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Experimental realizations of two-dimensional materials are hardly free of structural defects such
as e.g. vacancies, which, in turn, modify drastically its pristine physical defect-free properties.
In this work, we explore effects due to point defect clustering on the electronic and transport
properties of bilayer graphene nanoribbons, for AA and AB stacking and zigzag and armchair
boundaries, by means of the tight-binding approach and scattering matrix formalism. Evident
vacancy concentration signatures exhibiting a maximum amplitude and an universality regardless of
the system size, stacking and boundary types, in the density of states around the zero-energy level
are observed. Our results are explained via the coalescence analysis of the strong sizeable vacancy
clustering effect in the system and the breaking of the inversion symmetry at high vacancy densities,
demonstrating a similar density of states for two equivalent degrees of concentration disorder, below
and above the maximum value.

I. INTRODUCTION

Bilayer graphene1–3 (BLG), two coupled monolayers of
graphite, has attracted along the last two decades a lot of
attention in the field of low-dimensional science and nan-
otechnology, mostly due to the fact that it shares many
of the advantages of graphene’s unique properties, such
as high electrical mobility4, as well others not so desired
for standard logic applications, as for example, a min-
imum conductivity at the neutrality point of the order
of the conductance quantum5,6. In contrast to mono-
layer graphene (MLG), BLG has an electric field tun-
able band gap2,7–10, which can be induced by electro-
static gating, chemical doping or some other parameter,
e.g. relying on the electron-electron interaction2, being of
paramount importance for producing high on-off current
ratios11. This additional electronic feature makes BLG
a promising material for applications in optoelectronics
and sensors, as for instance to be used to design the next-
generation of field effect transistors12–16 and electrostatic
defined BLG quantum dots based devices17,18.

Although being unwanted, the presence of defects
and impurities in experimental realizations of two-
dimensional materials are, in general, almost impossi-
ble to be avoided and they alter the electronic and
transport properties of these systems,19 by reducing the
electronic mobility20,21 and changing its electronic band
structure22. Structural defects that modified the crystal-
lographic lattice quality by means of distortion23,24, re-
construction, displacement are characterized in different
manners, such as in-plane defects, that are symmetry-
breaking and can include point defects, as for exam-
ple vacancies25–32, substitutional impurities, interstitial
impurities29, and interplanar defects, as for instance
stacking faults within interlayer stackings21,33,34.

Due to vacancy disorder in graphene, states localized

around missing carbon atoms emerge, being energetically
placed around the Fermi level.25–32,35 The study of va-
cancies in BLG started even before the first graphene
synthesis as reported in Refs. [36,37], and has grown in
the last years.26,28,30,30,33,34,38–41 Therefore, it is of great
interest to understand how the electronic transport prop-
erties are modified in BLG systems with different kind
of boundaries and stacking as a function of the vacancy
concentration, in order to determine if their presence is
desirable or not.

In this paper, the transition from a BLG to a MLG
nanoribbon is studied by analysing the presence of zero
modes in the density of states due to point defects. To
mimic the lack of control in the position of vacancies,
one focuses here on the effects of randomly distributed
vacancies in the electronic structure of BLG nanoribbons
with armchair and zigzag orientations, which allows the
formation of vacancy clustering. The number of states
at E = 0 eV grows with the number of vacancies and
we show that by removing atoms from only one of the
layers there is a maximum density of states at E = 0
eV followed by a decrease on its value until the MLG
behaviour is recovered. A related result was studied
by Lucchese, et al.42 where a competing mechanism be-
tween an “activated” and “structurally-disorder” regions
was used to explain the evolution of the ratio ID/IG (the
intensity ratio between the disorder-induced D band and
the Raman-allowed first-order G band43) with the den-
sity of structural defects provoked by low energy (90 eV)
Ar+ ion bombardment. A similar approach will be used
here to analyze our system, but instead of using an “ac-
tivated” region definition the coalescence between the
defects will be studied by the clustering of neighbours
vacancies. Both AA and AB BLG stacks will be investi-
gated for nanoribbons with different sizes and edges. Our
electronic and transport results for the energy spectrum,
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density of states (DoS), resistance, and current density
for different vacancy concentration are obtained by using
the first nearest neighbour hoppings tight-binding (TB)
model, and the latter by using the Landauer–Büttiker
formalism.

The paper is organized as follows: In Sec. II A the TB
model used for the AA and AB BLG are presented, as
well as the corresponding band structures for zigzag and
armchair BLG nanoribbons. The theoretical framework
to define the vacancies and its lattice distribution are
explained in Sec. II B. In Sec. III, we discuss the main
results for the DoS and the vacancy clustering, and in
Sec. IV the transport results. Finally, we summarize our
main findings in Sec. V.

