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We report the electronic properties of two-dimensional systems made of graphene nanoribbons which are patterned with ad-atoms
in two separated regions. Due to the extra electronic confinement induced by the presence of the impurities, we find resonant
levels, quasi-bound and impurity-induced localized states, which determine the transport properties of the system. Regardless of
the ad-atom distribution in the system, we apply band-folding procedures to simple models and predict the energies and the spatial
distribution of those impurity-induced states. We take into account two different scenarios: gapped graphene and the presence
of randomly distributed ad-atoms in a low dilution regime. In both cases the defect-induced resonances are still detected. Our
findings would encourage experimentalist to synthesize these systems and characterize their quasi-localized states employing,
for instance, scanning tunneling spectroscopy (STS). Additionally, the resonant transport features could be used in electronic

applications and molecular sensor devices.

1 Introduction

Two-dimensional nanostructures are promising candidates for
novel application at the nanoscale. Due to its dimensionality, it
is possible to manipulate the entire system through several ex-
perimental techniques. These nanosystems are suggested for
sensing applications because they have large surface-volume
ratio, high electronic mobility, and externally tuneable con-
ductivity. One of its applications is related to their use in
high-precision molecular and magnetic sensors, which re-
quires robust states at well-defined energies. '™ In 2D elec-
tronics, the control of the electronic and magnetic properties
can be achieved by specific point defects, such as vacancies,
Stone-Wales defects and doping with ad-atoms, among oth-
ers.”~!1 Previous theoretical works propose electron confine-
ment by doping 2D graphene with hydrogen atoms, which
is used to manufacture narrowed graphene ribbons, quantum
dots or junctions without the need for cutting or etching the
system. '>~14 Furthermore, it was experimentally shown that
the adsorption of hydrogen atoms on graphene can be con-
trolled by scanning tunneling microscope to decorate with pat-
terns the system, which remains stable even at room tempera-
ture. 1
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Graphene nanoribbons ideally could be today synthe-
sized by unzipping carbon nanotubes. This method al-
lows provides narrow graphene nanoribbons suspended be-
tween Au (111) contacts or deposited on a substrate such
as SiC or BN.!®1” Such nanoribbons would be later pro-
tected from hydrogen deposition by a controlled coating, for
instance, of PmPV (m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) at two different regions. !° The partial hy-
drogenation could be achieved by either direct exposure or ex-
posing the sample to a beam of atomic H.?*2! Then, scan-
ning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS) could be used to characterize the quasi-
localized states induced by the two H regions.??> Note that
STM experiments are able to control the H deposition in
graphene sublattices?>. In this way, systems as those shown
in Fig. 1 can be produced.

In graphene, the hydrogen-like ad-atoms are adsorbed on
top of the carbon atoms through covalent bonds. The local hy-
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bridization of graphene changes from sp? to sp>-like, so that
the low-energy conducting 7-bands are affected.’*?> When
hydrogen-like atoms are binding on top of carbon atoms, the
graphene sublattice symmetry is broken, and thus, localized
states appear near the Dirac point. These states at zero energy
are well-known in carbon nanostructures>>->7 and are compa-
rable, in the low-energy range to a vacancy in 7 models.?®

Charge carriers in graphene have a linear energy dispersion,
then electron scattering obey the Klein’s paradox.?’ Klein
showed that when the potential is of the order of the elec-
tron kinetic energy, the barrier for massless fermions becomes
transparent. In practical terms, the Klein’s paradox implies
that carriers in graphene can not be confined by potential bar-
riers. 303! In this context, the question that motivates this work
is the following: Is it possible to induce and control resonant
states, extended across the whole system, by using impurities
in graphene?.

