Nanoscale

Cite this: Nanoscale, 2012, 4, 5490

WWW.rsc.org/nanoscale

Dynamic Article Links °

PAPER

Electronic structure and quantum transport properties of trilayers formed

from graphene and boron nitrideT

Xiaoliang Zhong,” Rodrigo G. Amorim,” Ralph H. Scheicher,” Ravindra Pandey™ and Shashi P. Karna“

Received 27th May 2012, Accepted 19th July 2012
DOI: 10.1039/c2nr31310c

We report the results of a theoretical study of graphene/BN/graphene and BN/graphene/BN trilayers
using the van-der-Waals-corrected density functional theory in conjunction with the non-equilibrium
Green’s Function method. These trilayer systems formed from graphene and BN exhibit distinct
stacking-dependent features in their ground state electronic structure and response to an applied
electric field perpendicular to the trilayer planes. The graphene/BN/graphene system shows a negligible
gap in the electronic band structure that increases for the AAA and ABA stackings under an external
electric field, while the zero-field band gap of BN/graphene/BN remains unaffected by the electric field.
When both types of trilayer systems are contacted with gold electrodes, a metal-like conduction is
predicted in the low-field regime, which changes to a p-type conduction with an increase in the applied

perpendicular bias field.

I. Introduction

Graphene has been a subject of extensive experimental and
theoretical investigations due to its remarkable properties and
novel potential applications.! For example, the electron mobility
of graphene can reach as high as 10° cm? V™! s7! at room
temperature, which is about 70 times higher than that of silicon.?
This high electron mobility, combined with the ability to inte-
grate well with other materials, makes graphene promising for
high-frequency analogue electronics.? Its honeycomb lattice can
be described in terms of a sp® hybridized network of carbon
atoms. In its pristine form, the single-atom-thick layer 2D-gra-
phene is a zero-gap semiconductor. Its electronic valence and
conduction bands, which are associated with the 7w and 7* bands
formed from C 2p,-orbitals, respectively, cross at Dirac points in
the reciprocal space.® The absence of a band gap in graphene
results from the equivalence of the two carbon sublattices. Thus
it is possible to open a gap in the energy band by removing the
sublattice equivalence, changing the electronic properties of
graphene. In the recent years, several approaches, such as
chemical doping,*> edge functionalization,® change in the
chemical composition of the substrate,”® and application of
external electric field' have been used to open a band gap in
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graphene for its potential usage in electronics. Positioning gra-
phene in proximity to hexagonal boron nitride (h-BN), which
has a lattice constant similar to graphene, but distinguishable
sublattices consisting of boron and nitrogen atoms, can also
introduce inequivalence in the graphene lattice and thus open a
gap. In a recent theoretical study on graphene deposited on h-BN
substrate,” a gap of 53 meV was predicted. The hybrid graphene/
BN bilayer also shows band gap tunability in the presence of
strain or an electric field."*** Recent experiments'>!¢ and theo-
retical studies'” have shown that graphene deposited on bulk BN
substrate behaves like free-suspended (zero-gap) graphene,
which can be understood in terms of a competition between the
induced intraplanar strains and the interfacial interactions in the
graphene/bulk-BN system. For example, lattice constants of
graphene and a BN monolayer match with each other in a bilayer
superlattice,'® whereas that in the case of graphene and bulk BN
substrate'>™” differ by about 1.6%. For the case of a bilayer
graphene/BN superlattice, both graphene and BN compromise
to match each other’s lattice constant, forming the so-called
‘commensurate’ bilayer configuration, and the relatively small
strain-induced energy penalty can be thoroughly compensated by
the interlayer binding, leading to two globally asymmetric carbon
sublattices of graphene.'® Since the bilayer graphene/BN system
is naturally asymmetric, with a finite band gap, it is natural to ask
“what happens to the electronic structure and the band gap if one
additional layer of BN or graphene is added?” In order to address
this question, we have performed first-principles quantum
chemical calculations on the electronic structure of trilayer,
‘commensurate’ superlattice configurations composed of gra-
phene and BN.