II. THEORETICAL MODEL

A. Tight-binding model for BLG

BLG is formed by two MLG stacked over each other1–3.
Its unit cell is composed by four sublattices, labeled as A1

and B1 for layer 1 and A2 and B2 for layer 2. The two
most common stacks investigated in the literature1,2,10

are the AB-stacking (named also as Bernal stacking),
where atoms in the A1 sublattice in the bottom layer are
linked with B2 atoms in the top layer, forming a dimer10,
and the AA-stacking, where the atoms in the upper and
lower layers are located directly on top of each other.
Their crystal structures are sketched in Figs. 1(a) for the
AA-stack and 1(b) for the AB-stack. We included only
the most significant interlayer hopping term, which is the
perpendicular one between the dimer sublattices, γ1. The
other interlayer hopping parameters γ3 and γ4 describe
interlayer skew couplings between nondimer atoms A2

and B1, and between dimer and nondimer atoms A1 and
A2 or B1 and B2, respectively. They are related to the
trigonal warping effect leading to an anisotropic band and
the electron-hole band asymmetry, respectively, which is
out of the main scope of our discussions since the most
significant physics investigated here is happening around
the Fermi energy and is associated with the zero-modes
induced by the vacancies.

The electronic properties of charge carriers in BLG is
described here by employing the TB approach within the
nearest-neighbor approximation. The TB Hamiltonian
for BLG nanoribbons reads explicitly for AB and AA
stacking respectively as

HAB = HM − γAB
1

∑

i

(a†
1,ib2,i + h.c.), (1a)

HAA = HM − γAA
1

∑

i,j

(a†
1,ia2,i + b†

1,jb2,j + h.c.), (1b)

where

HM = −γ0
∑

m,i 6=j

(a†m,ibm,j + h.c.), (1c)

where a†m,i (am,i) creates (annihilates) an electron in site

i of sublattice Am and the operators b†m,j (bm,j) act on
the sublattice Bm with m = 1, 2 being the layer index.
γ0 = 3.16 eV is the intralayer hopping between nearest
neighbour Am−Bm sublattices, and γAB

1 = 2γAA
1 ≈ 0.38

eV is the interlayer hopping value in AB and AA BLG
stack type. We assume that the on-site energy is null, re-
sulting in an electron–hole symmetry for the nanoribbons
energy spectra, i.e., it is symmetric with respect to zero
energy10,44. All calculations discussed here the electron-
electron interaction has been neglected. Recent exper-
imental measurements of the confinement properties in
BLG-based nanostructures by using scanning tunneling
microscope17,45–49 have been confirmed by single-particle
tight-binding calculations, even in the presence of charge
defects, impurities, dopants and adatoms46,48,49, showing
that the theoretical framework used here is valid within
certain regimes and allows us to have physical insights
in the disorder effects on the electronic and transport
properties of BLG nanostructures.

For our numerical calculation, we use KWANT50, an
open source Python package for numerical simulation of
TB systems with emphasis on quantum transport. It has
builtin functions to easily calculate system’s transport
electronic properties such as band structure, DoS, con-
ductivity, and probability current density. It is able to
solve the scattering problem based on a matching wave-
function approach51 to calculate the transmission of a n-
propagating mode in a contact terminal to a m-th mode
in another contact. This formulation is mathematically
equivalent to the non-equilibrium Green’s function with
the advantage to be numerically more stable50. The dif-
ferential conductance Gsd = dIs/dVd between two ter-
minals s and d is calculated by taking the ratio of the
differential current of the s-terminal over the differential
voltage of the d-terminal, that using the Landauer for-

FIG. 1: Lattice structure of (a) AA-stacking BLG and (b)
AB-stacking BLG. (c-f) Band structures of BLG nanoribbons
for ribbon width of 50 nm and different stacking and edges:
(c, d) AA-stack, (e, f) AB-stack, (c, e) zigzag, and (d, f)
armchair.
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malism reads50,52:

Gsd =
e2

h

∑

n∈s,m∈d

|Snm|2, (2)

where s and d represent the two electrodes (terminals),
standing for source and drain, respectively, and Snm is
the scattering matrix. Easily one can obtain the resis-
tance by the inverse of the conductance G.53 To calculate
the DoS, KWANT makes use of the Kernel Polynomial
Method54 which is an efficient way to calculate spectral
quantities of large systems in condensed matter physics.
With the energy spectrum in hand, the evaluation of the
density of states (DoS) is then performed. In principle,
DoS describes the proportion of states that are to be oc-
cupied by the system at each energy, i.e. a histogram
that counts the number of individual energy states in a
determined energy range. Its usual numerical calculation
is simply done by performing a superposition of individ-
ual energy states which one broadens using a Gaussian
function f(E) = exp

[

−(E − E0)
2/Γ2

]

, with a broaden-
ing factor usually chosen smaller than the energy levels
separations. A broadening factor of Γ = 0.01 eV is as-
sumed in all figures from here onwards, unless otherwise
stated, that is apropriate with the energy separation of
the low-energy states of the investigated BLG nanorib-
bons.

