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Abstract. The band gap opening is one of the important issues in applications
of graphene and graphene nanoribbons (GNRs) to nanoscale electronic devices.
As hydrogen strongly interacts with graphene and creates short-range disorder,
the electronic structure is significantly modified by hydrogenation. Based on
first-principles and tight-binding calculations, we investigate the electronic
and transport properties of hydrogenated graphene and GNRs. In disordered
graphene with low doses of H adsorbates, the low-energy states near the
neutrality point are localized, and the degree of localization extends to high-
energy states with increasing adsorbate density. To characterize the localization
of eigenstates, we examine the inverse participation ratio and find that the
localization is greatly enhanced for the defect levels, which are accumulated
around the neutrality point. Our calculations support the previous result that
even with a low dose of H adsorbates, graphene undergoes a metal–insulator
transition. In GNRs, relaxations of the edge C atoms play a role in determining
the edge structure and the hydrocarbon conformation at low and high H
concentrations, respectively. In disordered nanoribbons, we find that the energy
states near the neutrality point are localized and conductances through low-
energy channels decay exponentially with sample size, similar to disordered
graphene. For a given channel energy, the localization length tends to decrease
as the adsorbate density increases. Moreover, the energy range of localization
exceeds the intrinsic band gap.
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1. Introduction

Graphene, a single layer of carbon atoms packed in a honeycomb lattice, has attracted much
attention due to its remarkable electronic structure with a zero gap and quasiparticles described
by massless Dirac fermions [1]. The low-energy electronic structure of graphene near the
Brillouin zone corners is characterized by the linear dispersion, which leads to unusual
transport properties such as an unconventional half-integer quantum Hall effect and perfect
transmission through a potential barrier at normal incidence [2]–[4]. As compared to Si-based
microelectronics, graphene has extremely high carrier mobility and thus high potential for
applications to electronic devices [5]. However, due to the zero gap, pristine graphene cannot
be used directly for conventional transistors. For practical applications, it is important to control
the energy gap, carrier type and concentration of graphene systems.

Graphene nanoribbons (GNRs), as quasi-one-dimensional structures, were shown to have
energy gaps, which arise from the quantum confinement effect and sensitively vary with the
ribbon width [6]. In recent experiments [7, 8], GNRs with atomically smooth edges and
narrow widths below 10 nm have been synthesized and high-performance transistor operations
have been demonstrated. Other strategies were proposed to achieve the gap opening, based
on the formation of periodic structures such as antidot lattices [9]–[11] or regular patterns
of hydrogen-adsorbed regions [12]. The electronic structure of graphene can be modified by
dosing with atoms or molecules. In particular, the chemical reaction of graphene with H, F,
OH and CH3 was shown to be significant because adsorbates interact directly with the C pz

orbitals perpendicular to the plane [13]. It was predicted that if graphene is fully hydrogenated,
the metallic state turns into a band insulating phase with an energy gap of about 3.6 eV [14].
A metal–insulator transition, which was reversible in cycles of hydrogenation and annealing,
was indeed observed in hydrogenated graphene with high coverages of H adsorbates [15].
Interestingly, a similar metal–insulator transition was reported in graphene with substantially
low doses of hydrogen [16]. Recent theoretical calculations showed that the metal–insulator
transition can occur by the localization of electron states in disordered graphene even with low H
concentrations [17]. Using density functional calculations, there have been a series of theoretical
studies of the structural properties of hydrogen adsorbed graphene [18, 19] and GNRs
with the edges passivated hydrogen [20, 21] and the electronic properties of hydrogenated
GNRs [22, 23].

In this work, we present the results of theoretical calculations for the electronic and
transport properties of hydrogenated graphene and GNRs. Based on density functional and
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tight-binding (TB) calculations, we discuss the energetics of different H adsorption sites, the
gap opening and the formation of localized states near the neutrality point in graphene with low
doses of H atoms. In armchair-shaped GNRs, we examine the bonding characteristics of various
edge conformations by hydrogenation, the energetics of hydrocarbons and the localization
behavior of low-energy states in disordered systems.