In this paper we study the electronic and transport prop-
erties of graphene ribbons patterned with hydrogen-like ad-
atoms at two separated regions, as it is shown in Fig.1. This
approach can be used as a model for any singly covalent ad-
sorbed molecules in graphene. We are describing the H inter-
action on top of C atoms using a tight-binding Hamiltonian,

Left » Doped . = Doped
lead & region H 1 1 region + lead

Fig. 1 (Color online) (a) Proposed system based on GNR with
ad-atoms in two separated regions. (b) Schematic view of ad-atoms
in ordered configurations. The length L (in units of 3 acc) is the
separation between the two doped regions. The I and D notations
stand for individual and double hydrogen column. Red spheres
represent hydrogen ad-atoms. The effective system length L, is
given by the shaded region.

which are compared with density functional theory (DFT) cal-
culations. We calculate the local density-of-states (LDOS) and
the two-terminal conductance of the system, and we are con-
sidering the effects of the H-adsorbate impurity density, the
spatial distribution and the sublattice balance at the doped re-
gions. We find not only the expected impurity-induced local-
ized states, but other kinds of electronic states such as resonant
and interface states. These levels, which determine the trans-
port properties of the system, appear at well-defined energies
that we can unravel, and additionally infer their spatial distri-
bution, by applying band-folding models.

To bring our results into contact with experiments, we ex-
amine a random distribution of hydrogen adsorbate atoms at
low concentrations in the two doped regions. The average
LDOS still exhibits a series of defined peaks at some en-
ergy values, which behave similarly to the ordered ad-atom
arrangements. We are also study a ribbon over a substrate,
modeled by a constant staggered potential (a mass term in the
Dirac equation) which open a gap in the LDOS and conduc-
tance curves. In the latter system, the behavior of the elec-
tronic states is still be determined by applying the same kind
of simple folding models.

Note that our proposal goes further than the existing reports,
which have considered periodic boundary conditions and/or
superlattice heterostructures, where the electronic properties
and the transport are calculated parallel to the confinement
generated by barriers. 1>14-3233

2 Theoretical Description of the System

The low-energy electronic properties of graphene are well de-
scribed within a single m-band approximation in a nearest-
neighbor tight-binding scheme. The Hamiltonian of the sys-
tem can be written as

H=—1 Y. cjem+endidy— v (c) dutc,d), (1)
(1,m)

where the hopping energy between nearest-neighbor carbon
atoms is ¥ = 2.75 eV, ¢, (c},) is the C annihilation (creation)
operator on the m-th site of graphene lattice, ¥y is the cou-
pling energy between the carbon and the hydrogen ad-atom,
gy is the hydrogen on-site energy, d,, (d;}) is the H annihilation
(creation) operator on the adsorbate site, and ¢, is the host
carbon atom bonded to the hydrogen atom. We use the set of
tight-binding parameters yg = 5.72 eV = 2.08 yp and g =0
determined from first-principles band structure calculations of
hydrogenated graphene.3#-3¢. It is worth to mention that the
effects of considering &g # 0 are not being considered because
preliminary tests show that this value split energy states out-
side of the energy window studied in this paper. Details about
the calculations of the conductance and LDOS are presented
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in the Section SI. We focus on armchair nanoribbons, which
at the edges mix sublattices and valleys, so that the spin the
degree of freedom entails to have doubly degenerate bands, in
contradistinction to zigzag ribbons. 3’

3 Results

In this section we present results of LDOS and conductance
of armchair graphene nanoribbons (AGNR) in the presence
of ordered and random distributions of hydrogen ad-atoms in
two separated regions of the ribbon. Besides, we explain the
LDOS behavior by applying folding of certain bands of simple
effective models. The LDOS is projected in all atoms of the
system, marked by the outer dashed lines in Fig. 1.

3.1 General Trends on the Local Density of States and
Conductance

We chose a metallic AGNR in the range of the ultra-narrow
ribbons, recently synthesized.3® The conductance curves of
these narrow ribbons exhibit broad plateaus at low energy,
making easier the visualization of the doping effects. Nev-
ertheless, we would like to note that our findings in the LDOS
and conductance curves are general and appear in wider metal-
lic and semiconductor ribbons. The considered separation
between the two doped regions is L = 15 = 45a¢¢ and the
AGNR width is N = 11 = 5v/3acc. In this nanoribbon, we
have considered the three ordered arrangements of adsorbed
hydrogen atoms following the scheme of Fig. 1.

