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Lattice matching and electronic structure of finite-layer graphene/h-BN thin films
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We have done a study of graphene/hexagonal boron nitride (h-BN) thin films within the framework of density
functional theory, and find that the interlayer interaction energy of a graphene/h-BN monolayer thin film is
inversely proportional to the layer number. This analysis based on a method which simulates the interlayer
interactions in lattice-mismatched thin films shows that thin films with four or more layers can have stable
lattice-matched stacking geometries. We find that the maximum value of the band gap of the lattice-matched thin
films having the same layer number, but different stacking sequences, decreases with respect to the layer number,
even though one can consider several different stable stacking sequences of these feasible lattice-matched thin
films. In addition, the band gap can be tuned by using an external electric field. We also propose six-layer
graphene/h-BN bilayer thin films with 99-meV band gap or graphenelike linear dispersion depending on the
stacking sequences.
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I. INTRODUCTION

Hexagonal boron nitride (h-BN) is well known as a good
insulating substrate for graphene because of its relatively clean
and flat surface [1,2]. Moreover, it has been demonstrated that
graphene on a h-BN substrate exhibits interesting physical
properties originating from their lattice mismatch (about 1.6%)
[3–11]. In addition, lattice-matched finite-layer thin films
[12–19] of graphene and h-BN as well as infinite-layer su-
perlattices [20,21] have been intensively studied theoretically.
Recently, the fabrication of graphene/h-BN thin films has
been demonstrated experimentally [22,23], and the fabrication
of an alternately stacked graphene and h-BN few-layer thin
films by using a layer-by-layer transfer method has been also
reported [24]. Such thin films can be obtained by mixing
the dispersion of graphene and that of h-BN [25]. These
experimentally fabricated thin films were considered to be
lattice mismatched in contrast to the theoretically well-studied
lattice-matched systems. Therefore, it is necessary to study
the possibility of the lattice matching in graphene/h-BN
thin films since the lattice matching significantly affects
the electronic properties of graphene/h-BN heterostructures
[4].

In this work, we study finite-layer thin films composed
of graphene and the h-BN layers within the framework of
density functional theory (DFT), and determine the layer-
number dependence of the interlayer interaction energy of
graphene/h-BN monolayer thin films. The number of the
layers with which lattice-matched thin films become more
stable than lattice-mismatched thin films is determined by
utilizing twisted thin films. We also find a gap reduction
with respect to the layer number, indicating the importance of
intergraphene interactions as well as the sublattice symmetry
breaking for considering the size of the energy gap. We also
discuss the effect of an external electric field on the band gap of
the graphene/h-BN monolayer thin films. Finally, we propose
six-layer graphene/h-BN bilayer thin films which could repro-

duce the interesting electronic properties of graphene/h-BN
bilayer superlattices [21].

II. COMPUTATIONAL DETAILS

In this section, we introduce the DFT methods used and the
systems studied in this work.

A. DFT calculations

We perform ab initio calculations by using the local
density approximation (LDA) within the framework of the
DFT [26,27] to study the structural and electronic properties
of graphene/h-BN thin films. The Perdew-Zunger LDA
exchange correlation functionals are used [28,29]. We use
the pseudopotential–plane-wave method [30–32] with a cutoff
energy of 65 Ry by using the Quantum ESPRESSO package [33].
We also use van der Waals density functionals (vdW-DFs) [34]
combined with ultrasoft pseudopotentials [35] to crosscheck
our results. We adopt a revised version of vdW-DF [36]
with Cooper’s exchange functional [37]. The cutoff energies
for wave functions and charge densities are 30 and 360
Ry, respectively. A Brillouin zone integration is done on
a 16×16×1 k grid. We use a dense 48×48×1 k grid for
the electronic-structure calculations under an electric field
(simulated by the use of a sawtooth-like potential). A Gaussian
smearing of 0.01 Ry is used for metallic systems. We also
adopt a dipole correction to remove fictitious effects caused
by a dipole induced in the supercell [38]. We use XCRYSDEN

to visualize the crystal structures of thin films [39].