2. Calculation method

Our calculations are performed using a combined approach of the density-functional theory
and the TB method. The electronic structures and total energies of hydrogenated graphene
and GNRs are calculated using the generalized gradient approximation (GGA) [24] for the
exchange-correlation potential and ultrasoft pseudopotentials [25] for the ionic potentials, as
implemented in VASP code [26]. The wave functions are expanded in plane waves with a kinetic
energy cutoff of 400 eV. For graphene, we use two 7 × 7 and 10 × 10 hexagonal supercells with
a vacuum region of 10 Å, which ensures prohibiting interactions between adjacent planes, while
an additional vacuum of 10 Å between neighboring edges is included in the supercell geometry
of GNRs. The Brillouin zone integration is done using k-points generated by the 6 × 6 × 1
and 3 × 3 × 1 Monkhorst–Pack meshes [27] for the graphene 7 × 7 and 10 × 10 supercells,
respectively, and by the 1 × 9 × 1 mesh for the supercell with two unit cells of GNRs. All of the
atomic positions are fully optimized until the residual forces are less than 0.02 eV Å−1, and the
lattice parameter along the axial direction is fixed as that (2.46 Å) of graphene. The energetics
of various conformations in hydrogenated graphene and GNRs are examined by calculating the
formation energies defined as

Ef = Etot(C, H) − NCµC − NHµH, (1)

where Etot(C, H) is the total energy of a supercell containing H adsorbates, Ni (i = C and H)
is the number of species i in the supercell, and µi is the corresponding chemical potential.
Here, we use the energies per atom of pristine graphene and an H2 molecule for µC and µH,
respectively.

The transport properties of disordered graphene and GNRs by hydrogenation are studied
by calculating conductances based on the TB model. As hydrogen interacts with the C pz

orbitals, conductances are mostly affected for the π -orbital energies near the neutrality point.
We consider a single-band TB Hamiltonian to describe interactions of graphene and GNRs with
hydrogen,

H= −

∑
〈l,m〉

γl,mC†
l Cm +

∑
n

Hn, (2)

Hn = εHd†
n dn − γH(C†

pn
dn + C pn d†

n ), (3)

where γl,m is the hopping integral between the nearest-neighbor C pz orbitals, γH is the coupling
strength between the C and H orbitals, and εH is the H on-site energy.

Here, Cl (C†
l ) is the annihilation (creation) operator on the host lth site, dn (d†

n ) is the
annihilation (creation) operator on the H site, and pn is the host site bonded to the H atom.
In graphene, we use the parameters of γl,m = 2.6 eV, γH = 5.72 eV and εH = 0 eV, which are
determined by fitting to the GGA band structure. In GNRs with each edge C atom passivated by
a single H atom, the edge C atoms undergo large relaxations and thus have shorter C–C bond
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lengths [6]. Using the hopping integral of γl,m = 3.20 eV between the edge C atoms, we obtain
the variation of the band gap with the width, which is in good agreement with the GGA results.

For a device model, in which a disordered sample is sandwiched between two semi-infinite
graphene or nanoribbon electrodes, the two-terminal conductance is calculated by using the
Landauer–Büttiker formula, gL = 2 Tr(t t†), where t is the transmission matrix and the factor 2
accounts for spin degeneracy [28]. In graphene, periodic boundary conditions are imposed in
the transverse direction to remove the effect of edge states, while they are not required in GNRs
with the edge C atoms passivated by hydrogen. For the energetics of hydrogenated graphene
and GNRs, in which the GGA calculations are used, we consider hydrogen adsorptions on both
sides of the plane. On the other hand, to calculate conductances in disordered graphene and
GNRs with small amounts of H adsorbates, we only consider hydrogen adsorption on one side
of the plane because the TB approach cannot distinguish the difference between both sides. The
details of the calculations are given elsewhere [17].

3. Results and discussion

3.1. Hydrogenated graphene

The bonding characteristics between graphene and adatoms depend on the type of adatoms.
Metal adatoms belonging to groups I–III form ionic bonds with graphene at hexagon centers,
while covalent bonds are preferable for transition, nobel and group-IV metals [29]. Hydrogen
directly interacts with the pz orbital of the C site, forming a strong C–H bond with a binding
energy of about 0.8 eV. As the H-bonded C atom relaxes by 0.45 Å toward the H atom, the
C–C–C bond angle decreases from 120◦ to 114.5◦, and the H–C–C bond angle is about 103.7◦.
Thus, the bonding configuration changes from sp2 to sp3, in good agreement with previous
studies [13, 15, 30, 31].

