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Quasiperiodic Van der Waals Heterostructures of
Graphene and Hexagonal Boron Nitride

Sumanta Bhandary, Soumyajyoti Haldar, and Biplab Sanyal*

Advancement toward opening a bandgap at the Dirac point induced by symmetry
breaking paved the way to realize 2D heterostructures with graphene and
hexagonal boron nitride (h-BN). An alternate arrangement of graphene and h-BN
layers in a 3D stacking can tune the bandgaps of these composites depending on
the position of B and N atoms with respect to C atoms of graphene. Herein, a
unique possibility of arranging graphene and h-BN atomic layers in a quasipe-
riodic Fibonacci sequence to study the possibilities of controlling the electronic
properties of these heterostructures is explored. Density functional theory cal-
culations combined with van der Waals corrections reveal that these quasipe-
riodic heterostructures are more stable than normal periodic stacking of
monolayers of graphene and h-BN. Moreover, for certain arrangements of atomic

layers, sizeable bandgaps can be obtained.

1. Introduction

The discovery of 2D materials is extremely exciting because of
their unique properties, resulting from the lowering of
dimensionality. The experimental realization of graphene, an
atomically thin 2D allotrope of carbon, by Geim et al.'»* made
an enormous sensation owing to its exciting fundamental proper-
ties. Also, the apparent contradiction of the thermodynamic stabil-
ity of this 2D material at a finite temperature®* was found to be
caused by the out-of-plane thermal distortion comparable to its
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bond length.”! An infinite 2D sheet of pris-
tine graphene is a semimetal, i.e., a metal
with zero bandgap. The inversion symmetry
provided by P6/mmm space group results
in the band degeneracy at the Dirac (K)
point in the hexagonal Brillouin zone
(BZ). This limits its most anticipated appli-
cation in electronics as the on-off current
ratio for transistor applications becomes
too small. Therefore, the opening of a
bandgap is essential from electronics point
of view retaining its high carrier mobility.
Several approaches have been already con-
sidered by modifying graphene either chem-
ically!®® or by structural confinement?®% to
improve its application possibilities.

Boron nitride, on the other hand, can
have different forms of structures such
as bulk hexagonal boron nitride (h-BN) with sp? bond and cubic
boron nitride with sp* bond, analogous to graphite and diamond,
respectively. A 2D form of h-BN with strong sp? bond can also be
experimentally synthesized, which resembles its carbon counter-
part, graphene. In contrast to graphene, two different atomic spe-
cies in two sublattices forbid the inversion symmetry, which
results in the lifting of band degeneracy at Dirac point in BZ,
and hence gives rise to an insulating bandgap of 5.97 eV.I"!

A new horizon opens up with a different class of materials
composed of these neighboring elements in the periodic table.
The first possibility is to alloy graphene and h-BN to form
another group of 2D materials. B—N bond length is just 1.7%
larger than C—C bond, which makes them perfect for alloying
with minimal internal stress.®'*7'*! At the same time, the intro-
duction of h-BN in graphene breaks the inversion symmetry
which can open up a bandgap in graphene. On top of that,
the Pauling electronegativity of B, C, and N are 2.04, 2.55,
and 3.04, respectively, indicating that the charge transfer in dif-
ferent kinds of hybrid heterostructures of graphene and h-BN
may play an interesting role in both stability and electronic prop-
erties. The other possibility is to form van der Waals (vdW) het-
erostructures by stacking graphene and h-BN layers in a different
fashion. Depending on how the h-BN layer is placed on top of a
graphene layer, sublattice degeneracy will be affected. A con-
trolled growth process can thus provide the tunability of bandgap
opening in graphene and h-BN heterostructures. In recent years,
heterostructures formed by graphene and h-BN have gained
extensive attention.’>*!! Moire patterns discovered in this
slightly lattice-mismatched superlattice and also slightly rotated
bilayer graphene (BLG) have given rise to several exotic phenom-
ena, such as superconductivity,?! fractional Chern insulating
states, magnetism,**! and so on and ample scope of tunability.**
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High mobility and a large spin lifetime have been realized in gra-
phene spintronics®®! by using layered h-BN as a substrate.
Recently, the importance of Rashba spin-orbit coupling and spin
relaxation properties has been highlighted®® theoretically for
graphene/h-BN heterostructures.

