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Nanoribbon Transport

Rytitaro Sako, Hiroshi Hosokawa, and Hideaki Tsuchiya, Senior Member, IEEE

Abstract—We investigated edge configuration and quantum
confinement effects on electron transport in armchair-edged
graphene nanoribbons (A-GNRs), by using a computational
approach. We found that the edge bond relaxation has a
significant influence not only on the band-gap energy, but also on
the electron effective mass. We also found that A-GNRs with N =
3m family (/V is number of atoms in its transverse direction and m
a positive integer) exhibits smaller effective mass, by comparing at
the same band-gap energy. As a result, A-GNRs with N = 3m
family are found to be favorable for use in channels of field-effect
transistors.

Index Terms—graphene nanoribbon, edge bond relaxation,
quantum confinement, band-gap, effective mass, ballistic
transport

[. INTRODUCTION

ITH the scaling limit of Si field-effect transistors (FETs)

in sight, there has been a persistent pursuit for alternative
device structures and materials that could outperform the
conventional Si FETs [1]. Because of promising progress on
fabricating and patterning a graphene layer on ordinary device
setups, graphene electronics has been a topic of extensive
research interests [2]. A narrow strip of graphene, that is,
graphene nanoribbon (GNR), has the ability to tune the
band-gap, depending on its structure and ribbon width [3]-[6].
In theory, it has been demonstrated that armchair-edged GNRs
(A-GNRs) exhibit larger band-gaps than those of a bilalyer
graphene (BLG) under a vertical electric field [7]-[9], and
furthermore A-GNR-FETs have, in principle, higher
performance potentials than those of BLG-FETs [9].

Since A-GNRs are geometrically terminated single graphene
layers and the band-gaps originate from quantum confinement,
their electronic structures are crucially influenced by edge
configurations [7], [10], [11]. In fact, previous first-principles
simulations indicated that the edge bond relaxation in A-GNRs
plays an important role in determining their band-gap energies,
because the bonding characteristics between carbon atoms
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abruptly change at the edges [7]. However, its influence on
electron transport has been ill-argued, except a computational
study of A-GNR tunneling-FETs [11]. So, we address the
subject in this paper and clarify the edge configuration and
quantum confinement effects on electron transport in A-GNRs
based on a computational approach. The electrical
characteristics of A-GNR-FETs considering those effects are
also discussed by using a top-of-the-barrier ballistic MOSFET
model [12].

II. APPROACH

We compute the electronic bandstructures of A-GNRs using
a tight-binding (TB) approach, where a TB Hamiltonian with a
p- orbital basis set is used. One p, orbital per atom is enough for
atomistic physical description since s, py, and p, are far from the
Fermi level and do not play an important role for electron
transport. A p, orbital hopping integral of y,=2.6 eV is used [8],
and only the nearest neighbor coupling is considered. All
carbon-carbon bond lengths are taken as 0.142 nm, except for
those carbon-carbon bonds at the edges. Because previous
first-principles relaxation calculations [7] have indicated that
carbon-carbon bonds at the edges, which are also bonded to
hydrogen atoms to terminate dangling bonds, are about 3.5 %
shorter than other carbon-carbon bonds inside the ribbon.
Therefore, these bond lengths have been determined to be
0.137 nm. Further, to fit the first-principles bandstructure
results, we used a different TB parameter of ¥" = 1.12 7y, for the
edge bonds [7], [11]. Here, we add that the band-gap
underestimation problem well-known for first-principles
simulations based on the density-functional theory (DFT) is
much less serious for GNRs because the band-gap of GNRs is
caused by quantum confinement of the gapless p. orbital bands
of graphene, which is well described by the DFT, unlike the
band-gap originating from lattice potential as in Si [13].

III. ELECTRONIC BANDSTRUCTURES

We first examine the effect of edge bond relaxation on the
band-gap and the electron effective mass. Figs. 1 and 2 show
the band-gap energy and the electron effective mass as a
function of ribbon width, respectively. The effective mass was
calculated by performing a second order differential of the £-k
dispersion relation for the first conduction subband minimum
with respect to wave number. Here, (a) and (b) correspond to
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Fig. 1. Band-gap energy as a function of ribbon width, where (a) and (b)
correspond to the results without and with the presence of edge bond
relaxation, respectively. m in the legend represents a positive integer. The
lower and upper horizontal axes denote number of carbon atoms in transverse
direction N and actual ribbon width  in unit of nm, respectively. The insets
depict the atomic models of A-GNRs used in the simulation. Note that in (b) the
carbon-carbon bond lengths at the edges are shortened by about 3.5% as
compared to other carbon-carbon bonds inside the ribbon.

the results without and with the presence of edge bond
relaxation, respectively. The insets in Fig. 1 depict the atomic
models of A-GNRs used in the simulation. Note that in (b) the
carbon-carbon bond lengths at the edges are shortened by about
3.5 % as compared to other carbon-carbon bonds inside the
ribbon. As reported in [7], the edge bond relaxation has a
significant influence on the band-gap as shown in Fig. 1. In fact,
without the edge bond relaxation, A-GNRs are metallic if N =
3m + 2 (where m is a positive integer), or otherwise it is
semiconducting as shown in Fig. 1 (a). However, when the
edge bond relaxation is considered, there are no metallic
nanoribbons and furthermore the band-gaps are well separated
into three different groups, as shown in Fig. 1 (b). Such a
change in the band-gap hierarchy mentioned above has been
attributed to the 12 % increase of the hopping integrals between
carbon atoms at the edges, that is, vy’ = 1.12 vy, for the edge
bonds [7].

