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We investigate the impact of interlayer mismatch on the electronic properties of bilayer
graphene nanoribbons (BGNRs) with armchair-edges in terms of the total energy and elec-
tronic structures by first principle calculations. Simulation results show that in-plane mis-
alignments require little energy and a large variation in the energy bandgap (Eg) can be
observed. Based on the resulting atomic configurations due to the misalignments, the
details of the observed relationship between bandgap and the lattice mismatch are inves-
tigated. It is observed that in general, misalignment in the transverse direction results in a
decrease in the interaction between the two layers, giving rise to a larger Eg. On the other
hand, misalignment in the longitudinal direction, i.e. along the edges, leads to an oscilla-
tion in Eg due to the periodic change of the GNR stacking order. A combination of these
movements results in a complex variation of Eg, which introduces great uncertainty in
electronic devices. However, such a phenomenon could also be used in various kinds of
nanoelectromechanical systems as it provides a large change in electronic properties with

a small movement.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

With unique properties such as high mobility and stable struc-
ture, two-dimensional graphene sheet has attracted a lot of
attention in high performance electronic applications [1-9].
However, its zero bandgap (Eg) leads to a high OFF-state current
in graphene transistors, making them not suitable for low-
power digital circuits [10], and high performance FETs [11-
17]. On the other hand, the electrons in the one-dimensional
graphene nanoribbon (GNR) experience quantum confinement
due to the presence of the edges, resulting in an usable Eg for
digital device applications. Therefore, many experimental re-
search efforts focus on fabricating GNRs, such as using photol-
ithographic patterning and etching on a large graphene sheet
[18,19] or chemical vapor deposition process [20,21].

However, these two approaches cannot make nano-width
GNRs with smooth edges. As the width and edge roughness
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have a great effect on the electrical properties of GNRs
[22,23], it is important to have precise control of these param-
eters. In this regard, a novel method was recently developed
whereby single- or multi-wall carbon nanotubes (CNTs) are
‘unzipped’ by plasma etching [24] or chemical attack [25] to
produce GNRs with relatively smooth edges. In particular,
these approaches can possibly make bilayer GNRs (BGNRs)
from double-wall CNTs as shown in Fig. 1. Apart from edge
roughness and ribbon width, Eg of BGNRs is also highly sensi-
tive to interlayer distance [26] and stacking position of the
layers [27].

While the two layers of GNR should naturally be arranged
in AB-o stacking (Bernal stacking) as shown in experimental
studies [28], mismatch of these two layers may happen in
the unzipping process and other high energy procedures,
such as plasma or chemical etching used to obtain high qual-
ity BGNRs, and other forms of stacking, i.e. AA stacking, have
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Fig. 1 - Unzip a double-walled carbon nanotube (DWCNT) to
obtain a bilayer graphene nanoribbon (BGNR). The blue and
green atoms represent the carbon atoms in CNT (10,0) and
CNT (5,0), respectively, and the red atoms are hydrogen
atoms. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of
this article).

been reported [29]. Furthermore, during device fabrication,
the formation of contacts on BGNRs to connect with other
components may exert an external force on the BGNRs,
resulting in further mismatch of the two layers. As the elec-
tronic properties, in particular the Eg of BGNRs are highly sen-
sitive to the stacking order, this lattice mismatch would
greatly affect the conductance of the material and the perfor-
mance of devices relying on bandgap modulations [30-32].

It is therefore important to look into how the external en-
ergy or force would affect the arrangement of BGNRs, as well
as the impact of the layer mismatch on the electronic proper-
ties of BGNRs. This would give us a better understanding on
the properties of BGNRs and, in extension, to multilayer GNRs
with perfect structure impacted with external turbulent or
excitation. Considering the stable honeycomb structure and
strong C-C bond inside each layer, we focus on the change
in the relative positions of the two GNR layers. In this paper,
we examine the total energy of BGNRs by changing the
arrangement of the top and bottom layer of BGNRs, which
would help us to understand the influence of external energy.
In addition, Eg at each of the corresponding mismatch point is
obtained to investigate the misalignment effect on the elec-
tronic structure. We observed that the variation in total energy
is below the level of thermal energy at room temperature, sig-
nifying that it is difficult to control the lattice alignment ex-
actly, i.e. these layers could be easily moved by external
force. Furthermore, the variation in Eg for different alignment
is in the range of 0.7 eV for one of the cases, and we provide a
hypothesis to explain this variation which can also be used to
predict the Eg range of mismatched BGNRs with different
widths.