We start the analysis by examining the LDOS as a func-
tion of the Fermi energy, as it is shown in Fig. 2. Our
first finding in the LDOS curves is a strong peak at zero en-
ergy, even for semiconductor ribbons, the so-called mid-gap
state. This impurity-induced state is attributed to the repulsive
short-range potential around monovalent impurities (atoms or
molecules), which are strongly bonded to one of the carbon
atoms in graphene. 20273941 Generally, this mid-gap state
could be related to the magnetic properties of the material,
which it has been widely studied and is beyond the scope of
this work. >

Besides of the impurity-induced peak at E = 0, we observe
common features in the LDOS curves for all configurations in
Fig. 2. At energies below 0.4 7y, defined by the first van Hove
singularity of the pristine N = 11 AGNR, the LDOS curves
present a series of well-defined sharp peaks homogeneously
spaced. The energy separation and the total number of those
peaks are determined by an effective system length L, (> L),
defined as the mean distance between the doped regions, as
it is shown in shaded on Fig. 1. In this sense, the separa-
tion between I-configuration resonances is shorten than those
of the D-configurations, since Léff > Lff}]ﬁm). These states
get sharper and closer in energy as L.y is increased, and it is

possible to follow continuously their evolution as the system
length is enlarged. If the ribbon width N is increased, we can
still find resonant levels in the low energy range similar to the
presented in Fig. 2, independently if the ribbons are metallic
or semiconductor. For wider metallic ribbons, the low-energy
range is minor; nevertheless, is still possible to observe the
same patterns of LDOS. For semiconductor ribbons we have
observed the impurity mid-gap state at £ = 0, and resonant
levels above the in herent g ap of the ribbon.

This quantum well-like behavior is, in fact, a hallmark of
the resonances arising from confinement between the hydro-
genated regions. *>** The regular periodicity of these states al-
lows us to follow resonances above energies of 0.4 7y, which
are mixed with other kinds of energy levels. In the following
sections, we will explain this LDOS behavior by using simple
band-folding models.

In Fig. 2 it is also presented the two-terminal conductance
of the system as a function of energy (red online). The hydro-
gen ad-atoms impose an extra spatial electronic confinement,
which produces some resonant states between the doped re-
gions, that act as open channels for electron transmission. The
conductance profiles present a series of well defined peaks be-
coming from strongly quasi-localized states, which acquire a
finite lifetime due to their indirect coupling through the con-
tinuum spectra of the leads, in analogy of the mechanism of
formation of Bound States in the Continuum (BICs) in high
symmetrical systems.

For the I-configuration, the doped regions present selective
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Fig. 2 (Color online) Local density of states (black line) and
conductance (red line) as a function of energy for different hydrogen
distributions, separated by a length L = 15 on a metallic AGNR
N=11.
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doping where hydrogen ad-atoms occupy one of the grape-
hene sublattices. Such arrangement may arise, for instance,
when long-chain hydrocarbon molecules are attached period-
ically on certain graphene sites.2%*%47 This selective doping
favors the hybridization between the resonant states and the
continuum spectra of the leads, allowing a better conduction
through the system in the low-energy range and even at higher
energies. This clear resonant behavior, where the conductance
curve presents well defined conduction energy channels, could
be used for novel electronic applications, such as spin filter or
molecular sensor devices.

In the figure 2 we observe that the conductance curves for
the D1 and D2 configurations are clearly different in compar-
ison with those of I-configuration. For low energy, although
the sharp states are also present in the LDOS curves, the D1
and D2 configurations do not conduce because the C-H bonds
in each doped region are balanced in both graphene sublattices
(see Fig. 1). The D1 configuration is a poor conductor (simi-
lar to an insulator) for all energies. This ad-atom distribution
has pairs of contiguous carbon atoms with adsorbed hydrogen
ad-atoms in different sublattices and, as a consequence, the
electronic transport is mostly blocked. In fact, at low energies
the effect on the conductance of the C-H bond is similar to
an ideal vacancy since the 7-type bonds are no longer avail-
able for conduction.?® The D2-configuration favors the elec-
tron transmission at energies over 0.4 Yy, which is defined by
the bottom of the first parabolic conduction sub-band, as in the
case of a line-defects in graphene.*® In particular, for this con-
figuration, the attached hydrogen atoms are separated by car-
bon atoms, therefore, localized states appear between the im-
purity positions which enhance the conductance through their
hybridization with the resonant states of the system.