Before investigating the consequences of randomly lo-
calized point defects and its clustering on the electronic
and transport properties of BLG nanoribbons, it is im-
portant to present the defect-free energy spectra for all
studied BLG nanoribbon configurations. Figures 1(c)-
1(f) show the band structures for the AA [Figs. 1(c, d)]
and AB [Figs. 1(e, f)] stacked BLG nanoribbons with rib-
bon width W = 50 nm. Two different nanoribbon bound-
ary terminations are considered: zigzag edge [Figs. 1(c,
e)], and armchair edge [Figs. 1(d, f)]. It is well-known
in the literature24,55–66 that armchair MLG nanoribbons
present a width-dependent physics, exhibiting either
metallic or semiconducting behavior depending on its
width, whereas zigzag MLG nanoribbons exhibit a metal-
lic behavior with non-dispersive states in the middle gap,
corresponding to surface states strongly localized near
the edges. Such general features of edge state physics
for zigzag nanoribbons and width-dependent physics for
armchair nanoribbons hold true for AB-stacked BLG
nanoribbons, as depicted in Figs. 1(e)-1(f). Note that
for the chosen width, the armchair AB-stacked BLG
nanoribbon is metallic, such that the lowest parabolic
bands touching each other at E = 0. On the other hand,
the lowest energy states of AA-stacked BLG nanoribbons
are composed by linear energy spectra consisting by two
Dirac cones shifted by 2γAA

1 (see Figs. 1(c)-1(d)). In
addition, for zigzag AA-stacked BLG nanoribbons, the
flat states become split (see Fig. 1(c)), exhibiting ener-
gies either above or below the Fermi level by a value of
γAA
1 . Unlike the AB-stacked BLG case, both zigzag and

armchair AA-stacked BLG nanoribbon are metallic re-
gardless of the number of carbon lines.

FIG. 2: Schematic illustration of (a) AA- and (b) AB-stacked
BLG nanoribbons. Carbon atoms are removed from the top
layer (orange). Two ballistic leads (red) are attached to the
extremities at the two layers, being used to calculate the con-
ductivity and resistance. (c-f) DoS of the scattering region
that defines BLG nanoribbons around the Fermi energy for
(left panels) AA- and (right panels) AB-stacked BLG nanorib-
bons for pristine (blue curve) and defective systems are pre-
sented for (c, d) zigzag and (e, f) armchair nanoribbons. Dif-
ferent vacancy densities are taken: 10% (yellow curve), 20%
(green curve), and 30% (red curve).

B. Defects in BLG

In TB model, vacancies are implemented by removing
atom sites and its connections with neighbouring atoms,
making hoppings to the vacancy sites forbidden. There
are different types of vacancies defects based on the sub-
lattice symmetry and the number of removed neighbors
sites34,67. They are named single (SV), double, triple,
and so on, vacancy disorders accounting for the number of
removed carbon atoms. Related to the imbalance of sub-
lattice atoms, either multiples SVs can be removed with-
out any respect to the sublattice type or all of SVs belong-
ing the same sublattice (e.g. from sublattice A (SVA) and
from B (SVB)). The presence of a SV breaks the sublat-
tice symmetry, whereas it can be recovered by a double
SV composed by one SVA and one SVB, as well as in
double vacancy disorder.26,27,29,31,32,68 Ref. [68] demon-
strated an interesting feature related to different behav-
iors of these two single vacancy distribution types. They
reported that randomly vacancy distribution (i.e. only
SVA or only SVB disorders), although inducing an ap-
proximately equal number of states as SV disorder for low
vacancy concentration, creates considerably different re-
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sults in the bend resistance. Moreover, the experimental
verification of the vacancy type and impurities (dopants
or adatom) in BLG system can be achieved by scanning
tunnelling microscopy and spectroscopy measurements,
as for instance as reported in Refs. [45,46,48,49]. In par-
ticular, Refs. [48] and [49] have experimentally shown by
using atomic-scale resolution with scanning tunneling mi-
croscopy and spectroscopy the consequences of the points
defects on BLG spectrum with a real space characteriza-
tion.