When a single H atom is adsorbed, the band gap is developed as the sublattice symmetry is
broken, and a localized defect level appears at the neutrality point, as shown in figure 1(a). Note
that the electronic structure resembles that of an isolated C-vacancy because the formation of
the C–H bond effectively removes one C atom from the lattice. According to first-principles
calculations [32], an isolated C-vacancy exhibits two localized states associated with the
dangling bond σ - and π -orbitals around the vacancy site. The σ -orbital localized state is
located right at the valence band edge, whereas the π -orbital localized state lies at 0.5 eV
below the valence band maximum (VBM). However, in the TB model, the localized states are
not correctly described because the σ -orbitals are ignored. Moreover, the π -orbital localized
state is positioned at the neutrality point unless the TB model includes the second nearest-
neighbor hopping parameter, which can shift the π -orbital localized state to lower energies [33].
In contrast to C-vacancy, a single H adsorbate has only the defect level at the neutrality
point, which is associated with interactions between the H and C orbitals, without forming the
σ -orbital localized state. Nevertheless, the characteristics of the localized state are similar to
that of an ideal C-vacancy. The wave function amplitudes are zero in the same sublattice as
the C site where H is adsorbed, whereas those in the opposite sublattice decay rapidly with
distance from the adsorbate site [33, 34]. We check the charge distribution of the defect levels
and the energy splitting at the neutrality point by H adsorbates, and find that the results of the
TB model with only the first-neighbor coupling parameter γl,m are in good agreement with the
GGA calculations up to four H atoms (for example, see figure 1).
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Figure 1. The band structures of graphene with (a) one H atom, (b) two H atoms
in the same A sublattice and (c) two H atoms in both the A and B sublattices in
the 7 × 7 supercell. Red and blue points represent the GGA and TB results for
hydrogenated graphene, respectively, whereas black circles represent the GGA
band structure of pristine graphene.

The effects of additional H atoms on the formation of the localized states and the gap
opening strongly depend on their relative adsorption sites. Due to the unique wave function
amplitudes, the localized states are decoupled if the H atoms are selectively adsorbed at the same
sublattice sites, resulting in the nearly degenerate levels at the neutrality point (figure 1(b)).
Meanwhile, the gap opening occurs with a tendency for increasing with nH, where nH is the
ratio of the number of H adsorbates to the total number of C atoms. The energy gaps are
estimated to be about 0.4, 0.5, 1.2 and 1.6 eV for nH = 0.5, 1, 5 and 10%, respectively. In
the gap region, the densities of states are zero, while they exhibit sharp peaks superimposed
at the neutrality point. On the other hand, if the H atoms are randomly adsorbed in both the
A and B sublattices, interactions between the localized states are greatly enhanced, because of
nonzero wave function amplitudes in the opposite sublattices. In contrast to adsorbates in the
same sublattice, the gap opening does not take place (figure 1(c)). As the localized levels split,
the finite densities of states appear for low energies near the neutrality point, similar to random
C-vacancy defects [34]. It was shown that the energy range of the level splitting grows with
increasing nH [17].

We examine the energetics of two configurations for H adsorption, in which the H atoms
are placed in the same sublattice or in both the A and B sublattices. In graphene with two H
adsorbates, we choose a large 10 × 10 supercell to reduce interactions between the H atoms
in neighboring supercells. The formation energies of a second H atom at various adsorption
sites are compared in figure 2 with a first H atom fixed at an A sublattice site. In the former
configuration, the formation energies are higher than that of two isolated H adsorbates. However,
the energy differences are within 0.2 eV, nearly independent of the distance between the H
atoms, in good agreement with the result that the localized states are decoupled. In the latter
configuration, the formation energies are generally lowered mainly due to the level repulsion,

New Journal of Physics 12 (2010) 125005 (http://www.njp.org/)

http://www.njp.org/


6

(a) (b)