It is noteworthy that, for all configurations, the conductance
curves above the first van Hove singularity are dominated by
parabolic bands, well-known in semiconductors, so they can
be outlined using a toy model for non-relativistic electrons
incident on a double-barrier potential within the Schrodinger
theory. %’

3.2 Characterization of Resonances and Interface-states
by Band-folding Models

In this section, we unravel the tendencies of the LDOS curves
shown in Fig. 2. We use the electronic structure of simplified
models, which are folded in the reciprocal space according to
the width and length of the system. We find a simple proce-
dure to predict the energies of the resonances and their spatial
distribution across and along the system. In what follows, we
show results for the D2 distribution; nevertheless, other con-
figurations can be equally explained with this approach.

We start the analysis by explaining the sharp states exhibits
in the LDOS curve of the considered system (Fig. 3 (d)),
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Fig. 3 (Color online) (a) Model used for folding the electronic
structure in the ky-direction. The atoms in the unit cell are
highlighted. (b) Band structure of the pristine metallic ribbon

N =11. (¢) Zoom of the low-energy bands with the k,-space
quantization for a length L = 15, (vertical dashed lines). The
horizontal lines correspond to the energies where the first band
intersect the quantization lines. (d) LDOS of the D2 configuration
for L =15.

which arise from the metallic band of the ribbon. We have
used a simplified model of a pristine N = 11 AGNR with the
unit cell shown in Fig. 3 (a), and the corresponding band struc-
ture displayed in Fig. 3 (b) and (c). Hydrogen ad-atoms im-
pose different boundary conditions at both ends of the system.
Regarding the doping distribution per sublattice at the ends,
the D2-case present a crystallographic spatial inversion sym-
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metry which determines the properties of the confined electron
wave-function. The effective length L, of the system is de-
fined by the distance between the centers of the doped regions,
which define the band folding projected along the ribbon axis.
For each sublattice, the confined states are similar to standing
waves in a pipe with open end (details in Section SII), and they
have a discrete set of n allowed k,-values, given by:

(=3
n—=1,
Leyy 2

where L,¢ is the effective length (note that L.sr > L, pre-
sented as the shaded regions of Fig. 1), and the n index is a
positive integer greater than zero.

By using the Born-von Karman boundary conditions, the
intersection of the allowed k}-values (vertical red online) with
the envelope band (diagonal black online) determine the en-
ergies of the series of equidistant peaks in the LDOS curves
of Fig. 3 (d). Here, the horizontal lines (green online) indi-
cate the energies of those intersections, which are completely
aligned with the LDOS peaks. The spatial distributions of the
lower metallic states are shown in the Section SII, which are in
a good agreement with those calculated by density functional
theory (DFT). In this sense, we are testing our calculations
against more sophisticated methods included in Section SIII.

It is noteworthy to mention that we can apply the same
folding procedure to semiconductor ribbons. We find that the
ky-space discretization also accurately predicts the energy at
which the resonant sharp states appear. The difference with
the metallic ribbons is that now these states are no longer
equidistant, due to the curvature of the parabolic envelope
band, which depends on the ribbon width. Even though reso-
nant states are predicted with high accuracy, regardless of the
character of the bands for any system length, the precision de-
creases with the number of sub-bands.