Here, we focus only on ordinary SVs, being created by
randomly removing a single site from one of the layers of
the system, regardless its sublattice. In the case of MLG,
this randomly carbon atoms removal should preserve the
sublattice symmetry on average.68 The investigated de-
fective BLG nanoribbons are here characterized by the
vacancy concentration N with respect to the total num-
ber of carbon atoms in the scattering region. The higher
the value of N , the larger vacancy clusters can be formed
and more edge defects are expected, leading to imperfect
edges formed by not just one type of edge, but rather a
mix of zigzag and armchair ones. An additional degree
of freedom in creating vacancies in bilayer systems is as-
sociated with the location of the defect per layer, with
the possibility to be created in only one of the layers or
in both layers.26,28,30,30,33,34,38–41 In order to investigate
the coalescence due to the transition between BLG and
MLG nanoribbons by increasing the vacancy concentra-
tion, the electronic and transport properties are stud-
ied here by considering multiple randomly distributed
SV implemented only on the top-layer, as sketched in
Figs. 2(a) and 2(b) for AA-stacked and AB-stacked dis-
ordered zigzag BLG nanoribbons, respectively. The sub-
lattice symmetry and inversion symmetry aspects in the
investigated BLG nanoribbons shall be very important
in understanding the transport results further on here
(see discussion in Sec. IV). The examples in Figs. 2(a)
and 2(b) have a vacancy concentration of N = 10%. It
is important to highlight that the system considered is
formed by a scattering (finite system) region that defines
the BLG nanoribbon with sample dimension L×W , and
consequently small peaks in the DoS associated with the
energy states beyond E = 0 are not present and, in ad-
dition, are not relevant for the electronic aspects investi-
gated here around the Fermi energy. This finite region is
generated using KWANT’s subroutines50 by populating
a rectangular shaped region (for a specific size) following
the BLG unit cell and then the vacancies in a certain
concentration are randomly created. However, for a dis-
tance dr = ax = 0.24595 nm (with ax being the unit cell
size in the x-direction) close to the leads, the atoms are
not removed. This restriction is set so it will be possi-
ble to attach the leads for the transmission calculation.
Moreover, the scattering region that defines the BLG
nanoribbon is characterized by its width W and then
we assumed its length as L = 3W , such that the total
disordered area is A = L ·W = 3W 2. This assumption is
chosen in order (i) to systematically investigate different

FIG. 3: DoS at E = 0 of the scattering region that defines
BLG nanoribbons as a function of the vacancies density N
for three different ribbon widths (W ): (blue) 40 nm, (yel-
low) 50 nm, and (green) 60 nm, where the ribbon length is
defined as L = 3W . The total disordered area changes as
A = L · W = 3W 2. Left (right) panels correspond to AA-
(AB-)stacked BLG nanoribbons with (top panels) zigzag and
(bottom panels) armchair edges. Each density configuration
was averaged by taking twenty samples. It was observed just
a small deviation in comparison to the present average curves,
that it is caused by the random character of the disordered in-
troduction into the BLG system. For a better visualization of
the Gaussian-like DoS profile, we omitted here the error bars.
The inset in panel (a) shows a linear fit in log-scale for the
centered DoS peak (≡ 21%) for different zigzag AA-stacked
nanoribbon widths W . Its slope is 2.012.

vacancy densities associated with large removal carbon
atoms numbers and easily compare the results for the
different studied situations (edges and stacking); (ii) to
deal with BLG nanoribbons dimensions feasible to be ex-
perimentally realized; and (iii) to avoid low conductance
(high resistance) values due to geometric aspects, such as
the small dimensions of the scattering channel, and also
skipping-orbit-like trajectories in the density currents in
narrow BLG nanoribbons, which could lead to a mis-
understanding of the transport properties regarding the
presence of vacancies in the system. It is worth mention-
ing that changes in L size of the scattering region to a
fixed width W do not change the nanoribbon band struc-
ture since the length L is along the translation symmetry
direction, and consequently, one expects not to affect the
transport results for the vacancy-free case within the bal-
listic transport regime.
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III. ZERO-MODES DENSITY

Let us now investigate the effects of vacancies on
the DoS of the scattering region that defines the BLG
nanoribbons. Figures 2(c)-2(f) show the DoS for (c, e)
AA- and (d, f) AB-stacked BLG nanoribbons with (c,
d) zigzag and (e, f) armchair edges. Analyzing the pris-
tine AA-stacked case (N = 0%, blue curve), one finds
two peaks around E = ±γAA

1 which are related to the
interlayer hoppings, being more pronounced for zigzag
case [Fig. 2(c)] due to the degeneracy of the edge states,
as shown by the flat states in Fig. 1(c), while for arm-
chair AA-stacked BLG nanoribbons [Fig. 2(e)] they are
less evident but non-zero being linked to the corners of
the shifted Dirac cones in AA-BLG spectrum. For AB-
stacking, one notices a peak at the Fermi energy (E = 0),
which is related to the edge states present in the zigzag
nanoribbon, as depicted by the flat band at E = 0 in
Fig. 1(e). For armchair BLG nanoribbons with AB-
stacking, the presence or the absence of a central peak
at E = 0 depends on the ribbon width, since it dic-
tates the semiconductor or metallic nature of the ribbon.
For the chosen ribbon width, as already discussed for
Fig. 1(f), this BLG nanoribbon is metallic, exhibiting,
in turn, a less pronounced peak in its DoS [Fig. 2(f)] in
comparison to the zigzag case [Fig. 2(d)], that is due to
the low degeneracy coming from the conduction-valence
band-touching. Results of the DoS at E = 0 for semi-
conductor BLG nanoribbons with armchair edges would
present a less pronounced peak but qualitatively similar
results to the obtained metallic ones.