2. Method

We investigate armchair-edge BGNRs with various interlayer
lattice mismatch using ab initio calculations based on the den-
sity functional theory formulism as implemented in the soft-
ware package ArtomisTix Toorkit [33]. The Perdew-Zunger local

density approximation (LDA) to the exchange correlation
functional is used and the effect of the core electrons are de-
scribed with the norm-conserving pseudo-potentials pro-
vided. We have assumed the material to be spin degenerate
and the double-{ basis set is used for the valence electrons.
The k-point sampling is done via the Monkhorst-Pack
method with 50 points in the y-direction (infinite) and 1 in
the x- and z-directions. A padding of 10 A is added in the
superlattice in the x- and z-directions to emulate the one-
dimensional system. The cut-off energy for carbon is set to
2keV and we carried out atomic relaxation of monolayer
GNR of 1.1 nm which results in a C-C bond length of 1.42 A
[34]. The main reason for choosing LDA over generalized gra-
dient approximation (GGA) is attributed to the fact that GGA
gives a weak bonding between graphene layers and results
in a large value of interlayer distance. By contrast, LDA pro-
vides a good match with the results of graphite. Although
LDA underestimates the bandgap, in this work, we focus on
the variations in energy and the bandgap, and these changes
with respect to the modifications in atomic structure are still
indicative of the physics involved.

There are two conditions considered in this work: one with
same ribbon width of 1.1 nm for top and bottom layers, and
the other with different widths of 1.1 and 2.3 nm for the top
and bottom layers, respectively. We examine firstly the same
width case to understand the essential mechanism, before
expending the investigation to a more realistic case where a
double-wall CNT is made up of tubes with different diameters.

The width of an armchair-edge GNR is related to the num-
ber of carbon atoms (N) in the transverse direction. The
1.1 nm layer (N = 10) could be obtained from a perfectly un-
zipped CNT (5,0) in the longitudinal direction. Similarly, the
2.3nm layer (N=20) could be obtained from an unzipped
CNT (10,0). In both situations, the GNRs are edge-passivated
with hydrogen atoms, with initial C-C and C-H bond lengths
of 1.42 and 1.09 A, respectively. To perform the mismatch in
different position, the bottom layer is anchored and the top
layer is manually moved in various directions with respect
to the bottom layer. The different layer arrangements are
shown in Fig. 2(a)-(d) and the calculated energy difference
and Eg at each mismatch locations are presented in Fig. 2(e)
and (f), respectively. Before calculating the electronic struc-
ture, the optimal interlayer distance is determined by search-
ing for the minimal total energy configuration as the
interlayer distance varies. Lastly, the whole system would
be relaxed until the force between each atom is less than
0.05 eV/A and we note that this step would mainly relax the
bonding length within each layer.

The start point of the structure for both cases [(0,0) in
Fig. 2(e)] is AA stacking [Fig. 2(a)], with the two layers having
the same coordinates in the longitudinal and transverse
direction. The top layer would be moved across in the trans-
verse direction (x-direction) until the two layers no longer
overlapping each other. In the longitudinal direction (y-direc-
tion), as we have assumed that the layers are infinite in
length, it is impossible to swap through all the possible posi-
tions. However, we only need to perform the calculation from
0 to 2.13 A in the y-direction, which is one-and-a-half of the
C-C bond length. From 2.13 to 4.26 A, all the electronic prop-
erties is a mirror image of the previous region, with the mirror
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Fig. 2 - The wire-mesh representation of BGNR consisting of two 10-GNRs in (a) AA stacking, (b) AB-a stacking (Bernal stacking)
and (c) AB-g stacking. In the longitudinal direction (y-direction), the BGNRs is infinite in length, and in the transverse direction
(x-direction), the number of dimmer lines (N) is 10. The blue and black wire-meshes represent the top and bottom layers,
respectively. (d) The change in total energy is represented in a contour plot with the coordinate in the plot representing the
position of the reference atom, for example Point (0,0) means the two layers are totally overlapped as in (a). A zoom-in of the
unique region surrounded by the dash box is shown in (e). Point I (0,1.59), Point II (1.23,0.71) and Point III (2.46,1.59) have the
lower energy than the surrounding mismatch locations. The corresponding energy bandgap (E) of the unique region is
shown in (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).