Figure 2. (a) Numbers denote various positions of a second H atom around a first
H atom (blue circle at the A sublattice site) in the 10 × 10 supercell and (b) their
formation energies per molecule are plotted as a function of the distance between
the two H atoms. In (a), green and red balls denote the A and B sublattice
sites, respectively. In (b), the dashed line represents the formation energy of
two isolated H adsorbates, and AA and AB denote the sublattice sites of two
H atoms.

compared with the former case, indicating that the selective dilution of H adsorbates is
energetically unfavorable. Note that the formation energies relative to two isolated H adsorbates
are lower by about 1.0 eV within the distance 3 Å. Thus, the second H atom prefers to reside at
sites 1 and 3 in the vicinity of the first H atom. The two distinct hydrogen dimer structures at
sites 1 and 3 are consistent with the ortho- and para-dimers, respectively, which were observed
on the graphite (0001) surface adsorbed by hydrogen [35, 36]. As the H concentration increases,
the formation of hydrogen dimers (figure 2(b)) is likely to occur. Actually, at very high H
coverages, graphene was proposed to turn into a band insulator, known as graphane with band
gaps of 3.5–3.7 eV [14]. On the other hand, at low doses of H adsorbates, it was suggested
that a single absorbed H atom is more likely to desorb rather than to diffuse to form dimer
structures with other H atoms, because the energy barrier is 1.14 eV for hydrogen diffusion,
whereas the desorption barrier is 0.9 eV [36]. Interestingly, an insulating state was observed
in hydrogenated graphene with substantially low doses, indicating that disorder induces a
metal–insulator transition [16].

As the chemical reaction of hydrogen with graphene gives rise to short-range disorder
potential, Dirac fermions can be localized due to the intervalley scattering between the two
valleys, while the backscattering is suppressed in the presence of long-range disorders. Our
previous calculations [17] showed that disordered graphene by hydrogenation undergoes a
metal–insulator transition and that conductances in a narrow range of energies near the neutrality
point decay exponentially with the sample size and are well fitted by one-parameter scaling
function [37, 38]. To see more precisely the localization behavior of low-energy states, we
investigate the characteristics of the wave functions in disordered graphene with low coverages
of H adsorbates. The degree of localization for the eigenstates can be described by the
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Figure 3. The LIPR is plotted as a function of energy for two disordered
graphene systems, in which (a) the H atoms are random in one sublattice and
(b) they are in both the A and B sublattices, with nH = 1% (blue triangles) and
10% (red circles). Black lines represent the LIPR of pristine graphene.

normalized logarithm of the inverse participation ratio (LIPR) [39],

LIPR(E) =
lnP(E)

ln N
, (4)

where the inverse participation ratio is defined as P(E) =
∑N

i=1 |9E(ri)|
4, N is the number of

basis orbitals in the TB Hamiltonian, which equals the number of sites, and 9E(ri) is the wave
function amplitude at the i th site. The LIPR is close to −1 for an extended state as P(E) ∼ N−1,
while it increases to a higher value for a localized state because of the contribution from a finite
number of lattice sites.

For graphene systems with a size of 14 nm, the LIPRs obtained by direct diagonalization
in the TB model are plotted as a function of energy for nH = 1 and 10% in figure 3. For two
different configurations, where the H atoms are random only in one sublattice or in both the A
and B sublattices, the LIPR values are found to be very high for energies near the neutrality
point, implying that the states are localized by disorder, while they become significantly low
for the extended states far from the neutrality point. It is clear that the energy gaps, where
the LIPR is not defined, are developed in the former configuration, consistent with the result
that the density of states is zero in the gap region, with only sharp peaks at the neutrality
point. In addition, the energy states around the band edges become localized, and the degree
of localization increases with increasing nH. Indeed, conductances through the band edge states
were shown to be significantly suppressed as nH increases [17]. In the latter configuration,
the LIPR also exhibits increasing behavior for energy states around the neutrality point due
to the localized states. Without the gap opening, the LIPR increases very rapidly as the
energy becomes close to the neutrality point. Thus, the disorder effect on conductance is more
significant for low-energy states. As nH increases from 1 to 10%, the localization is extended to
high-energy states. In the previous study, we examined the variation of conductance with sample
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Figure 4. (a) The supercell structure with two unit cells of pristine 29-AGNR,
with the dimer lines indexed by numbers, and (b) the formation energies per
atom at different line positions of a single H adsorbate in (a). (c) The charge
densities of the VBM and CBM states in pristine 29-AGNR and (d) the variation
in the energy gap with the H adsorption position in (a). In (a) and (c), blue dots
represent the H atoms, which passivate the edge dangling bonds.