The presence of vacancies induces scattering states
that are identified by DoS showing a peak at E =
0, whose surface area is proportional to the vacancies
density67. For low vacancy densities, it is expected
that zero-modes degeneracy increases and, consequently,
the magnitude of the peak at E = 0, as observed for
N = 10% (yellow curve) and N = 20% (green curve) in
Figs. 2(c)-2(f). However, for high vacancy concentration
the E = 0 – DoS peak decreases, as one can see in red
curves for N = 30%, where the peak at E = 0 for 30%
vacancy density is smaller than for 20% for both types of
stackings and edges. This behaviour of the DoS at E = 0
suggests us the existence of a threshold value for the va-
cancy concentration, where after this up limit the peak
of the DoS decreases. For MLG, most of the studies have
been focused on vacancy densities below the percolation
threshold (. 30%)69.

In order to investigate the universality of the DoS ten-
dency at E = 0 for BLG nanoribbons and its link with the
coalescence by removing carbon atoms from the top layer
of the BLG system into the MLG one, we show in Fig. 3
the DoS value at E = 0 varying with the vacancies den-
sities. Results for AA-(AB-)stacked BLG nanoribbons
are shown in Figs. 3(a, c) [Figs. 3(b, d)] by taking BLG
nanoribbons with different widths and edge types: zigzag
(Figs. 3(a, d)) and armchair (Figs. 3(c, d)). Surprisingly,
regardless the edge type and the BLG stacking, the evo-

FIG. 4: (a, b) Enlargements of Fig. 3 at low (left) and high
(right) vacancy densities for (a) AA-stacked and (b) AB-
stacked BLG nanoribbons with ribbon width of 50 nm to
emphasize the BLG to MLG transition due to vacancy den-
sity increasing. Blue and orange curves are the BLG and
MLG DoS values for the pristine cases and the different line
types indicate the type of edge orientations. Solid and dashed
curves correspond to the pristine DoS values for zigzag and
armchair BLG nanoribbons. (c)-(f) Contour plots of the DoS
in log scale on the energy-vacancy density plane (E,N) for AA
(left panels) and AB (right panels) stacking with nanoribbons
formed by (c, d) zigzag and (e, f) armchair edges.

lution of the number of zero-modes in the DoS by increas-
ing the vacancy density for all investigated configurations
demonstrates the existence of a saturation point (i.e. an
amorphization threshold) observed at N ≈ 21%, with a
width-independent behavior that resembles a “Gaussian-
like” function. To numerically check this result we fit
the curves in Fig. 3 with a Gaussian function, defined as
f ≡ DoS(N) = a exp

[

−(N − b)2/c
]

, where a gives in-
sights about the scaling phenomena properties related to

TABLE I: Parameters of the Gaussian-like function fitting,
f ≡ DoS(N) = a exp

[

−(N − b)2/c
]

, for the DoS curves of
Fig. 3.

width AA-ZZ AA-AC AB-ZZ AB-AC
40 nm a 2.02 2.04 2.75 2.84

b 21.98 21.9 20.98 21.07
c 221.3 215.44 189.05 183.58

50 nm a 3.16 3.18 4.52 4.47
b 21.94 21.86 20.99 21.10
c 217.93 212.58 191.78 183.73

60 nm a 4.56 4.58 6.27 6.44
b 21.97 21.91 21.06 21.1
c 217.55 214.47 186.13 183.59
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FIG. 5: Vacancy clustering analysis for (a) AA- and (b) AB-stacked BLG nanoribbons with ribbon size 150 nm × 50 nm.
Results for single, double, and large clusters of vacancies proportional to the total number of vacancies are shown in blue,
yellow, and green. Colored scatter-like plot of the spatial clustering for the systems with vacancies densities at 8%, 20%, 27.5%
and 40%, as indicated by the vertical lines in (a), are depicted in the bottom panels (i), (ii), (iii) and (iv), respectively. Each
density configuration was averaged by taking five samples.

the Gaussian function amplitude, b is related to Gaussian
distribution’s mean point, i.e. the center position of the
peak, and c is the standard deviation. The fitting param-
eters are depicted in Table I. Analyzing b–values in Ta-
ble I, one notes that, in fact, all curves are approximately
centered around ≈ 21%, and that the a–values show the
scalable behavior of the E = 0 – DoS with the nanorib-
bon size, increasing the larger the BLG nanoribbon. This
is demonstrated in the inset of Fig. 3(a) with a power-law
scaling with a linear fit with slope of ≈ 2.012. After the
threshold value N ≈ 21%, the DoS for all curves in Fig. 3
decreases until they reach a fixed value corresponding to
the DoS of the MLG system. The recovered MLG value
is achieved to a vacancy concentration around ≈ 50%.
This can be seen in Figs. 4(a) and 4(b) where enlarge-
ments of Fig. 3 (shaded regions) for low (left panels) and
high (right panels) vacancy densities for AA-BLG and
AB-BLG, respectively, are shown, emphasizing the tran-
sition from pristine BLG nanoribbon to pristine MLG
nanoribbon by varying the vacancy density. Dashed and
solid curves correspond to armchair and zigzag cases, and
blue and orange curves are, respectively, the DoS value
for pristine BLG and pristine MLG system.