Next, as shown in Fig. 2 the edge bond relaxation has also a
significant influence on the electron effective mass, where the
results for N = 3m + 2 are omitted in Fig. 2 because effective
mass can not be defined in that case due to their linear
dispersion relation. Due to the edge bond relaxation, the
effective mass decreases in 3m A-GNRs, and by contraries
increases in (3m + 1) A-GNRs as shown in Fig. 2 (b).
Consequently, 3m A-GNRs seem to be favorable for use in
channels of FETs. However, the band-gap energy also
decreases (increases) in 3m A-GNRs [(3m + 1) A-GNRs] as
shown in Fig. 1 (b), so a comparison of the transport properties
under the same band-gap energy becomes important in terms of
the FET application. To this end, we focus on two pairs of
A-GNRs with N = 6 and 10, which have Eg ~ 1.1 eV, and
A-GNRs with N =12 and 19, which have Eg ~ 0.6 eV. Fig. 3
shows the bandstructures computed for the two pairs of
A-GNRs, where the edge bond relaxation is considered. It is
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Fig. 2. Effective mass at conduction band minimum as a function of ribbon
width, where (a) and (b) correspond to the results without and with the presence
of edge bond relaxation, respectively. Note that the results for N = 3m + 2 are
omitted because effective mass can not be defined in that case due to their
linear dispersion relation.

found that the A-GNRs with N = 3m family have a steeper slope
than those with N = 3m + 1 family, though almost the same
band-gap energies are created. As a result, smaller effective
masses are obtained for N =3m family even under the condition
of the same band-gap energy. They are m = 0.105 mq (0.156 m)
for N=6 (N=10), and 0.064 m, (0.078 mo) for N=12 (N=19).
We will discuss electrical characteristics of A-GNR-FETs, by
fully considering the atomistic bandstructures in the next
section.

IV. ELECTRICAL CHARACTERISTICS

To directly examine influences of the atomistic
bandstructures on the device performances, we compute the
electrical characteristics under ballistic transport based on a
“top-of-the-barrier” model [12]. The model has been proven to
be suitable for a systematic study comparing the performance
limits of atomistic transistors including carbon-based FETs
[13]-[15]. Comparison to the detailed quantum simulations
based on the non-equilibrium Green’s function method
demonstrated that the model is valid for the MOSFET structure
if the channel length is larger than 10 nm, because quantum
tunneling is not considered [16]. Fig. 4 shows the schematic
diagram of the simulated GNR-FETs, where the source and
drain are assumed to be heavily doped GNR contacts while the
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Fig. 3. Bandstructures of A-GNRs with (a) N=6 and 10 (Eg ~ 1.1 eV), and (b)

N=12and 19 (Eg ~ 0.6 eV).
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Fig. 4. Schematic diagram of the simulated GNR-FETSs, where the source and
drain are assumed to be heavily doped GNR contacts while the channel is
intrinsic. The gate insulator was assumed to be SiO,.
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Fig. 5. (a) Ip-V; characteristics and (b) intrinsic device delays versus Ion / Iorr
ratio for N=6, 10, 12 and 19. V', =0.4 V and T, = 0.5 nm. In (a), the simulations
are performed at the same OFF-current density (/o = 0.06uA/um). In (b), the
channel length is assumed to be 10 nm. Temperature is 300K.

channel is intrinsic. Fig. 5 shows (a) the drain current versus
gate voltage (Ip - V) characteristics and (b) the intrinsic device
delays versus the ON-OFF current ratio, where the intrinsic
device delay is calculated as 7= (Qon - Qorr) / Ion, Where Oon
and Qorr are the total charge in the channel at on-state and
off-state, respectively, and Ioy is the on-current. The gate
insulator (Si0O,) thickness is T,x = 0.5 nm and temperature is
300 K. The drain voltage is set sufficiently small (Vp = 0.4 V),
thus band-to-band tunneling is ignored in this study. Here, to
make a reasonable comparison between different device
architectures, we used a technique to consider both the on-state
and off-state at the same power supply voltage in Fig. 5 (b),
where the curves were obtained by sweeping a constant Vpp (=
0.4V)-bias window along Vg axis in the Ip - Vg characteristics
[17]. As expected from the difference in the bandstructures
between N = 3m and 3m + 1 families mentioned before, the
drain current (the delay) is always larger (smaller) in the N=3m
family, if the same band-gap FETs are compared. Similar
results have been obtained for a thicker gate insulator with T, =
1.5 nm (The results are not shown here). Therefore,
A-GNR-FETs with N = 3m family are preferable as a
high-performance digital switch in future logic circuits.

V. CONCLUSION

We investigated the influences of edge bond relaxation and
quantum confinement effects on electron transport in
armchair-edged  graphene nanoribbons, by using a
computational approach based on the atomistic TB

bandstructure calculation and ballistic transport model. We
found that the edge bond relaxation has a significant influence
not only on the band-gap opening due to the quantum
confinement, but also on the determination of electron effective
mass. In particular, the edge bond relaxation was found to
decrease (increase) the electron effective mass of 3m A-GNRs
[(3m + 1) A-GNRs]. Thus, we further performed a ballistic
MOSFET simulation using the atomistic bandstructures, and
demonstrated that 3m A-GNRs exhibit superior device
performances over (3m + 1) A-GNRs, in principle.
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