Recently, several experiments'>'*' have reported deposition
of graphene/BN hybrid systems. Liu et al' have reported
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chemical vapor deposition (CVD) of h-BN on graphene. The
fabricated graphene-BN films have thicknesses of about two to a
few monolayers. Very recently, Britnell er al?' reported the
fabrication of a graphene-based device in which up to 30 layers of
h-BN were sandwiched between two graphene monolayers. Such
vertical graphene heterostructures were shown to act as an
effective field-effect tunneling transistor with a room-tempera-
ture switching ratio of about 50 (ref. 21). Theoretical calculations
have shown the dependence of the band gap on the number of
h-BN layers in a bilayer-graphene/several-layer BN system.??

Trilayer graphene and BN/graphene/BN systems have also
been the subject of several recent studies. The trilayer graphene
system exhibits stacking-dependent electronic properties under
the influence of a perpendicular electric field, with the semicon-
ducting ABC stacked trilayer showing a large tunable gap rela-
tive to the metallic ABA stacked trilayer.>**” While monolayer
graphene keeps its gapless feature in the presence of a perpen-
dicular electric field, a BN/graphene/BN trilayer system shows
stacking-dependent energy gap tunability.!>2%2

In this study, we consider a graphene/BN/graphene trilayer
system to investigate the effect of an inserted layer of BN on the
electronic properties of the bilayer graphene with and without
perpendicular external electric field. We find that the graphene/
BN/graphene trilayer exhibits a negligible energy gap regardless
of the stacking configurations considered. However, this hybrid
trilayer system exhibits interesting stacking-dependent gap
tunability under the application of a perpendicular external
electric field.

Using van der Waals force corrected-density functional theory
(vdW-DFT), we performed calculations on trilayers composed of
graphene and BN to predict their stacking-dependent stability,
electronic structure, and electron transport properties under an
applied external perpendicular electric field. In addition, we also
performed electron transport calculations on BN/graphene/BN
trilayer.

The rest of the paper is organized as follows: Section 2 gives
the details of the computational methods. Results are discussed
in Section 3 and a summary is given in Section 4.

II. Methods and computational details

In the present vdW-DFT approach, the exchange correlation
functional form includes the non-local part of the dispersion
correlation and is not a semi-empirical addition to the DFT
Hamiltonian.?*3' Briefly, the vdW energies arising from elec-
tron—electron correlation are incorporated into the total
exchange-correlation energy as follows:

Exn(n] = EZNn(m)] + EcPMNn)] + EXn(r)] (1

where the ESSA[n(r)] is the exchange energy described through
the semi-local generalized gradient approximation (GGA),
ELPA[n(r)] is the local part of correlation energy described in the
local density approximation (LDA) and E™[n(r)] is the non-local
part of correlation energy given by

Eln(r)] = % ” &Erid’ran(ri)n(r) (g1, 42, 112) (@)

where ri, = |[r; — ro|, and ¢y, ¢, are the values of a universal
function go[n(r),|Vn(r)[], evaluated at r; and r,. The kernel also
has a universal form satisfying (i) E* is strictly zero for any
system with constant density; and (ii) the interaction between any
two molecules has the correct r~® dependence for large separa-
tions.?*2 It is to be noted that the vdW functional form imple-
mented in the SIESTA program package has been successfully
applied to systems such as pairs of atoms and molecules, mole-
cules adsorbed on surfaces, molecular solids, and biological
systems.*® For example, in a semiconducting crystal consisting of
carbon nanotubes (CNTs), the vdW-DFT approach predicts the
wall-to-wall separation to be 3.45 A, in excellent agreement with
the corresponding experimental value of 3.4 A 3

Norm-conserving pseudopotentials®*®* and double-zeta basis
sets with polarization orbitals were used for all atoms in elec-
tronic structure calculations. All calculated equilibrium config-
urations were fully relaxed, with residual forces smaller than
0.01 eV A~". The reciprocal space integration to optimize the
geometrical configuration was initially performed with a grid of
30 x 30 x 1 k-points. Total energy, band structure and density of
states of the optimized configurations were then calculated with a
grid of 100 x 100 x 1 k-points.

