would be a perfect armchair edge appear
a兲
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difficult to avoid. Edge vacancies give rise to steps along the
edge.9 In this work, we model the edges by defining a correlation number r as the fraction of times the state of an edge
site is identical to the corresponding site in the preceding
slice, where we consider the two dimensional graphene nanoribbon as a series of single atom thick slices along the transport direction. Thus, with r = 0.9, steps in the edge occur 10%
of the time, either from a series of C atoms to vacant sites or
vice versa. With r = 0.5, edge sites are randomly vacant. With
r = 1.0, a perfect armchair edge is achieved. A graphene plane
10.5 nm long and 4.18 nm wide with r = 0.9 is shown in Fig.
1共a兲.
We represent the graphene layer by its  orbital nearest
neighbor tight-binding model
Hij = tNij − qi␦ij .

共1兲

Here, Nij is 1 for the honeycomb lattice nearest neighbors,
and is 0 otherwise, and t is the nearest neighbor C–C hop-

FIG. 1. 共Color online兲 共a兲 Armchair graphene nanoribbon used as the channel material in a MOSFET, showing vacant sites along the edges where C
atoms 共black dots兲 are missing. 共b兲 Schematic of the simulated device structure 共side view兲. For clarity, the nanoribbon of 共a兲 is shorter 共10.5 nm兲 than
that used in the simulated MOSFET device of 共b兲.
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FIG. 2. 共Color online兲 Transmission T共E兲 as a function of incident energy E
across graphene channels having identically rough edges. Steps show perfect transmission for ideal armchair edges of corresponding width.

FIG. 3. 共Color online兲 T共E兲 as a function of E for a 7.63 nm wide graphene
channel having different roughnesses at the edges. r = 0.5 has edge sites
randomly vacant and r = 1.0 has a perfect armchair edge.

ping energy and is −3.03 eV.12  is the self-consistent electrostatic potential obtained by solving Poisson’s equation in
three dimensions, and q is the electronic charge. We inject
eigenmodes from the matched leads at the source and drain
contacts, and use recursive scattering matrices to propagate
the wavefunctions through the device from source 共drain兲 to
drain 共source兲 in real space. Current is calculated by integrating the transmission coefficients over energy with a Fermi
function weight. The details of our full band quantum transport method, which follows Ref. 13 closely, will be described
elsewhere.14 Following Ref. 4, we consider a dual gate
MOSFET structure where conduction occurs in the graphene
layer sandwiched between top and bottom silicon oxide
共SiO2兲 layers. Source and drain regions are n+ doped to a
concentration of 1013 cm−2, and are contacted by perfectly
matched semi-infinite graphene leads. 共Consideration of
Schottky contacts is a separate issue beyond the scope of this
work.兲 Figure 1共b兲 shows a schematic of the graphene nanoribbon dual gate MOSFETs that we study. The channel region is nominally undoped.
The total “transmission” 共T兲—here defined as the sum
over the individual transmission probabilities for each lead
subband—under flatband conditions 共 ⬅ 0兲 as a function of
total energy 共E兲 are shown in Fig. 2 for imperfect nanoribbon
channels of varying nominal widths 共Wch兲. In each case,
atomically identical edges with edge roughness characterized
by r = 0.90 were used. Results for perfect edges 共r = 1兲 are
shown for comparison. 共Variations among nanoribbons with
the same roughness parameter r but atomically different
edges are addressed subsequently.兲 The disorder introduces
scattering. As the width is scaled down, the impact of the
edge disorder increases and transmission goes down. The
result is very poor transmission in the narrow ribbons. T共E兲
results 共not shown in Fig. 2.兲 for Wch = 1.72 nm, which is still
wider than the Wch value considered in Ref. 4, are essentially
zero up to at least E = 0.5 eV. Figure 3 shows transmission
characteristics for 7.63 nm wide graphene channels with five
different values of the edge roughness parameter r. Transmission falls drastically as the correlation falls below 0.99
and the number of steps along the edge increases.
The drain current per unit width, ID / Wch, versus gate
voltage 共VG兲 relations for dual gate MOSFETs with graphene
nanoribbon channels with atomically identical edges characterized by r = 0.9 共we use the same edge configuration here as
for the simulations of Fig. 2兲 but different widths are shown
in Fig. 4. Notably, in these electrostatically self-consistent

simulations, accumulation of charge on the C atoms in the
vicinity of the steps, results in variations in the potential 
and, thus, further scattering. As can be seen in Fig. 4共a兲, the
degradation of drain current above threshold is large, although, as expected, relatively smallest for the Wch
= 15.74 nm device. However, as seen in Fig. 4共b兲, only for
the narrowest ribbon width, Wch = 4.18 nm, is the subthreshold behavior marginally acceptable for a MOSFET even with
atomically smooth nanoribbon edges, a consequence of
band-to-band tunneling mediated leakage currents. And, also
as seen in Fig. 4共b兲, edge roughness can increase leakage in
the nominally OFF state. While the graphene nanoribbons
considered here are nominally semiconducting, that is, they
are so in the limit of no edge roughness, the band gap of
graphene is a sensitive function of the channel width. For
armchair nanoribbons of constant width, in the nearest neigh-

FIG. 4. 共Color online兲 ID-VG characteristics on 共a兲 linear-linear and 共b兲
log-linear scales for the MOSFET structure of Fig. 1, for three different
channel widths, showing performance degradation for channels with rough
edges 共dashed lines, solid symbols兲 from the ideal ballistic devices 共solid
lines, open symbols兲. Drain voltage VD for all of these simulations is 0.2 V.
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edges to realize the potential for performance gains in MOSFETs for CMOS applications previously reported.2–5 The use
of wide channel devices to minimize edge effects is not an
alternative, as even devices with perfect nanoribbon edges,
exhibit prohibitive off-state leakage currents.
This work was supported in part by the NRI SWAN
Center, DARPA, and the GRC.
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FIG. 5. 共Color online兲 ID-VG for the dual gate MOSFET with Wch
= 4.18 nm, and using different values of edge roughness parameter r. Error
bars plotted indicate standard deviation in ID across ten randomly different
edges having macroscopically same values of r . VD = 0.3 V for all of these
simulations.

bor tight-binding model that is used, one obtains a metallic
energy dispersion relation if the number of C atoms along the
width is 3l + 1 where l is an integer.15 With only some of the
edge sites vacant, one gets an admixture of different widths
and the edge roughness results in quasilocalized defect states
within the band gap.
Edge roughness also leads to significant variability in
performance among devices with different atomic edge configurations even with the same correlation parameter r and
channel width. This variability can be seen in Fig. 5 in
ID / Wch for two set of devices with Wch = 4.18 nm, one set
with r = 0.99 and one set with r = 0.5 values. The error bars
represent plus or minus the standard deviation—a range less
than that that would have to be allowed for in circuit
design—for a set of ten different random edge configurations
with identical r. Even with r = 0.99, the variability is great.
This study shows that the edge roughness in graphene
nanoribbon MOSFETs result in greatly reduced ON-state
currents and increased OFF-state leakage currents combined
with wide variability among devices with the same degree of
edge roughness 共r兲 but atomically different edge configurations. These results suggest a need for fabrication of
graphene nanoribbon channels with atomically near perfect
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