Although above the first van Hove singularity we can still
identify states from the metallic envelope-band, the LDOS
curves display other broader states which arise from the fold-
ing of parabolic sub-bands of higher energies or from the in-
terface states of the system (within the doped regions). The
interface states are identified by using an effective scheme,
where each doped region of the system is individually mod-
eled as an infinite line of defects forming a crystallographic
discontinuity between two semi-infinite graphene sheets, as
it is depicted in Fig. 4 (a). Considering the unit cell of
the effective model (highlighted in this figure with blue on-
line) we have applied the Bloch’s theorem in the perpendicu-
lar direction of the system with a lattice constant d = v/3 acc.
We consider nearest-neighbors interactions in the vertical di-
rection, with a ky-dependent hopping parameter. Thus, we
have calculated the k-projected density of states (pdos), given
by: Z(E k) = —%Tr [ImGc¢ (E,ky)|, where Gc is the Green
function defined in the Section SI. Note that the & (E, k)
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Fig. 4 (Color online) (a) Effective model used for the band folding
in the ky-direction. (b) Projected LDOS (pdos) in the reciprocal
space (ky-direction). (c) Zoom of the pdos with the ky-quantization
lines (vertical lines) for a N = 11 AGNR. The horizontal lines
correspond to the energies where the projected pdos and the
quantization lines intersect. (d) LDOS of the D2-configuration for a
N =11 AGNR and doped regions separated by a length L = 15.

now is ky,-dependent, as shown in Fig. 4 (b) for the D2-
configuration.

We observe the expected interface states at E = 0 in the
range 2/3 < |kyd/m| < 1. These flat bands, correspond to lo-
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calized edge states and are associated with the characteristic
zigzag ends of semi-infinite graphene sheet in the simplest
non-interacting approach.>®>! Although these states around
E = 0 are not the main issue of this work, note that in DFT
calculations they show spin polarization,>? results which are
the source of recent controversy due to the possible effects of
spin contamination. >3-

We also find an electron-hole symmetry of the bonding
and anti-bonding interface bands produced by the impuri-
ties, which lie between the graphene continuum of states. At
the I'-point the splitting of these levels is approximately 7}y,
and it decreases as the horizontal distance between the C-H
pairs within the barrier is increased. This energy splitting
of the interface states only appears when the sublattices are
locally balanced with the same number hydrogen pinned at
each graphene sublattice, otherwise, the interface bands are
not split, and the states remain at £ = 0, extending from
|kyd/m| =0to 1.

For AGNRs, applying the folding procedure in the perpen-
dicular direction generates a set of n allowed kj-values (verti-
cal lines in Fig. 4 (c)), which are given by:

T

W? (3)

|ky| =n

where n =1,2,... and W = @ (N —1) acc corresponds to
the ribbon width. The intersection between the obtained ;-
values with interface bands determines the energy at which
these states appear in the LDOS curves of the system, as it
is shown in Fig. 4 (c) and (d). As the interface bands coexist
with the graphene continuum states, for k, > 0.4, they become
broader indicating shorter lifetimes. Due to the hybridization
between these states (Fig. 4 (c)), the electron conduction at
these energy levels is allowed, bottom panel of Fig. 2. The
spatial distribution of interface states is presented in the Sec-
tion SII. These interface states appear in other carbon-based
nanostructures such as grain boundaries in graphene and juc-
ntions in carbon nanotubes.>*8 It is worth mentioning that
these interface states, usually considered as a weakness in de-
vice performance, may provide a method for achieving diode
behavior at the nanoscale.””

3.3 Dependence on the Ribbon Width

We focus on the effects of the AGNR width on the reso-
nant and interface-states. We choose a system length L = 15
for which we have applied the folding procedure in the k-
direction in Fig. 5 (a). For metallic AGNRs, energy states
stemming from the linear metallic band are shown in black
marks in this panel. These states are regularly distributed in
energy determined by the system length L. For the parabolic
sub-bands, the allowed states are given by red marks, and we
identify them with some peaks of LDOS. In the upper-right

panel, we indicate with blue bars the energy of the states aris-
ing from the metallic envelope-band and with red bars those
states emerging from the folding of the parabolic sub-bands.
Note that for an AGNRs width of N = 11, shadowed in left
panels, there is a good agreement between the LDOS and the
metallic resonances obtained by the folding procedure. Be-
sides, states coming from parabolic bands are more difficult
to follow since they are spread in the doped regions and, as a
consequence, their energies are shifted.
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Fig. 5 (Color online) (a) Energy position of the intersection of the
bands and the ky-values as a function of the AGNR width, for a
system length L = 15 (b) Interface states arising from the ky-folding
for any AGNR width. As a comparison, we have included the LDOS
and conductance for the width N = 11 and a system length L = 15
(shaded region).