B. Systems studied

We mainly study finite-layer thin films composed of
graphene and h-BN monolayers. For the lattice-matched thin
films, we further focus on the thin films with the Ab-type
interface stacking geometry since this was found to be the most
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FIG. 1. (Color online) Side views of the crystal structures and
differential charge densities of the AbAb stacking and the AbAc

stacking four-layer thin films. Gray, peach, light-blue spheres illus-
trate carbon, boron, and nitrogen atoms, respectively. Upper case
and lower case letters, respectively, represent the stacking positions
of the graphene and the h-BN layers. Red and blue isosurfaces
indicate 2.5 × 10−3 electron per unit volume increase and decrease,
respectively.

stable stacking geometry of graphene and h-BN [4,12,20,40].
Here, the lower-case letter represents the h-BN layer. This
stacking geometry is analogous to the AB stacking abundant
in natural graphite [41]. Boron atoms are at the same in-plane
atomic positions of one of the carbon sublattices, whereas
nitrogen atoms are above or below the hollow (the center of
the hexagonal ring) sites of graphene. In a major part of the
systems studied in this work, the graphene layers are always
AA stacked with each other while the h-BN layers can be at
b or c positions. For instance, there are two possible stacking
sequences (the AbAb stacking and the AbAc stacking shown
in Fig. 1) for the four-layer thin films even when we limit our
interest to the energetically stable thin films.

For lattice-mismatched thin films, first we assume no lattice
mismatch between graphene and h-BN and focus on interlayer
interactions. We set the in-plane lattice constant to 2.455 Å
which is the average of the optimized lattice constants of
the graphene (2.435 Å) and h-BN (2.475 Å) monolayer. This
choice of the lattice constant is based on the previous work
which showed that the optimized in-plane lattice constant
of infinitely stacked graphene/h-BN monolayer superlattice
is 2.455 Å [20]. Next, we apply a twist (rotation) to the
graphene/h-BN thin films as shown in Fig. 2 to simulate the
interactions between a graphene layer and a h-BN layer in
lattice-mismatched thin films [3,42,43]. Here, we consider the
smallest supercell (14 atoms in each layer, the twist angle
between graphene and h-BN is 21.8◦).1 In the twisted thin
films we studied, the graphene layers are AA stacked with each
other and the h-BN layers are also aa stacked. The interlayer
distances are optimized by relaxing the atomic positions in the
supercell while the in-plane lattice constant is fixed.

1We checked the total energies of seven different angles, but there
are no clear trends in the total energy with respect to the twist angles
(the deviation of the total energy is less than 1 meV/BC2N).

FIG. 2. (Color online) Top view of a twisted graphene/h-BN thin
film with a twist angle of 21.8◦. Each unit cell has 28 atoms and four
unit cells are illustrated. Graphene layers are AA stacked and h-BN
layers are aa stacked with each other. The color scheme of the atoms
is the same as Fig. 1.

To estimate the total energy of lattice-mismatched thin film
based on the total energy of the twisted thin film, we subtract
the energy loss due to the lattice matching (Eloss) from the
total energy of the twisted graphene/h-BN thin film. The Eloss

is defined by

Eloss = (
E

graphene
opt + EBN

opt

) − (
E

graphene
matched + EBN

matched

)
, (1)

where Eopt and Ematched represent the total energy of a free-
standing single layer (graphene or h-BN) with an optimized
in-plane lattice constant and that with the lattice constant of a
lattice-matched thin film, respectively. For instance, the Eloss

is 17 meV/BC2N when the matched lattice constant is 2.455 Å
as considered above.

III. RESULTS

This section is organized as follows: In Sec. III A, we
discuss the energetics and the lattice matching in graphene/h-
BN monolayer thin films. In Secs. III B and III C, we present
the electronic structures as well as the electric field effect on
the band gap of these thin films. In Sec. III D, we suggest
graphene/h-BN bilayer thin films with interesting electronic
properties.

A. Structural properties

Figure 3 shows the layer-number (N ) dependence of the
interlayer interaction energy of the graphene/h-BN monolayer
thin films. Here, we only consider the systems which have
an equal number of graphene layers and h-BN layers (the
number of the layers is thus always even). The red circles and
green squares represent the calculated interaction energy of the
lattice-matched and that of the lattice-mismatched thin films,
respectively. The lines show the fitting curve of the calculated
data points to the function k/N + E0 where k and E0 are
fitting parameters. This 1/N dependence can be related to
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FIG. 3. (Color online) Layer-number dependence of the inter-
layer interaction energy (in meV). The zero of the interaction
energy is the sum of the total energies of the freestanding graphene
and the freestanding h-BN monolayers. The red circles and green
squares represent the calculated interlayer interaction energies of the
lattice-matched thin films and the estimated interaction energies of the
lattice-mismatched thin films, respectively. The red and green solid
lines are the fitting curves to the data points to the function k/N + E0.
The energy differences [the red circles (line) minus the green squares
(line)] are plotted in blue triangles (line). The black dashed horizontal
line shows the interaction energy of the infinite-layer graphene/h-BN
superlattice limit (75 meV/BC2N) [20].