Owing to verify if such width-, stacking-, and
boundary-independent behavior observed in Fig. 3 for
the DoS at E = 0 holds true for different energies of the
investigated BLG nanoribbons, we show in Figs. 4(c)-
4(f) contour plots of the DoS in the (E,N)–plane. For a
short energy range around E = 0, the DoS exhibits a sim-
ilar behavior as the one discussed for E = 0 in Fig. 3 and

reaches its higher value (red color) also around N ≈ 21%.
This is not the case for higher energies that goes to low
values (blue color) as N increases, as it should be, since
the increase in the number of vacancies mainly affects the
degeneracy of the zero-mode states.

To attain a more comprehensive understanding of
the Gaussian-like DoS behavior for the electronic states
around E = 0, we explored the cluster formation and the
ratio of single and double vacancies randomly distributed
in the top layer of BLG nanoribbons due to the increase of
vacancy density N . Without loss of generality, the results
for SV (blue curve), double vacancy (yellow curve), and
large clusters (green curve) are shown in Fig. 5 just for
zigzag AA-stacked (Fig. 5(a)) and AB-stacked (Fig. 5(b))
BLG nanoribbons. We considered that two vacancies be-
long to the same cluster if they are inside a circle of radius
rc. We choose rc = ax = 0.2459 nm, which is the unit cell
size in the x-direction. Figures 5(a) and 5(b) show that
for low vacancy densities (bellow to the observed thresh-
old value, i.e. N / 21%) the disordered BLG system is
mainly dominated by single and double vacancies. This
is confirmed by the spatial clustering analysis depicted in
panel (i) for N = 8% at the bottom of Fig. 5. For higher
vacancy densities, the vacancies coalesce and the ratio
of single and double vacancies starts to decrease. The
formation of the large clusters can be viewed in panel
(ii) for N = 20%, in which the spatial clustering analysis
exhibits clusters with sizes in the order of ≈ 40 to ≈ 80
removed sites. By increasing even more the dilution on
the system’s top layer, the Nvac percentage of single and
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double vacancies tends to zero and a sudden growth of
the clusters sizes is observed. Interestingly, this happens
approximately around the threshold value found in the
DoS plots for energies around E = 0. The spatial dis-
tributions of the vacancies shown in panels (iii) and (iv)
for N = 27.5% and N = 40%, respectively, confirm this
statement. As discussed so far for the AA-BLG case,
a similar clustering analysis is observed for disordered
AB-stacked BLG nanoribbons, with the difference that
the structural transition of the vacancy clustering hap-
pens for a slightly smaller vacancy density, as noticed in
Fig. 5(b).

It is worth mentioning that a similar analysis of the
structural formation of vacancy clusters was performed
in Ref. [42], as also mentioned in the Introduction (Sec. I).
By Raman Spectroscopy measurements, they showed
that the ID/IG ratio demonstrated a saturation point
where two disorder mechanisms started to compete be-
tween themselves. These disorder mechanisms are re-
lated with the “activated” and “structurally-disordered”
regions. They stated that this competing mechanism is
attributed to the coalescence of these two regions and it
is followed by a full amorphization or partial sputtering
of the graphene layer.

Regarding the skewed interlayer hoppings, it is known
that the incorporation of γ3 leads to the emergence of
three-fold mini-valleys around K and K ′ Dirac cones and
consequently to anisotropic low-energy bands for the in-
finite pristine BLG sheet. Thus, one can easily see that
this must lead to an increase in the degeneracy of the DoS
at E = 0, even in the absence of vacancies, for both the
infinite pristine BLG sheet and BLG nanoribbons cases,
where in the later one also expects to verify a broadening
of the DoS(E = 0)-peak due to the breaking bands degen-
eracy, especially for the zigzag BLG nanoribbons where
its quasi-flat states become more dispersive by assuming
γ3 6= 0 .70 Therefore, the obtained DoS(E = 0) results
discussed here are expected to be qualitatively similar if
one takes into account γ3 6= 0, except for an increase in
the peak magnitude of DoS(E = 0).