So far, the normal periodic stacking of graphene and h-BN has
been considered as models of 3D hybrid heterostructures. Recent
experiments have shown that the vertical graphene heterostruc-
tures with h-BN or molybdenum disulfide (MoS,) can work as
field-effect tunneling transistors.">?”) Tuning of bandgap is also
possible using BLG h-BN heterostructures.”! Bipolar doping of
double-layer graphene with hydrogenated BN has also been stud-
ied, where it has been shown that by tuning the interlayer distance,
the interfacial dipole and screening charge distribution can be sig-
nificantly affected.”” Low-loss plasmon damping has also been
observed in graphene h-BN heterostructures, which can be key
to nanophotonic and nano-optoelectronic devices.***" In these
heterostuctures, it is also possible to tune the optical conductivity
of graphene in the visible range and obtain optical excitations that
are not present in the individual building blocks.?** The stack-
ing has a strong impact on the spatial distribution and the char-
acter of the generated electron-hole pairs.**¢ Bandgaps of these
3D heterostructures can also be modified using an external electric
field.*”! Ferromagnetic junctions with these kinds of heterostruc-
tures are also gaining interest in the field of spintronics devices.*®!
However, there are not any studies on quasiperiodic 3D stacking
of graphene and h-BN monolayers.

Therefore, in this article, we aim to explore the possibilities of
breaking sublattice degeneracies in quasiperiodic heterostruc-
tures. In this article, we have considered a quasiperiodic 3D stack-
ing of 2D graphene and h-BN monolayers in a Fibonacci
sequence. The Fibonacci quasicrystal has exotic spectral features
such as critical eigenfunctions, a spectrum with zero measure, and
unique scaling behavior.**~*" Binary layered structures have been
synthesized in a Fibonacci sequence in one direction keeping pure
translation periodicity in other directions. SiO, and TiO, dielectric
slabs arranged in Fibonacci order have been grown!*”! to verify the
theoretical prediction'*! of localization of light in Fibonacci dielec-
tric multilayers. Metallic Fibonacci multilayers were grown, and
superconductivity was experimentally studied by Kartkut et al.
using MoV superlattices.**! In this work, we have studied struc-
tural and electronic properties of 3D Fibonacci heterostructures of
graphene and h-BN to explore the possibilities of bandgap opening
and stability of quasiperiodically arranged atomic layers using
first-principles electronic structure calculations.

2. Results and Discussion

2.1. Structural Information

It has been shown theoretically that a graphene layer deposited
on an h-BN substrate induces a bandgap opening in graphene."**!
This has been followed by several works, where a graphene mono-
layer or a bilayer sandwiched between the h-BN layer is studied. In
these structures, the graphene layer is protected by h-BN apart from
forming C—N, C—B out-of-plane dipoles. Formation of this dipole
and its position with respect to two C-sublattices define the 7 — z*
band degeneracy breaking at the Dirac points. A similar approach,
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like opening up a bandgap in BLG with applied electric field, is also
seen to tune the bandgap in these kinds of systems.*®*7)

In our proposed superlattices, h-BN and graphene layers occur
in a Fibonacci sequence, S;, following a recurrence relation:
Siv1={S;, Sj-1}, So={B}, and S;={A}. A and B correspond to gra-
phene and h-BN single layers, respectively. With this approach,
the first few sequences of Fibonacci will be S,={AB},
S; ={ABA}, and S,={ABAAB}. Figure 1 shows a schematic
representation of this quasiperiodic sequence. We followed
the Bernal stacking for the arrangement of the individual layers.
Being limited by the computational feasibility, we have consid-
ered finite-sized Fibonacci heterostructures with 13, 21, 34,
and 55 layers with the number of BN layers (Npy) and the num-
ber of graphene layers (N¢) to be (5, 8), (8, 13), (13, 21), and
(21, 34), respectively. By swapping the composition, reverse
structures are also obtained with the number of Ngy and N¢
layers as (8, 5), (13, 8), (21, 13), and (34, 21), respectively.
The swapping has a twofold impact: 1) the concentration of C
and h-BN layers changes and 2) the interface ordering also varies,
although the number of interfaces remains the same.