By applying the folding procedure in the ky-direction, we
identify the energies of the interface states as a function of the
AGNR width, as shown in Fig. 5 (b). These interface states
are observed for energies greater than 0.57 independent of
the system width. Above 0.6 in the energy range of the
hybridization between interface states and continuum bands of
graphene, the interface peaks become broader and contribute
to the conductance. In the bottom-right panel, we compare the
LDOS and conductance with the blue marks belonging to the
ky, band-folding for an AGNR of width N = 11.
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3.4 Comparison with Experimental Conditions

In this section we aim to get into contact with the experiments;
therefore, we focus on how these quasi-localized, resonant and
interface states behave in gapped graphene or under random
distributions of adsorbed hydrogen at low concentration.

(a) (b) ()

—
=

0.0 . f =

0.0 0.2 04 0
k (n/a) Idos

* (arb. units)

G (2¢°/h)

Fig. 6 (Color online) (a) Low energy bands for gapped graphene
(red online), the k¢ quantization for the effective length L = 15, has
been included as vertical dashed lines. The horizontal lines
determine the energies where the first band of the gapped case and
the quantization lines intersect, (b) the density of states and (c) two
terminal electronic conductance of the D2 configuration for a
separation L = 15. For comparison, the gapless case has been
included by black lines in all the panels.

3.4.1 Gapped Grapheneln previous sections, we have
focused on the electronic properties of systems based on
nanoribbons made of gapless graphene. However, most ap-
plications in electronics require a band gap, so a some ac-
tual devices are manufactured over gapped graphene. The in-
teraction of the graphene layer with the substrates, such as
hexagonal boron nitride (hBN) or silicon carbide (SiC), opens
band gaps, which depend on the lattice mismatch and the rel-
ative angle between the graphene and substrate lattices. °0-63
Additionally, two-dimensional materials with hexagonal sym-
metry such as hBN, silicene or germanium can be described
by using a graphene-like tight-binding Hamiltonian with an
additional mass term.%*%® In this context, we model the
gapped graphene by considering a constant staggered poten-
tial, namely, a local potential that acts with the opposite sign in
the two sublattices. In this model, the mass of the electrons is a
parameter corresponding to the difference [V4 — VB|,27 which
in the case of graphene over a SiC substrate correspond to
Vag) = £0.1%.%°

The electronic states of the system are modeled by using the
same unit cell described in Fig. 3 (a). By applying the folding
procedure along the k,-direction it is possible to calculate a
set of allowed discrete values k7 defined in Eq. (2). Note that
these discrete momentum values are the same of the gapless
graphene system, because the mass term is diagonal, and does
not affect the translational symmetry of the system. In Fig. 6
(a), for metallic N = 11 AGNR, we compare the energy bands
of gapless and gapped graphene, which are denoted by the
black and red lines respectively. The main effect of the mass
term is to transform the previously linear metallic band into
the first parabolic band, which defined the gap of the system.
Near the Fermi level, the energy distance between the LDOS
peaks, determined by the folding procedure, changes because
the envelope band is no longer linear, as seen in Fig. 6 (b). At
higher energies, the separation between the peaks of the LDOS
gets close to previous values. The conductance curves are
slightly affected since the effects of the mass term are mostly
observable near the Fermi level, Fig. 6 (c). The impurity in-
duced mid-gap state previously located at E = 0 is now split in
to series of peaks within the gap defined by the staggered po-
tential. These states preserve the electron-hole symmetry only
when the doped sublattice balance is conserved. We find that
these defect states present sublattice localization in the doped
region, in the vicinity around the hydrogen ad-atoms. All the
main characteristics of these in-gap peaks, such as energies,
degeneracy and spatial distribution for gapped graphene, can
be inferred in detail by using band-folding analysis similar to
the presented before in Fig. 4.