size in disordered graphene with nH = 10%, and found that the localization lengths are 2–7 nm
in the energy range of 0.8 eV, exhibiting increasing behavior with the channel energy [17]. This
behavior is consistent with the results for the LIPR.

3.2. Hydrogenated graphene nanoribbons (GNRs)

GNRs have two types of fundamental edge shape, zigzag and armchair, and the electronic
structures depend on their widths and orientations. Here, we consider the adsorption of H atoms
on armchair-shaped GNRs, which have larger band gaps than zigzag-shaped GNRs. We define
pristine armchair graphene nanoribbons (n-AGNRs) as those that have all the edge dangling
bonds passivated with a single H atom per edge C atom, where n denotes the number of C–C
dimer lines. Figure 4(a) shows the supercell of 29-AGNR with two unit cells. In 29-AGNR
with one H adsorbate, the formation energies defined in equation (1) are compared for different
adsorption sites in figure 4(b). At the edge sites, hydrogen breaks two carbon π -bonds to form
the sp3 hybridization, while three carbon π -bonds are broken at the inner sites of n-AGNR [23].
The H–C–C bond angles are estimated to be 109.8◦ and 103.0–104.6◦ at the edge and inner sites,
respectively. Moreover, the edge site accommodates the structural relaxations more easily due
to the nearby vacuum region. Thus, hydrogen prefers to reside on top of the edge C atoms rather
than at the inner host atoms. Note that the peaks appear at the 3n positions in the formation
energy curve. These peaks are related to the charge densities of the VBM and conduction band
minimum (CBM) states (figure 4(c)), which exhibit the density nodes in the 3n lines. If hydrogen
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sublattice sites, respectively. (b) The formation energies per molecule are plotted
for different positions of two H adsorbates in the C–C dimer lines indexed by
numbers in (a).

is adsorbed at the charge density nodes, interactions between hydrogen and n-AGNR are greatly
reduced, resulting in a weaker C–H bond and thereby a higher formation energy. This feature is
also reflected by the oscillatory variation of the energy gap with the H position in figure 4(d).
At the 3n positions, the gap size is almost equal to the value of 0.1 eV for pristine 29-AGNR,
while it is enhanced to 0.5–0.6 eV for other adsorption sites.

When a second H atom is adsorbed, the formation energy depends on the configuration
of two H adsorbates. Figure 5 shows the formation energies of a second H atom at different
positions, with a first H atom bound to the edge C atom in the A sublattice. The formation
energies are generally lower when two adsorbates are positioned at the A and B sublattice
sites, because of the stronger coupling between the localized levels, similar to the graphene
case. In GNRs, however, the relaxation effect is more significant near the edge sites, resulting
in an additional energy gain. Thus, the formation energies tend to increase as the adsorption
site changes from the edge to inner site. In the lowest energy configuration, the second H
atom is located at the adjacent C site of the edge C–C dimer, in agreement with the other
calculation [23].

If additional H atoms are adsorbed, they will be positioned along the ribbon edges until all
the edge C atoms are passivated by hydrogen [23]. In this case, H adsorption may take place in
two different ways on the edge C–C dimers. If the adsorption occurs on one side of the plane,
the edge C–C dimers form a flat edge structure, without buckling relaxations (figure 6(a)). On
the other hand, if the H atoms adsorb above and below the plane per unit cell, the edge dimers
are tilted in the same direction, resulting in an α-type edge structure (figure 6(b)). In previous
studies [20, 23, 40], two conformations with flat and α-type edge structures were considered for
AGNRs, in which the edge atoms are fully passivated with two H atoms per edge C atom. As
the orientation of edge dimers is affected by the type of adsorption, above or below the plane,
there can be many edge structures, which are determined by the combination of α- and
β-type edge dimers with opposite orientations, as shown in figures 6(c) and (d). An αβ-type
edge structure consists of α- and β-type edge dimers, which are repeated after two unit cells,