To achieve the golden ratio (two quantities are in the golden
ratio if their ratio is the same as the ratio of their sum to the
larger of the two quantities. It is an irrational number with a

value of ¢ = # ) with the number of graphene and h-BN

layers, one should have an infinitely long sequence of
Fibonacci ordering. For computational limitations, we have gone
up to 55 atomic layers (110 atoms) in the unit cell. To be precise,
we have considered the following atomic arrangements of differ-
ent sequences: 1) 5h-BN and 8 graphene, 2) 8 h-BN and 13 gra-
phene, 3) 13h-BN and 21 graphene, and 4) 21h-BN and
34 graphene layers in the unit cells, referred to as the forward
direction. Henceforth, these structures are referred to as
Fib13, Fib21, Fib34, and Fib55, respectively. The same nomen-
clatures have been used for the reverse direction, where graphene
(h-BN) layers are replaced by h-BN (graphene) layers. For the
completeness of the study, we have also considered superlattices
having regular periodic stacking with h-BN graphene ratios 1:1,
2:1, 3:1, 4:1, 5:1, and 1:1 with a bilayer stacking. This study may
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Figure 1. Schematic representation of Fibonacci stacking of graphene and
hexagonal boron-nitride sequence. Inset shows the schematic representa-
tion of Bernal stacking which is used to form Fibonacci structures.
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reveal under which conditions the sublattice degeneracy can be
broken and also the effect of increasing the separation between
graphene layers on its electronic properties. Also, one may get
information on how BLG is affected when sandwiched between
two h-BN layers. A careful inspection of the Fibonacci-ordered
superlattices reveals that they contain the building blocks of
monolayer and BLG sandwiched between h-BN layers.
Therefore, the studies of these periodic blocks might shed some
light on the understanding of the stability and electronic proper-
ties of Fibonacci superlattices.

Now, we discuss the geometrical aspects of these heterostruc-
tures. In Table 1, we have shown the ¢/a ratios of the structures
for forward and reverse (in parentheses) directions (c =length of
a superlattice in the growth direction z, a=in-plane lattice
parameter) for both LDA and PBE-vdW methods. (For details
of the used methods, see Section 4.) The values of the lattice
parameters are very similar for both LDA and PBE-vdW meth-
ods. The LDA lattice parameter for the forward and reverse struc-
ture is 2.46 and 2.47 A, respectively. The lattice parameter within
PBE-vdW for the forward and reverse structure is 2.48 and 2.49 A,
respectively. From Table 1, it can be seen clearly that the LDA lat-
tice constants and c/a ratios of the multilayered structures are
respectively smaller and larger as compared to the PBE-vdW val-
ues. But overall, the volumes of the supercells become smaller in
PBE-vdW case. The reduced c¢/a ratios for PBE-vdW calculations
indicate that the inclusion of vdW interactions enhances the bond-
ing between the layers, especially for the reverse direction.
Figure 2 shows the calculated interplanar separations in the
Fib21 superlattice for both forward and reverse directions. In
LDA calculations, the difference between forward and reverse
structures is not prominent. On the contrary, significant

Table 1. ¢/a Ratios in the forward and reverse (in parentheses) directions
for LDA and PBE-vdW methods.

System LDA PBE-vdW
Fib13 17.18 (17.01) 16.58 (16.27)
Fib21 27.86 (27.53) 26.61 (26.26)
Fib34 44.69 (44.29) 42.94 (42.37)
Fib55 72.60 (71.73) — (68.63)
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differences are observed for calculations, including vdW correc-
tions. Surprisingly, no C—C vdW bonds are present between
the adjacent layers in the reverse direction, whereas a number
of such bonds are present in the forward direction. For the latter
case, the calculated C—C vdW bonds are 3.2 A or more, giving rise
to the peak structures in the figure.