IV. ELECTRONIC TRANSPORT

In order to have a connection between the DoS be-
havior and experimental measurements on the electronic
transport properties of the system studied here, we cal-
culate the two-terminal resistance, for both the AA and
AB-stacked BLG nanoribbons, as function of the vacancy
density. The results are shown in Fig. 6 in a semi-log scale
with the resistance for energies varying from 0.0 (dark
blue color) to 0.2 eV (dark red color). Although the DoS
behavior shown in Fig. 3 is basically independent of the
stacking and the ribbon orientation, the vacancies affect
the transport properties in different ways, depending on
the ratio of the number of clusters and their sizes with re-
spect to the system size that can lead to variations on the
characteristic transport lengths (e.g. phase relaxation

FIG. 6: Resistance as a function of the vacancies density N for
(top panels) zigzag and (bottom panels) armchair (left panels)
AA-stacked and (right panels) AB-stacked BLG nanoribbons
for different Fermi energies. Blue (red) color corresponds to
low (high) Fermi energy. Each density configuration was av-
eraged by taking twenty samples.

length and mean free-path) and, consequently, causing
transport regimes changes.53 For the AB stacking (right
panels in Fig. 6), there is a rapid increase in the resis-
tance with the number of vacancies, until a maximum is
reached (close to N ≈ 17%), in an approximately similar
way as the observed Gaussian-like DoS profile discussed
in previous section. After that, the resistance decreases
and reaches a fixed value. By comparing Figs. 6(b) and
6(d) for zigzag and armchair AB-stacked BLG nanorib-
bons, respectively, one notices a resistance independence
on the edge orientation. Previous works reported similar
Gaussian-like function characteristics in transport prop-
erties of AB-stacked BLG systems.71,72 For instance, Yu
and Duan72 demonstrated that the on/off current ratio
of AB-stacked BLG nanoribbons can be systematically
increased upon applying a vertical electric field, which
breaks the inversion symmetry, observing a Gaussian-
like resistance modulation via applied perpendicular bias.
For AA stacking, the results differs a lot from the AB
case, even though the DoS are the same. Note that in
the disordered investigated system here, we have the fol-
lowing situations: (i) for AA-stacked BLG nanoribbons,
where both layers are exactly stacked on top of each
other, the presence of a high concentration of randomly
distributed multiple SVs in one of the layers does not
break the sublattice symmetry on average in that layer68

and therefore, the inversion symmetry of the system is
kept, since the removed interlayer hoppings correspond
to the same sublattices on both layers; (ii) for AB-stacked
BLG nanoribbons, although the sublattice symmetry is
preserved on the disordered top layer, the inversion sym-
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FIG. 7: Current densities for different vacancy concentrations N for zigzag (top panels) AA-stacked and (bottom panels)
AB-stacked BLG nanoribbons with ribbon size of 150 nm × 50 nm. Transport modes with energy E = 0.1 eV were injected
by the left lead and collected in the right lead. Blue (red, black) color corresponds to low (high, very high) densities. Current
densities for bottom and top layers are presented separately.

metry is broken in this case, since the removed interlayer
connections link sublattices from different types in AB-
BLG systems. This is the reason why resistances for both
types of stacking and for very low densities (N < 1%)
exhibit roughly the same behavior (as will become clear
and confirmed later in the discussion for the current den-
sities in first column of Fig. 7), whereas for high vacancy
densities the resistance behavior for AA and AB cases is
drastically different due to the inversion symmetry to be
preserved or broken in the system. Similarly to Ref. [72],
the resistance is strongly modulated by the breaking of
the inversion symmetry of the AB-stacked BLG system,
exhibiting a Gaussian-like profile. In addition, it is worth
mentioning that the noised results for the resistance cal-
culated here at T = 0 will be smoothed for non-zero
temperatures, but one expects that the main features in
Fig. 6 remain almost “intact” for non-zero temperatures.

To better understand the resistance results, we analyse
in Fig. 7 the current density for the same system setups
as in Fig. 6, i.e. zigzag AA-stacked (top panels in Fig. 7)
and AB-stacked (bottom panels in Fig. 7) BLG nanorib-
bons. Different vacancy densities were taken: (first col-
umn) 0.1%, (second column) 10%, (third column) 20%,
(fourth column) 30%, and (fifth column) 40%. Plots for
top and bottom layers are shown separately, in order to
identify the origin of the decrease or increase of the resis-
tance in Fig. 6 via insights into the current density am-
plitudes by increasing the dilution on the system’s top
layer. The electronic current is injected into the scat-
tering region through the lead on the left side and col-
lected in the lead on the right side. As expected, for
low vacancy densities (see first column for N = 0.1%)
the current flows in both layers for both AA and AB
stacking cases. By increasing the vacancy density on
the top layer (analysing the contour plots from left to
right columns), the projection of the current on the top
layer is suppressed around threshold N–value for AA-
stacked BLG case in accordance with the clustering anal-