New Journal of Physics 12 (2010) 125005 (http://www.njp.org/)

http://www.njp.org/


10

(a) (b) (c)

(d) ( )(d) (e)

Figure 6. The atomic structures of four-edge conformations with (a) the flat,
(b) α-type, (c) αβ-type and (d) ααββ-type edges in 29-AGNR, in which the
edge atoms are fully passivated with two H atoms per edge C atom and (e) the
local structure of 1,3-cyclohexadiene. Black and blue dots represent the C and H
atoms, respectively, and red bars denote the C–C dimers.

Table 1. The formation energy differences (1E f per edge C–C dimer) relative
to the flat edge structure, the bond angles ( 6 C–C–C and 6 H–C–H) and the bond
lengths (dC–C) of the edge C–C dimers, and the energy gaps (Egap) are listed for
four different conformations of 29-AGNR with two H atoms per edge C atom,
and compared with those of 1,3-cyclohexadiene.

Edge type 1Ef (eV) 6 C–C–C (◦) 6 H–C–H (◦) dC–C (Å) Egap (eV)

Flat 0 117.0 104.0 1.519 0.238
α-type −0.060 111.8 106.3 1.511 0.233
αβ-type −0.176 111.1 106.2 1.521 0.237
ααββ-type −0.168 111.8 106.4 1.522 0.248

1,3-cyclohexadiene 111.4 106.0 1.532

whereas the cell size becomes four times larger in an ααββ-type edge structure. We find that
the α-type edge structure is more stable by 0.060 eV per edge dimer than the flat edge structure
(table 1). In the αβ- and ααββ-type edge structures, their energies are further lowered to −0.176
and −0.168 eV per edge dimer, respectively.

For four-edge conformations considered here, the bond angles and bond lengths of the
edge C–C dimers are listed and compared with those for 1,3-cyclohexadiene in table 1. It is
interesting to note that the local geometry of a tilted armchair edge dimer is similar to that of
1,3-cyclohexadiene (Figure 6(e)). In 1,3-cyclohexadiene, the dimer bond length is 1.532 Å and
the C–C–C and H–C–H bond angles are 111.4◦ and 106.0◦, respectively, in good agreement
with other calculations [41]. In the α-, αβ- and ααββ-type edge structures, which have tilted
edge dimers, the bond angles are very similar to those of 1,3-cyclohexadiene. In the flat edge
structure, as the edge dimers lie in the ribbon plane, the H–C–H bond angle decreases, whereas
the C–C–C bond angle increases. The bond lengths of the edge C–C dimers are calculated to be
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Figure 7. The charge distributions of the VBM and CBM states in (a) 29-
AGNR with the αβ-type edge structure and (b) 27-AGNR with the edge atoms
passivated with a single H atom per edge C atom. In (c) and (d), the formation
energies of an additional H adsorbate in different dimer lines are compared for
the supercells with two unit cells in (a) and (b), respectively. The C–C dimer
lines are indexed by numbers in the reactive regions with the same effective
ribbon width.

1.519, 1.511, 1.521 and 1.522 Å for the flat, α-, αβ- and ααββ-type edge structures, respectively,
which are slightly smaller than that of 1,3-cyclohexadiene. In the α-type edge structure, the
edge dimers experience more compressive strain, resulting in shorter bond length and thereby
increasing the energy, compared with the αβ- and ααββ-type edge structures. As the energies
of the αβ- and ααββ-type edge structures are similar, it is expected that other conformations
with tilted edge dimers can be formed. We test an edge structure of αααβββ type and find that
it is unstable by about 0.02 eV against the αβ-type edge conformation, while it is still lower in
energy than the flat and α-type edge structures.