Let us consider the regularly periodic multilayers with five
structures having h-BN graphene ratios 1:1, 1:2, 1:3, 1:4, and
1:5. For the ratio 1:1, we have considered two structures. The first
structure consists of one graphene and one h-BN layer in the unit
cell. This means that the sublattice A (say) of graphene will
always have B atom (in our case) from top and bottom h-BN-
layers, whereas sublattice B will have nothing as we have consid-
ered the AB stacking. The other structure consists of four layers,
where in the alternative h-BN layers, the positions of N and B
atoms are altered. This means that sublattice A of a graphene
layer will have C—B and C—N vdW bonds both coming from
the top and bottom layers. We have found that in the former case,
there is a bandgap opening, while it is still metallic for the latter
case. So, a B—C—B (or N—C—N) situation opens up a bandgap,
while B—C—N does not. These features are also reflected in other
structures. For the reverse structures with higher h-BN content,
we have considered h-BN layers with alternative B and N atom
positions. That means in the perpendicular direction and on sub-
lattice A, we will find C—B—N for 1:2, C—B—N—B for 1:3,
C—B—N—B—N for 1:4, and C—B—N—B—N—B for 1:5. So, only
for 1:3 and 1:5 ratios, we will have the B—C—B situation, and
in the rest of the cases, B—C—N will be found. Following the obser-
vation in structures with 1:1 ratios, we can expect a gap opening in
structures with 1:3 and 1:5 ratios. This is precisely seen in our
calculations of Fibonacci superlattices having some of the above-
mentioned building blocks. A small gap opens up resembling the
calculations for the building blocks. The increased number of h-
BN layers between two graphene layers seems to have no effect as
the gaps in 1:3 and 1:5 are the same. Hence, one may conclude
that the similarity between the results of building block and mul-
tilayer calculations suggests that the properties of the graphene
layer can only be affected by the local environment (neighboring
h-BN layers) and they are decoupled from each other.

Now we consider the possible building blocks of the forward
Fibonacci structures, i.e., BLG sandwiched between two h-BN
layers, as depicted in Figure 3. Following the Bernal stacking
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Figure 2. Interlayer distances for Fib21 stacking for both LDA and PBE-vdW calculations. In the x-axes labels, the texts indicate the nature of bonding

between two adjacent layers (parentheses are for the reverse structures).
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Figure 3. Schematic representation of different building blocks (a-c) of
Fibonacci stacking and their relative formation energy. Here the layers
are in Bernal (AB) stacking. Therefore, three possible different stacking
can be achieved along the ¢ axis, namely a) B—C—C—B, b) B—C—C—N,
and c) N—C—C—N. Figure 3d shows the Fibonacci stacking of graphene
and h-BN with most stable building block (B—C—C—B) in it.

of the layers, three possible different stacking for the building
blocks can be achieved along the ¢ axis. These blocks are
1) B—C—C—B, 2) B—C—C—N, and 3) N—C—C—N
(see Figure 3a—c). The formation energy analysis indicates that
the B—C—C—B structure is energetically most probable among
the others. However, from the literature, it is known that the
B—C—C—N sequence can only open up a bandgap.®! One thing
to note here is that in B—C—C—N configurations, the layers are in
AB stacking and the two C atoms belong to two different sublat-
tices of two different graphene layers. These two situations of
single-layer graphene and BLG are building blocks for our
Fibonacci superlattices. As we have AB stacking in the
Fibonacci stacking and have always similar h-BN layers (i.e., all
h-BN layers have B atom as sublattice A and N atom as sublattice
B), single-layer graphene will always have the B—C—B situation,
while a BLG will have only B—C—C—B configuration, which are
semiconducting and metallic blocks, respectively. So, as a whole,
we got metallic situations for the forward structures, no matter
how many layers we have considered.

2.2. Energetics

Table 2 shows the formation energies of these multilayered struc-
tures for both forward and reverse (in parentheses) directions.
From the data presented in the table, we can conclude that it
is possible to stabilize these quasiperiodic structures from 2D
graphene and h-BN layers. To check the stability of these quasi-
periodically stacked heterostructures as compared to the corre-
sponding normal multilayer periodic stacking, we have also
compared the formation energies of these two kinds of systems.
Our calculations revealed that formation energies of the quasipe-
riodic structures are quite lower than the corresponding normal
multilayer structure (see Table 2). From the analysis of energet-
ics, we also found that the reverse structures are more stable than
the forward structures, only visible after the inclusion of vdW
interactions.

Phys. Status Solidi B 2022, 259, 2100423 2100423 (4 of 6)

pss’

www.pss-b.com

physica

Table 2. Formation energy Ey/interface (in meV) of the hybrid structures
calculated within LDA and PBE-vdW methods. For interfaces, we have
considered the number of h-BN and graphene interfaces only. The
bandgaps, E, (in meV), for the reverse structures within PBE-vdW
formalism are also shown. The forward structures do not have any

bandgap.