the number of the interfaces of graphene and h-BN per BC2N
unit [given by (N − 1)/(N/2)]. The red curve (lattice-matched
thin films) approaches the limit of the infinitely stacked
superlattice indicated by the black dotted horizontal line in
Fig. 3 as expected. The extrapolated interaction energy (E0)
of the red line in the infinite-layer limit is exactly the same
as the interaction energy of the Ab-stacking graphene/h-BN
superlattice calculated in the previous work (−75 meV/BC2N)
[20].

The blue triangles in Fig. 3 show the difference between
the total energy of the lattice-matched thin films (red circles)
and that of lattice-mismatched thin films (green squares). The
lattice-matched thin film is 3 meV/BC2N less stable than the
lattice-mismatched thin film in the case of the bilayer system
composed of one graphene layer and one h-BN layer. This
result is consistent with the experimental reports that such
bilayer thin films were lattice mismatched [23]. On the other
hand, the lattice-matched thin films become more stable when
the system has four (4 meV/BC2N), six (6 meV/BC2N), or
eight (7 meV/BC2N) layers. This result indicates that one
needs four or more layers to obtain lattice-matched thin films.

We crosscheck the discussion above by using the vdW-DF
(see Sec. II A). The interlayer interaction energies of the
lattice-matched and the twisted two-layer thin films are −83
and −67 meV/BC2N, respectively. This result shows the
inclusion of the long-range interaction gives a relatively strong
interlayer interaction compared with the LDA result shown in
Fig. 3. The energy loss due to lattice matching (Eloss) defined
by Eq. (1) is now 20 meV/BC2N. Thus, the lattice-matched
two-layer thin film is 4 meV/BC2N less stable than a lattice-
mismatched thin film. On the other hand, lattice-matched thin
films are 5 meV/BC2N, 8 meV/BC2N, and 10 meV/BC2N

more stable in four-, six-, and eight-layer cases, respectively,
in this vdW-DF study. Therefore, the quantitative discussion
on lattice matching should remain unchanged even when we
consider the long-range interaction.

The shorter interlayer distance in the lattice-matched Ab-
stacking thin films (3.24 Å) than the twisted thin films (3.41 Å)
implies a stronger interlayer interaction in the Ab-stacking
interface. The energy gain due to this strong interlayer
interaction exceeds the energy loss due to lattice matching
when the layer number becomes large. Lattice-matched thin
films can be obtained by applying pressure as suggested
in graphene/h-BN superlattice cases [40]. Based on the
energetics here, we discuss four-, six-, and eight-layer thin
films in the remaining part of this paper.

B. Electronic structure

The differential electronic charge densities of the AbAb-
stacking and the AbAc-stacking thin films are shown in Fig. 1.
All the carbon atoms and the nitrogen atoms lose electrons
while the interlayer spaces gain electrons. The boron atoms
also lose electrons but the loss can not be seen in the figure
since the amount is smaller than those of the carbon and the
nitrogen atoms. The implication of the increase of electrons
in the interlayer spaces can be speculated to be that the
interlayer bonding is at least partially of chemical nature rather
than ordinary van der Waals interactions. The charge density
decreases of two carbon sublattices in the lower graphene layer
are inequivalent in the AbAb-stacking thin film because one of
the carbon sublattices is in-between two boron atoms whereas
the other carbon sublattice is in-between two hollow sites of the
adjacent h-BN layers. A similar but small inequivalent charge
density reduction can be seen in upper graphene layers of both
the AbAb-stacking and the AbAc-stacking thin films. On the
other hand, the two carbon sublattices lose almost the same
amount of electrons in the AbAc-stacking thin film since every
carbon sublattice is in-between a boron atom and a hollow site
of the adjacent h-BN layers.