The energy gaps are insensitive to the edge conformation, as shown in table 1. As the
edge atoms are fully passivated by hydrogen, the energy gap is actually determined by the
effective ribbon width, which corresponds to the unpassivated region and leads to the quantum
confinement effect. If both of the edges of 29-AGNR are fully passivated by hydrogen, the
effective width will be reduced by two dimer lines, being equal to that of 27-AGNR with a
single H atom per edge C atom (figure 7). In fact, the energy gap of 27-AGNR with one H atom
per edge C atom is calculated to be 0.237 eV, very close to those for four-edge conformations
of 29-AGNR with the edge atoms fully passivated by hydrogen (table 1). For these 27- and
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29-AGNRs, we find similar distributions of the charge densities for the VBM and CBM states
(figures 7(a) and (b)), indicating that the effective ribbon widths are the same. Moreover, for
an extra H atom adsorbed at the C sites in different dimer rows, the two AGNRs show similar
formation energies, despite a small difference of about 0.1 eV in the first dimer line, which is
caused by different relaxation effects. Thus, it is concluded that the effective ribbon width is a
major factor in determining the band gap, consistent with other calculations [22, 23].

We find that there exists some similarity between our edge structures of GNRs and warping
of graphene sheet. It is known that graphene edges are under compressive stress [42]–[45],
which arises from the mismatch between the lattice constants in the edge and inner regions.
As graphene edges are easily stretched along the axis, buckling or warping movement out of
the plane, which lowers the energy, can take place. It was suggested that compressive stress is
originated from repulsive interactions between the dangling bonds of the edge C atoms [44].
In AGNRs with a single H atom per edge C atom, the flat edge structure was suggested to
be more favourable due to the stress release than warped edge conformations [42, 44, 45].
However, if each edge C atom is passivated by two H atoms, warping can occur even in the
absence of compressive stress, as shown in figure 6. The physical origin of warping, in our
case, is neither the repulsion between the dangling bonds nor the compressive stress, but the
tendency for forming the sp3-bonded network along the edges. The tilted edge dimers play a
role in forming the warped structure. On the other hand, in zigzag GNRs, warping deformation
is not likely to occur because edge C–C dimers do not exist at the zigzag edges; thus the flat
edge structure becomes energetically more favorable.

In graphene, in which all of the C atoms are passivated by hydrogen, two hydrocarbon
configurations were suggested to be favorable: a chair-like conformation with the H atoms
alternating in the A and B sublattices on both sides of the plane and a boat-like conformation
with the H atoms alternating in pairs [14]. The chair-like conformation was shown to be more
favorable, with the energy difference of 55 meV per C atom. However, the energetics of these
hydrocarbons are affected by the ribbon width and the edge structure in GNRs. In 29-AGNR
with a single H atom per edge C atom, we assume that hydrogenation starts from the edge C
atoms in a line-by-line manner, keeping the same configurations at both the edges (figures 8(a)
and (b)). This assumption is reasonable because the H atoms prefer to adsorb at the outermost
C atoms at the initial stage of hydrogenation. The formation energies per length along the
edge are calculated and compared for the chair- and boat-like conformations in figure 8(c).
For low coverages of H adsorbates, the edge structure plays an important role in forming
the hydrocarbon conformation. Because the αβ-type edge structure is lower in energy than
the α-type edge structure, the formation of the boat-like conformation is energetically more
favorable when hydrogenation is continued up to the second C–C dimer line. As the H coverage
increases, the chair-like conformation, which is derived from the α-type edge structure, is
stabilized, similar to the stable hydrocarbon configuration of graphene. In the boat- and chair-
like conformations, we find no significant difference in the band structure because the electronic
structure mostly depends on the effective width of nanoribbons.