System Ey /interface E,
LDA PBE-vdW

Fib13 —63 (—63) —158 (—169) 13

Fib21 —65 (—65) —161 (~172) 42

Fib34 —66 (—65) —162 (—173) 25

Fib55 —66 (—66) - (=171) -

BNC 1:1 =51 -130 -

2.3. Electronic Structure

In Table 2, we have tabulated the bandgaps of Fib13, Fib21, and
Fib34 reverse quasiperiodic structures as obtained using the
PBE-vdW method. It is seen that for Fib21 reverse structure,
we find the maximum value of the bandgap. An oscillation in
the values of the bandgaps is observed. This is related to the qua-
siperiodic behavior of the heterostructures. A similar behavior
was reported previously for quasiperiodic carbon-BN nanorib-
bons by Pedreira et al.*® Figure 4a shows the band structure
plots for the reverse quasiperiodic structure of Fib21 where a
small bandgap opening at the Dirac point can be observed
(see close-up view of Figure 4a. To find out the nature of orbital
charateristics of the valence band maximum (VBM) and conduc-
tion band minimum (CBM) at Dirac point for reverse Fib21
structure, we have calculated the partial charge densities for
VBM and CBM at the Dirac point. Figure 4b shows a schematic
diagram of band level splitting in the Fib21 reverse structure
along with the partial charge density plots for VBM and CBM
at Dirac point.

3. Conclusion

In summary, we have studied 3D heterostructures of 2D layers of
graphene and h-BN stacked in a quasiperiodic Fibonacci
sequence by vdW corrected density functional theory. We dem-
onstrate that this quasiperiodic arrangement is more stable than
anormal 1:1 periodic arrangement of graphene and h-BN layers.
The effect of adding vdW correction in the stability and interpla-
nar separations is shown. Finally, we show that for certain
arrangements of Fibonacci stacking, it is possible to open up
bandgaps of the order of tens of meV at the Dirac point. We hope
that our prediction will encourage the experimentalists to grow
these quasiperiodic heterostructures.

4, Methods

All our first-principles calculations have been performed using a
plane-wave basis within the density functional theory as imple-
mented in the Vienna ab initio simulation package (VASP)
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Figure 4. a) Band structure of Fib21 system with the reverse order of graphene and h-BN layers. The picture on the right side is a close-up of the band
structure near the Fermi energy to show the opening of a bandgap at the Dirac point. b) Schematic diagram of band level splitting in Fib21 reverse
structure along with the partial charge density plots for valence band maximum (VBA) and conduction band minimum (CBM) at Dirac point.

code.”®! An energy cutoff of 500 eV was used to expand the wave
functions. Generalized gradient approximation as proposed by
Perdew, Burke, and Ernzerhof (PBE)P%°! has been used for
the exchange-correlation functional. To describe the electron-
ion interactions, we have used the projector augmented wave
methods (PAW).P>>* We have also included vdW interactions
within the DFT-D2 formalism of Grimme (PBE-vdW)P* to
incorporate the interlayer interactions. Recent papers®>>® have
shown that the choice of vdW correction method is not signifi-
cantly important for describing the properties of graphene and h-
BN composites. Moreover, for comparison, we have also per-
formed calculations with local density approximation (LDA) as
it is known that in many cases, LDA can give rise to a reasonable
agreement with the experimental results for vdW bonded sys-
tems.®”) The structures have been optimized using the conjugate
gradient method with forces calculated from the Hellmann-
Feynman theorem. We have used the force tolerance of
0.01eV A" along with the energy tolerance of 10~ eV for our
calculations. For geometry optimizations, a 15 x 15 x 2 I'—cen-
tered k-point mesh has been used for the full BZ integration.
For density of states (DOS) calculations, we have used
45 x 45 x 2 I'-centered k-point mesh.

The formation energy Ef of graphene/h-BN hybrid system is
defined as follows

Ef = E(Graphene,, + BN,,)

— [m x E(Graphene) + n x E(BN)] &
where E(Graphene + BN) is the total energy of the hybrid
graphene/h-BN system, E(Graphene) is the total energy of a
single-layer graphene, and E(BN) is the total energy of a
single-layer h-BN. m and n represent the number of graphene
and h-BN layers, respectively.
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