Our trilayers represent commensurate in-plane structures which
are analogous to the so-called strained-layer semiconducting
superlattices. The lattice constant along the direction perpendic-
ular to the graphene plane is taken to be 30 A, and the common
lattice constant of the sandwich structure is fully optimized
yielding a marginally small isotropic strain in both graphene and
BN. Note that the difference in the lattice constants of graphene
and BN is about 1.6%, and graphene is always gapless under
isotropic strain.*® This is not the case with uniaxial strain, where
one needs to be careful in the determination of points of high
symmetry in the reciprocal space since the position of the K point in
the high symmetry of the graphene Brillouin zone is misplaced.?”-3*

The zero-bias conductance, bias-dependent electron trans-
mission and current were calculated using the non-equilibrium
Green’s function (NEGF) method based on the Keldysh
formalism, as implemented in the Transiesta program package.*®
The current through the gold-connected hybrid multilayer
system can be obtained as

h

—

;¢ J dET(E,V)[f(E — ) — f(E — w,)] ©)

where u; and u; are the electrochemical potentials in the two gold
contacts under an external bias V, f(E) is the Fermi-Dirac
distribution function. The transmission function, 7(E,V), is an
important intrinsic factor describing the quantum mechanical
transmission probabilities for electrons. The semi-infinite effect
of the left (right) electrode is taken into account by introducing
the self-energy 2y (Zg) in the effective Hamiltonian. It is worth
noting that the transmission depends on both the electron energy
E and the applied external bias V.

For the metal contacts, Au atoms were used in the transport
calculations. For Au atoms, pseudopotentials augmented by 5d
and 6s functions reproduced the electronic properties of bulk Au
near the Fermi region. This Au basis set has been used in
previous electron transport studies on Au—Cgo—Au (ref. 40) and
Au-graphene-Au systems.*!
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A grid of 16 x 16 k-points, perpendicular to the transport
direction was used. The distance between gold and the nearest
monolayer was taken to be 2.1 A, though the equilibrium binding
distance of graphene**** and BN* on Au(111) has been reported
to be between 3 and 3.5 A. We also performed electron transport
calculations using Au and graphene (BN) distance of 3.5 A. The
results for the transmission function and the /- characteristics
were very similar to the ones calculated at the distance of 2.1 A,
though a slightly smaller magnitude of the current at a given
applied bias voltage is calculated at the larger contact-trilayer
separation.

III. Results and discussion

For the geometry and electronic structure calculations, we used
van der Waals (vdW) corrected density functional theory (DFT)
method implemented in the SIESTA electronic structure
program package.’**' In previous studies,>**47 the local
density approximation (LDA)-DFT method has been found to
be satisfactory in reproducing interlayer spacings in graphitic
systems. However, LDA tends to underestimate the interlayer
binding energies*® compared with experiments*** due to its
localized nature. The inclusion of a vdW term representing
dispersive forces in the electronic Hamiltonian becomes essential
in obtaining accurate predictions in geometry and in particular
energetics for graphene-based materials.'”**5=* For example,
the calculated binding energy per atom for graphite is 17 meV at
the LDA-DFT level of theory, while inclusion of the vdW term
yields a binding energy per atom of 45 meV, in excellent agree-
ment with experiment.*-** When graphene is deposited on top of
a BN substrate, the interface bonding is exclusively due to long-
range van der Waals forces.'”” The vdW-DFT method has also
been found to provide accurate descriptions of geometrical and
electronic structures, binding energy, and electron tunneling
between metallic surfaces, including graphene.*-*'5* Absence of
vdW corrections has been shown to lead to significant over-
estimation of the structural corrugation in the Moiré pattern.*

Structural properties

A trilayer consisting of graphene and BN has more stacking
possibilities than those in a graphene/BN bilayer, since each
adjacent bilayer can be stacked in three distinct arrangements.'?
Here we restrict ourselves to investigate only three trilayer
stacking arrangements, namely AAA (hexagonal), ABA (Bernal)
and ABC (rhombohedral), which may be considered as the most
typical configurations.?® The ABA stacked trilayer is taken to be
composed of the AB (boron) bilayer configuration which was
predicted to be the most stable stacking arrangement for a gra-
phene/BN bilayer at the vdW-DFT level of theory. In the AB
(boron) bilayer configuration, the boron sublattice of one layer is
on top of one carbon sublattice of the other layer, while the
nitrogen sublattice is on top of the center of one hexagonal
carbon ring."> The vdW-DFT interlayer spacing for AB (boron)
configuration of the graphene/BN bilayer found by us is 3.32 A
and is in agreement with the value of 3.35 A obtained from
calculations using the random-phase approximation to the
correlation energy.’