edge at y = 2.13 A [cf. Fig. 2(d)]. While the atomic structures of
the two corresponding points in the mirror images does not
looks similar in the top view, the bottom view of one point
is same as the top view of the other, which is the reason for
the mirror images observed. For areas farther away, i.e.
y>4.26A or y<0A, the calculated properties are periodic
with a unit length of 4.26 A.

3. Results and discussion

3.1. Same width case

The top layer initial position is totally overlapped with the
bottom layer as shown in Fig. 2(a), and the lattice mismatches
in the y-direction are shown in Fig. 2(b) and (c), while the mis-
match in x-direction is shown in Fig. 2(d). We only consider

the top layer moving in two dimensions without any rotation.
The axes in the contour plot on both Fig. 2(e) and (f) refer to
the mismatch by using the reference atom indicated in
Fig. 2(d).

3.1.1. Variation in the total energy

The total energy difference per atom, normalized to the low-
est energy case, at different mismatch positions is shown in
Fig. 2(d), with details corresponding to the region indicated
by the dash line shown in Fig. 2(e). Three stable points are ob-
served [I (0,1.59), II (1.23,0.71), III (2.46,1.59)], where the total
energies are lower than the surrounding mismatch locations.
As opposed to the bilayer graphene, the lowest energy point I
does not coincide with AB stacking. The small deviation from
AB stacking is due to the influence of the hydrogen passiv-
ation at the edges, and the different observations from those
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in bilayer graphene experiments could possibly occur. Fur-
thermore, it is observed that the difference between the high-
est and the lowest energy point is 22 meV/atom, indicating a
high probability for the GNR layers to shift in-plane with re-
spect to each other under high-temperature annealing. As a
result, without external interaction, it is difficult to determine
the exact stacking and alignment of the BGNRs and a way to
fix the two layers is required to obtain BGNRs with a particular
alignment in experiment setups and device fabrications. On
the other hand, the small total energy differences also sug-
gest that movement between the two layers is easy to achieve
and that the alignment of the BGNRs can be easily manipulate
by inducing a small turbulence in the system.

3.1.2. Variation in the energy bandgap

Because of the small differences in total energy between the
various alignments of the two layers, the electronic property
in these situations is important as all of them are physically
possible in room temperature. The Eg of the same width
BGNR is calculated at the corresponding locations, shown in
Fig. 2(f). For monolayer GNRs, the Eg is determined by N,
where a smaller N usually gives a larger Eg due to stronger
quantum confinement [34]. Monolayer GNRs also show three
groups of Eg, with the N = 3p + 2 group having the smallest Eg,
and the other two groups, 3p and 3p + 1, have relatively larger
Ec. For BGNRSs, the Eg is in general smaller than the monolayer
GNR due to the weaker quantum confinement at the edges
and the behavior of three groups is also shown in previous
study [27]. In the current study, we concentrate on the impact
of misalignment in the x- and y-direction on the Eg of the
resulting system.

As shown in Fig. 2(f), the Eg varies as the relative positions
of the GNR layers change. The Eg of the three picked points (I,
I and III) are 0.624, 0.917, and 0.804 eV, respectively. The min-
imum Eg is obtained in the top-left corner [IV (0,2.13)] at
0.414 eV, and the maximum E; can be found in point V
(11.07,1.06) at 1.11 eV. The E variation is 0.696 eV for a small
displacement, and especially near the left edge of the contour
plot, the difference in Eg from point to point is quite remark-
able. Furthermore, picking the largest (1.11 eV, point V) and
smallest (0.414 eV, point IV) energy band gaps as example,
the effective mass changes from 0.20 to 0.10 m,, with m,
being the mass of electron. It implies that the carrier mobility
would increase. Together with the smaller energy band gap,
this results in a more conducting material.