Finally, we investigate the transport properties of disordered GNRs with low coverages
of additional H adsorbates (nH = 0.1, 0.5 and 1%), in which adsorbates are random in both
the A and B sublattices. In disordered 29-AGNR with a single H atom per edge C atom and
the ribbon length (L) of 50 nm, additional H atoms are placed on only one side of the plane,
without considering the relaxation effect at the edges, because the TB model is used. In addition,
although it is energetically more favorable for hydrogenation to start from the edge sites to the
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Figure 8. (a) The chair- and (b) boat-like conformations can be formed
by hydrogenation in 29-AGNRs with the α- and αβ-type edge structures,
respectively. Red and blue circles denote the H atoms adsorbed above and below
the plane, respectively. (c) The formation energies per length along the edge are
compared for different coverages of additional H adsorbates.

inner sites in a line-by-line manner (figure 8), it is more likely that the H atoms are randomly
adsorbed in a realistic situation, especially at low coverages. Similar to disordered graphene
by hydrogenation, the LIPRs are found to be greatly enhanced for the localized states near the
neutrality point, and the energy range of localization grows with increasing nH (figure 9(a)).
Note that the localized levels even exist outside the intrinsic gap region, as shown in the
averaged density of states (figure 9(b)), resulting in the larger mobility gap. When adsorbates
are selectively diluted in the same sublattice, the gap regions are clearly found in the LIPR,
with sharp peaks superimposed at the neutrality point, and the energy gap increases from 0.1 to
0.43 eV as nH increases to 1%.

In the case of random H adsorbates, the logarithmic two-terminal conductances are plotted
as a function of energy for specific samples with different H concentrations in figure 9(c). At
the very low concentration of 0.1%, the conductances are severely suppressed in the energy
window between −0.05 and 0.05 eV, which corresponds to the intrinsic energy gap of 29-
AGNR. As nH increases, the conductances fluctuate near the gap region and decrease further
due to scattering between the localized states, in agreement with the LIPR results. To see the
effect of sample size on conductance, we calculate the intrinsic conductance g in the scaling
theory of localization [46], which is defined as 1/g = 1/gL − 1/2Nc, where Nc is the number
of channels at the energy E and 1/2Nc is the contact resistance. At each H concentration
for a given ribbon length, we use 500–2000 configurations for the distribution of random
adsorbates to calculate the ensemble average of ln g, which is denoted by 〈ln g〉. Figure 9(d)
shows the variation of 〈ln g〉 with the ribbon length at the energy E = −0.3 eV. It is clear
that the conductance decays exponentially with respect to L , and the slope becomes larger as
nH increases, indicating the localization of the energy states. From the slopes, the localization
lengths are estimated to be 47.6, 9.2 and 3.7 nm for nH = 0.1, 0.5 and 1%, respectively. At the
very low concentration of nH = 0.1%, although the localization length is very large, our results
indicate that the localization still occurs for the band edge states.
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Figure 9. For disordered 29-AGNRs by hydrogenation, with the ribbon length
of 50 nm, (a) the LIPR, (b) the averaged density of states (〈DOS〉) and (c) the
two-terminal conductance are plotted for low energies near the neutrality point.
In (d), the averaged logarithmic conductances with E = −0.3 eV are plotted as
a function of ribbon length. Black dots and lines represent the results of pristine
29-AGNR. The brackets in (b) and (d) denote the ensemble average over random
configurations, whereas specific samples with different H concentrations are
chosen in (a) and (c).

4. Summary

We have performed a numerical study of the electronic structure and transport properties
of hydrogenated graphene and GNRs, based on the first-principles and TB calculations.
In graphene, a selective dilution of H adsorbates in the same sublattice induces the band
gap opening. As the defect levels are decoupled, the density of states exhibit sharp peaks
superimposed near the neutrality point. From the analysis of the inverse participation ratio,
we find that the localization of the band edge states becomes significant as the adsorbate density
increases. If H adsorbates are random in both the A and B sublattices, the degenerate defect
levels split due to the level repulsion, without creating the energy gap. The degree of localization
by disorder is higher for the low-energy states near the neutrality point, and the localization
extends to high-energy states with increasing the adsorbate density. In armchair-shaped GNRs,
the effect of hydrogenation on the electronic structure is similar to that of graphene, except
for the fact that GNRs have intrinsic energy gaps. Due to the structural relaxations of the edge
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atoms, the edge sites are more reactive to hydrogen than the inner sites of the ribbon. When
the edge atoms are fully passivated by hydrogen, the edge conformation is determined by the
buckling of the edge C–C dimers. In disordered GNRs by hydrogenation, we also find that
the energy states near the neutrality point are localized, exhibiting the decaying behavior of
conductances with the sample size, similar to disordered graphene.
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