The difference in the charge density of two different carbon
sublattices breaks sublattice symmetry and induces a band
gap around the K point in the first Brillouin zone. The band
structures of the four-layer thin films with different stacking
sequences (the AbAb stacking and the AbAc stacking) are
shown in Fig. 4. The red arrows represent the band-gap opening
due to the broken sublattice symmetry. The upper and the lower
arrows in the band-structure plot of the AbAb-stacking thin
film indicates the gap opening in the upper and the lower
graphene layers (see Fig. 1), respectively. In a similar fashion,
the upper and lower arrows in the band-structure plot of the
AbAc-stacking thin film correspond to the band gap in the
lower and the upper graphene layers.

The band gaps are 7 and 48 meV in the AbAb-stacking
and the AbAc-stacking thin films, respectively as listed in
Table I. The difference in the band gaps can be related to the
hybridization between π and π∗ states of the two different
graphene layers. In the AbAb-stacking thin film, the π state
of the upper graphene layer has overlap with the π∗ state
of the lower graphene layer. Similarly, the π state of the
lower graphene layer hybridizes with the π∗ state of the upper
graphene layer in the AbAc-stacking thin film. The overlap
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FIG. 4. (Color online) The band structure of the four layer
(AbAb-stacking and AbAc-stacking) graphene/h-BN thin film in the
vicinity of the high-symmetry K point in the first Brillouin zone (top
panels). The red two-direction arrows show the gap opening caused
by the broken sublattice symmetry. The blue backgrounds show
the expected overlap between the electronic states of two graphene
layers. The labels of the panels show the stacking sequences. The
valence band top is set to the zero energy (the horizontal dashed line).
The band structures of six-layer (AbAcAb-stacking) and eight-layer
(AbAcAbAc-stacking) thin films are also shown in the bottom panels.

region (the blue background in Fig. 4) in the AbAb-stacking
thin film is smaller than that of the AbAc-stacking thin film,
which is consistent with the size of the band gaps.

The electronic structures of six-layer (AbAcAb-stacking)
and eight-layer (AbAcAbAc-stacking) thin films are also
shown in Fig. 4. There are three (AbAbAb, AbAbAc, and
AbAcAb) and six (AbAbAbAb, AbAbAbAc, AbAbAcAb,
AbAbAcAc, AbAcAbAc, and AbAcAcAb) possible stable
stacking sequences for the six- and eight-layer thin films,
respectively. We plot only the electronic structures of the above
two thin films because both the AbAcAb-stacking and the
AbAcAbAc-stacking thin films, respectively, have the largest
band gaps (38 and 30 meV) among six- and eight-layer thin

TABLE I. Band gaps (in meV) of various graphene/h-BN
monolayer thin films. Two, three, and six different stacking sequences
of four-, six-, and eight-layer thin films are respectively listed.

Layer number Stacking sequence Band gap

4 AbAb 7
AbAc 48

6 AbAbAb 0
AbAbAc 14
AbAcAb 38

8 AbAbAbAb 0
AbAbAbAc 6
AbAbAcAb 22
AbAbAcAc 0
AbAcAbAc 30
AbAcAcAb 9

films as listed in Table I. This result implies a monotonic
reduction of these largest band-gap values (the largest among
thin films with different stacking sequence and the same
layer number) with respect to the layer number. The overlaps
between the electronic states of graphene layers in both six-
and eight-layer thin films are larger than those in the four-layer
systems discussed above. However, these states have overlap
with a multiple number of states. The hybridization among
the states of the graphene layers (intergraphene interaction) is
considered to reduce the band-gap size. In fact, the electronic
properties of the infinitely stacked graphene/h-BN monolayer
superlattices are metallic because of the band dispersion along
the direction perpendicular to the layers [20]. Thus, this band-
gap reduction trend is also consistent with the infinite-layer
limit.

C. Electric field effect

Figure 5 shows the electric field effect on the band gap of
the AbAb-stacking (the blue circles) and the AbAc-stacking
(the red squares) four-layer thin film. The electric field shifts
the relative potential of each layer, and thus alters the overlap
between π and π∗ states. The band-gap modulations are
caused by this change in the overlap of the states, in the same
manner as the discussion in Sec. III B. The band gap goes
to approximately zero when the overlap becomes negligible.
One can tune the band gap of the thin film although there is a
saturation of the band gap (begins from ∼±2 V/nm in Fig. 5)
similar to those known in the bilayer graphene [44].