We next investigate the Eg variation along y = 1.07 A [c.f.
Fig. 3(a)] where Eg shows large variations. It is found that
although it has an oscillating pattern as x increases, the Eg
approaches that of the monolayer GNRs (Eg=1.178eV) as x
is large. This is because the interlayer interaction is smaller
while the two layers have less overlap, and they behave more
like two monolayer GNRs. To explain the anomaly at small x
values (<7 A), we focus on Point 1 in Fig. 3(a) (x = 0.61 A). The
atomic alignment at Point 1 is given in Fig. 3(b), where we
consider the BGNR could be separated into three separate
parts, two monolayer GNRs at the edges, which are empha-
sized with the red dashed rectangle, and a BGNR in the mid-
dle. The alignment at Point 1 shows two single layers in the
edges corresponding to two N =1 monolayer GNRs (1-GNRs),
and an N=9 BGNR (9-BGNR) in the middle. From previous

classifications, the 1-GNR belongs to the family of 3p+1
(although 1-GNRs is not physically feasible currently), and
9-BGNR belong to the family of 3p, both of which have a large
Eg, which leads to an overall large Eg at Point 1. According to
this, the whole structure could be considered as three sepa-
rate parts, and by relating to the family each part belongs
to, the Eg of the resulting structure can be estimated by the
smallest Eg of the three parts. Similarly, Point 2 is corre-
sponding to 2-GNRs at the edges, and 8-BGNR in middle [c.f.
Fig. 3(c)]. Both of them belong to the 3p+2 family, which
has a smaller Eg, resulting in an overall small Eg material. Fi-
nally, at Point 3, there are two 3-GNRs (3p) at the edges and a
7-BGNR (3p + 1) in the middle, resulting in a large Eg similar to
Point 1. The same behavior can be observed for other points
such as Points 4, 5 and 6 as shown in Fig. 3(a). For even larger
mismatch, as the decreasing interlayer interaction becomes a
significant factor, i.e. the system resembles that of two sepa-
rated monolayer GNRs, the trend is no longer periodic.

Next, we examine Eg variation along the line x = 0 [Fig. 4(a)],
where the GNR layers are align in the transverse direction and
only mismatches in the longitudinal direction are considered.
At y=0 [cf. Fig. 2(a)], representing AA stacking, Eg is small
(Ec=0.544 eV), and as y increases up to 1.07 A [cf. Fig. 4(d)],
Eg increases to a maximum of 0.871 eV. Further increase in y
results in a decrease in E; to a minimum of 0.414eV at
y=2.13 A, where a mirror image is observed afterward. The
mismatches in the longitudinal direction is different from
the previous case in that the two GNR layers are always over-
lapped, and hence there are less changes in the interlayer edge
interaction. To isolate the effect of the change in lattice align-
ment from the effect of the change in interlayer edge interac-
tion, we perform a similar calculation on bilayer graphene
(BLG) where the edge effect is eliminated in the two-dimen-
sional structure. The change in Eg of the BLG is shown in
Fig. 4(b). It is observed that at Point 1, the AA stacking results
in zero-Eg, and as the top layer moves in the y-direction, the
interlayer interaction changes due to the change in the dis-
tances between the atoms in the top and bottom layers [30]
and this opens a small bandgap (Eg=0.17 eVat y=0.71 A, cf.
Point 2) in BLG. Further increase in y results in a drop in the
Eg back to O (cf. Point 3) which represent the AB stacking
[Fig. 4(e)], and it stays at 0 due to the symmetry of the lattice
where the distances between the carbon atoms in the top
and bottom layers do not vary significantly [cf. Fig. 4(f) and
Point 4]. While similar trends are observed in BGNR |cf.
Fig. 4(a) and (b)], Eg in BGNR is much higher and it never drops
to 0. This is mainly due to the quantum confinement at the
edges. Furthermore, the peak point in BGNR is shifted to
y = 1.07 A and the up-slope and down-slope are less symmet-
rical as compared to those in BLG. This could be attributed to
the presence of the hydrogen atoms at the edges which
change the C-Cbond lengths at the edges and break the lattice
symmetry.