ysis in Fig. 5(a) and with the Gaussian-like DoS profile
in Fig. 3(a) for zigzag edge type. One can also notice by
the current results for AA stacking that the current in the
bottom layer is not strongly affected by changes on the
vacancy densities presented in the top layer (see second
row of contour plots in Fig. 7). This explains the reason
why the resistance in Figs. 6(a) and 6(c) for AA-stacked
BLG case remains practically constant for each energy
value for vacancy concentration larger than the thresh-
old N–value, disregarding the fluctuations that must be
minimized for results with non-zero temperatures. In
contrast, for the AB-stacked BLG case with N > 1%,
the inversion symmetry broken due to high vacancy den-
sities strongly affects the current, suppressing it in both
layers. However, for very high vacancy densities (see fifth
column for N = 40%) the current between the two leads
is restored for the bottom layer of AB-BLG nanoribbon,
resulting in an increase in the conductance and, in turn,
a decrease in the resistance, as observed in Figs. 6(b) and
6(d). The absence of current flow in both layers in the
AB-stacked BLG case (third and fourth rows of panels in
Fig. 7) is in agreement with the large scale of the resis-
tance values, since there are no propagating modes, the
conductance is practically null, leading to huge values
for the resistance, as seen in Figs. 6(b) and 6(d), in com-
parison to the range scale of tens of kΩ to MΩ usually
observed in experimental measurements in BLG systems
for the resistance.72 Although counter-intuitive, the re-
moval of intralayer and interlayer hoppings due to the va-
cancies in the upper layer affects the electronic transport
of the lower layer. It was demonstrated73,74 that nanos-
tructures formed by MLG-BLG-MLG interfaces allow the
confinement of states in the MLG region and also near
the MLG-BLG junction even though the bottom layer of
such structures does not present explicit edges the elec-
tron can nevertheless be influenced by the upper layer
edges due to the interlayer coupling near the MLG-BLG
junction. Similarly, one observes in our transport results
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here the important role of the existence of interlayer con-
nections, which allows scattering between the layers, and
the different stacking to avoid non-zero conductance or
to suppress propagating states.

V. CONCLUSIONS

Using the nearest-neighbour TB model, the effects of
randomly distributed vacancies and its clustering on the
electronic and transport properties of BLG nanoribbons
were studied by means of the analysis of the DoS at the
charge-neutrality point and the resistance, respectively.
The disorder is simulated by subtracting carbon atoms of
only one of the layers and clusters formations of point de-
fects are allowed. For low densities of vacancies, the DoS
at E = 0 eV increases as the number of removed atoms in-
creases, owing the enhancement of the zero energy states
degeneracy associated with the states localized around
missing carbon atoms. Surprisingly, this peak in the DoS
has a threshold that is reached for a vacancy concentra-
tion value around N ≈ 21%. After this value of con-
centration, the DoS decreases until it approaches to its
MLG value. The universality of this behavior is valid
regardless the layer stacking (AA or AB), the ribbon ori-
entation (armchair or zigzag), and the nanoribbon width.
This result implies that for N > 21% the empty spaces
left by the vacancies start to coalesce forming larger and
larger clusters of vacancies in the specific layer.

Although the DoS behavior is the same regardless the
stacking and nanoribbon orientation, the transport char-
acteristic is shown to be quite different depending on the
stacking. Defects can change the transport characteris-
tics of the material increasing or reducing its conductiv-
ity depending on its concentration. Analyzing the resis-
tances for the two investigated types of edges and stack-
ings, it was observed that both zigzag and armchair AB-
stacked BLG nanoribbons exhibit a similar feature found
for the DoS with two equivalent concentration disorders
giving the same resistance value, showing a direct rela-

tion between the effects on the DoS by the vacancies and
on the electronic transport. The difference between the
AA-BLG and AB-BLG transport results are explained
by means of the preservation (breaking) of the inversion
symmetry for AA (AB) case at high vacancy density. The
results presented here emphasise the richness of the BLG
properties when vacancies are introduced into the sys-
tem.

One expects that the incorporation of the next-nearest-
neighbor interlayer hoppings (such as the skewed hopping
γ3) will not qualitatively change the electronic results, in
particular the ones associated with low-energy spectrum
around E = 0, e.g. the DoS(E = 0) results. On the other
hand, the electronic transport in the adjacent layer of the
BLG nanoribbons should not be drastically affected by
point defects created in the other nanoribbon layer. For
instance, the near-zero current densities on the adjacent
layer due to vacancies on the other layer, as observed in
Fig. 7 for γ3 = 0, should exhibit a pronounced current
to the case γ3 6= 0 even for higher values of vacancy
densities than the γ3 = 0 case and, therefore, leading to
non-null conductance values. This can be envisaged from
the fact that when removing an atomic site that has a first
near-interlayer-neighbor, its connection is also removed,
and thus interlayer scattering is hindered, whereas in the
presence of interlayer hoppings such interlayer scattering
is still allowed.
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