The asymmetric behaviors with respect to the sign of the
electric field come from the asymmetries of the structures of
the thin films (all thin films have graphene-terminated side and
h-BN-terminated side along the direction perpendicular to the
layers as shown in Fig. 1). There is also another asymmetry
between the electric field effects on the AbAb-stacking thin
film and those on the AbAc-stacking thin film. In the positive
field cases, the band gap of the AbAb-stacking thin film once
increases and gradually decreases while the band gap of the

FIG. 5. (Color online) Band gaps (in meV) of the AbAb-stacking
(blue circles) and AbAc-stacking (red squares) four-layer thin films
with respect to the external electric field (in V/nm). The direction of
the applied electric field is perpendicular to the layers and points from
graphene-terminated side to h-BN-terminated side (the geometries
are shown in Fig. 1).
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FIG. 6. Band structures of the aBaa′Ca′-stacking (top panel) and
the aBcc′Ab-stacking (bottom panel) thin films in the vicinity of the
K point in the first Brillouin zone. Two π states as well as two π∗

states are almost degenerated with each other in both panels.

AbAc-stacking thin film shows asymptotic behavior, and vice
versa. As mentioned in Sec. III B, there is an overlap between
the π state of the upper (lower) graphene layer and the π∗
state of the lower (upper) graphene layer in the AbAb-stacking
(AbAc-stacking) thin film in the zero electric field case. These
initial overlaps in these two thin films are thus opposite to each
other, and this leads to the asymmetric behavior.

D. Thin films with bilayer h-BN

In the previous work, it was suggested that one can fabricate
stable and lattice-matched graphene/h-BN bilayer superlat-
tices with infinite layers. The superlattices have 100-meV band
gap or a linear dispersion depending on stacking sequences
[21]. The experimental fabrication of such infinitely stacked
superlattices is actually difficult in spite of their interesting
properties. Here, we show that such electronic properties could
be realized not only in graphene/h-BN superlattices but also
in lattice-matched six-layer thin films.

We consider aBaa′Ca′-stacking and aBcc′Ab-stacking
thin films. The prime symbol in the stacking sequences
represents the exchange of the atomic positions of boron atoms
and nitrogen atoms so that aa′ stacking represents the stacking
sequence of natural h-BN. These lattice-matched thin films are
3 meV/(BCN)2 more stable than lattice-mismatched systems
estimated by a similar method described in Sec. II B. The

energy loss due to the lattice matching (Eloss) is large [24
meV/(BCN)2] since we have one graphene layer for two h-BN
layers. The in-plane lattice constant (2.462 Å) here is also
larger than those of the thin films in the previous subsections,
and closer to that of h-BN (2.475 Å in a LDA calculation).

Figure 6 shows the band structure of the aBaa′Ca′-stacking
and the aBcc′Ab-stacking thin films. The aBaa′Ca′-stacking
thin film has a band gap of 99 meV while the aBcc′Ab-
stacking thin film has almost linear and gapless dispersion.
The equivalence of the two carbon sublattices in graphene
is broken in the aBaa′Ca′-stacking thin film, but that in the
aBcc′Ab-stacking thin film is preserved. These geometrical
differences determine a band gap as discussed in Sec. III B.
However, in contrast to the graphene/h-BN monolayer thin
film cases, the overlap between the states in two graphene
layers (intergraphene interactions) is almost negligible because
of the existence of two h-BN layers. Thus, the electronic struc-
tures of the graphene/h-BN bilayer thin films can be discussed
by considering only the sublattice symmetry breaking.

IV. SUMMARY

We find the layer-number dependence of the total energy
(inversely proportional to the layer number) and the band
gap (monotonic reduction) of graphene/h-BN monolayer thin
films. We show that four or more layers are needed to make
the lattice-matched thin films stable based on the simulation
of lattice-mismatched thin films by considering twisted thin
films. The band gaps of these thin films are determined by
the overlap among the states of different graphene layers. We
also demonstrate the gap modulation by using the electric field
caused by the alteration of the relative potential energy. Finally,
we suggest six-layer graphene/h-BN bilayer thin films with a
finite band gap or a linear dispersion relation depending on the
stacking patterns. These six-layer thin films should be ideal
for applications because the graphene layers are protected by
h-BN layers.
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