3.2.  Different width case

Lastly, we investigate the case where the two GNR layers have
different widths. Considering a perfectly unzipped double-
walled CNT (DWCNT), it is natural to have two nanotubes with
different diameters and hence BGNRs with different widths.
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Fig. 4 - (a) The variation in E¢ extracted along the line x = 0 A for the same width BGNR case. (b) The variation in E of bilayer
graphene. The atomic configurations at Points 1-4 are shown in (c-f), respectively.

We consider a DWCNT with CNT (5,0) and CNT (10,0), corre-
sponding to 10-GNR and 20-GNR, respectively. In this case,
we only let the N =10 layer moves within the N =20 bottom
layer [cf. Fig. 5(a)] as we have already learnt from the previous
section that moving the top layer out will obtain separated sin-
gle layers behavior. A stronger periodic behavior is observed in
both total energy and Eg, shown in Fig. 5(b) and (c), respec-
tively. For the total energy plot, multiple stable (minimal en-
ergy) points could be observed which all represents AB
stacking. However, as the maximum change in total energy

is very small at 6.2 meV/atom, the top layer can be in any posi-
tion and hence, similar to the same width case, external
means are required to fix the relative position of the two lay-
ers. The variation in total energy is a mirror image along the
mid-line, with a little difference at the two edges, which might
be due to the hydrogen passivation at the edges of the top and
bottom layers.

Similarly, the variation in Eg is also more periodic than
that of the same width case, and the changes can be ex-
plained by the same reasons in the previous section. In the
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same width case, the Eg varies from 0.4 to 1.05 eV while in the
current case, it changes from almost 0 to 0.241 eV, as shown
in Fig. 5(c). The general decrease in Eg is due to the N =20
layer (3p + 2) having a much smaller Eg than the N = 10 layer.
Although the monolayer 10-GNR has a large Eg of 1.21 eV and
the monolayer 20-GNR has a small Eg of 0.1 eV, the maximum
E¢ of the bilayer system (0.24 eV) is an intermediate of these

components. In the transverse direction, the Eg variation
along y = 1.07 A is plotted in Fig. 6(a). The overlap region in-
volves a 10-GNR (3p + 1) at the top layer covering a 9-GNR
(3p) at the bottom, shown in Fig. 6(b)—(d). Therefore, BGNR
in the middle part could be considered as large bandgap
material. For Point 1 in Fig. 6(a) [lattice arrangement shown
in Fig. 6(b)], there are 1-GNR (3p + 1) and 10-GNR (3p + 1) at
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the two edges, resulting in a large bandgap. Similarly for Point
2 [cf. Fig. 6(c)], there are 2-GNR (3p + 2) and 9-GNR (3p) at the
edges. Since the 2-GNR belongs to the small Eg family, the
resulting Eg is small. It also can be found that the same case
happens for Point 3 [cf. Fig. 6(d)], where the 3-GNR (3p) and 8-
GNR (3p + 2) at the edges give a small Eg.

4, Conclusions

We have explored the fundamental effects of lattice mis-
match in BGNR in terms of total energy and energy bandgap.
The energy difference between various mismatches is compa-
rable to the thermal energy in room temperature, indicating
that the relative position of the two layers is not stable if they
are not anchored by external means. The Eg of BGNRs is lar-
gely influenced by the property of the constituent monolayer
GNRs and their interactions, especially the one with smaller
Eg. Furthermore, at small mismatch in the transverse direc-
tion where there are large overlap of the two layers, the Eg
can be roughly predicted by dividing the BGNR into three
parts, and then considering the family each part belongs to.

This comprehensive study on the change in Eg with re-
spect to physical alignment provides an excellent opportunity
in device designs. We observed that a shift of less than 0.1 nm
between the layers triggers a change in Eg of about 0.5 eV
which would lead to a change in the conductance of the
material. This indicates the potential application in nanoelec-
tromechanical (NEM) switches, where the ON- and OFF-state
of the NEM switch could be obtained by creating the lattice
mismatch. Considering the small change in total energy, a
low power consumption NEM switch can be realized. Further-
more, the size of the devices could be as small as tenths of
nanometers, which, coupled with the ultra-high sensitivity,
would make BGNRs a suitable material in various types of
sensor applications.
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