3.4.2 Randomly Adsorbed Hydrogen at Low Concen-
trationsWe wonder about how robust is the effect of confine-
ment in the presence of a random distribution of H impurities.
We consider low concentrations of H ad-atoms randomly dis-
tributed in the two doped regions. The percentage of doping
is defined as the ratio (Ny/N¢) x 100, where Ny is the num-
ber of H ad-atoms and N is the total number of C atoms in the
doped region. Finally, we impose that the number of hydrogen
ad-atoms is the same in each doped region.

Figure 7 shows the conductance and LDOS for the N = 11
and L = 15 AGNR as a function of the Fermi energy, averaged
over 100 independent random realizations for low coverage.
The concentration of random hydrogen doping strongly af-
fects the electronic properties. As the concentration increases,
the conductance of the systems rapidly decreases due to the
disorder generated by the random adsorption at the doped re-
gions.

We note that at low energy and low concentration of H-
atoms, there are well-defined energy levels in averaged LDOS
and conductance curves, shown in Fig. 7 (a) and (b). These
states resemble to those belonging to the ordered configura-
tions; however, the energy separation between them is the

This journal is © The Royal Society of Chemistry [year]
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half separation of the previous results, which is related with
the statistical correlation of the considered disorder. We find
that the number of resonance peaks increases with the average
separation between doped regions. Since the low-energy os-
cillations appeared both in conductance and LDOS, it seems
that scanning tunneling spectroscopy could be used to detect
those oscillations, as they were already measured in carbon
nanotubes. !!

Additionally, regardless of the distance between the doped
regions, we observe the Fano-like resonances*>%7 in the aver-
age conductance, at energies corresponding to the van Hove
singularities of the pristine system. This effect could be used
to determine indirectly the width of the ribbons employed in
the system.
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Fig. 7 (Color online) (a) Average conductance and (b) average
LDOS as a function of the energy for a N = 11 AGNR separated by
L = 15 for several hydrogen coverages. Black lines indicate H
coverage per doped region of 2.3 %; red, 4.5 %; blue, 9.1 %. The
conductance of the pristine case is shadowed. The inset of the (a)
panel includes the normalized conductance at the first van Hove
singularity.

4 Final Remarks

In summary, we have shown that is possible to confine elec-
trons in a GNR-based system. We accomplish that, by theo-
retically studying hydrogen-like ad-atoms in two separate re-
gions. Our results show different types of electronics states,

such as resonant and interface states, which determine the
transport properties of the system. We have found evidence
of the induced quantum well-like behavior in case of gapped
graphene or regardless of the hydrogen distribution in the
doped regions, whether they are highly ordered or diluted ran-
dom distribution.

We are able to predict the energies and the spatial distri-
bution of these electronic states by applying a simple band-
folding scheme to some basic models. For the resonant states,
we have apply the Born-von Karmarn boundary conditions to
the metallic envelope-bands of the pristine AGNR. Thus, the
energies of the resonant states are equally spaced. Further-
more, this band-folding scheme applies to the parabolic en-
velope band in both gapped graphene and semiconductor rib-
bons. Perpendicular to the doped ribbon, the folding scheme
drives to interface states separated in two groups: states that
hybridize or not with the continuum band. We found that hy-
bridized states contribute with broad peaks to the electronic
conductance. These proposed band-folding was successfully
compared with density functional theory calculations.

Our results would encourage experimentalist to make these
kind of systems and characterize their quasi-localized states,
for instance, employing scanning tunneling spectroscopy. The
obtained resonant electronic transport behavior could be ex-
ternally manipulated by applying gates and/or side potentials,
which allows to control the conductance of the system. This
fact can be used in novel electronic applications and molecular
sensor devices.
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