Fig. 1 A schematic diagram of the stacking arrangements considered
for graphene/BN/graphene. The AAA, ABA and ABC stackings are
represented in (a)—(c), respectively. The gray, green, and blue spheres
represent carbon, boron, and nitrogen atoms, respectively. The black
curved arrows show the possible atomic coupling between adjacent
layers, while the red crosses indicate the couplings which in practice are
not available.

Fig. 1 shows the stacking arrangements considered for the
graphene/BN/graphene trilayer. In the AAA stacking (Fig. 1(a)),
all three constituent layers project themselves to the same image
on a plane parallel to them, i.e., each adjacent layer pair is AA
stacked. In the ABA stacking (Fig. 1(b)), the two graphene layers
have the same projection on this plane and the BN layer is AB
(boron) stacked to both graphene layers. Finally, the ABC
stacking (Fig. 1(c)) represents the case where all three layers have
different projections on this plane. While the BN layer is AB
(boron) stacked to the upper graphene layer, it is AB (nitrogen)
stacked to the lower graphene layer.

Table 1 gives the calculated values of binding energy, intra-
planar bond length (R), intraplanar lattice constant (a) and
interplanar spacing (Z) for various graphene/BN/graphene and
BN/graphene/BN trilayer stacking configurations. Note that all
three constituent layers in one trilayer system match their in-
plane lattice constants with each other, forming the so-called
’commensurate’ configuration. The binding energy is defined as
the difference in total energy of an assembled trilayer system and
that of the corresponding individual total energies of the isolated
constituent monolayers, and is normalized to formula unit.

The ABA stacking arrangement for graphene/BN/graphene is
predicted to be the most stable configuration with R of 1.451 A
and Z of 3.36 A. Note that the calculated R of graphene and a
BN monolayer are 1.448 and 1.459 A, respectively. The calcu-
lated R of graphene/BN/graphene is a weighted mean of the bond
lengths of the constituent layers, and is independent of the
stacking arrangements (Table 1). On the other hand, the calcu-
lated Z of graphene/BN/graphene (~3.36 A) gets modified
slightly relative to that in the constituent bilayers (~3.32 /DX). Z
also depends on the stacking arrangements following the order of
Zaaa > Zasc > Zapa Which is directly related to the order of
ZAA > ZAB (nitrogen) > ZAB (boron) Calculated for graphene/BN
bilayer at the vdW-DFT level of theory.>*

A higher value of the binding energy of the ABA trilayer can
be traced back to the constituent graphene/BN bilayer. The
calculated results show that the resultant binding of a graphene/
BN bilayer is a delicate balance between short-range Pauli’s
repulsive forces and long-range vdW attractive forces. For the
equilibrium separation of the AB-stacked system, the magnitude
of the Pauli’s repulsive forces is larger in the AA-stacked system
relative to that of the AB-system. As a result, the equilibrium
spacing for the AA stacked bilayer is always higher than that of
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Table 1 Structural properties of graphene/BN/graphene and BN/graphene/BN at the vdW-DFT level of theory

Stacking Binding energy/formula (Intraplanar) (Intraplanar) i Interplanar _

System configuration unit (eV) bond length R (A) lattice constant a (A) spacing Z (A)
Graphene/BN/graphene AAA 0.254 1.451 2.513 3.48
Graphene/BN/graphene ABA 0.289 1.451 2.513 3.36
Graphene/BN/graphene ABC 0.283 1.451 2.513 3.34,3.44
BN/graphene/BN AAA 0.241 1.454 2.518 3.52
BN/graphene/BN ABA 0.273 1.455 2.520 3.37
BN/graphene/BN ABC 0.274 1.455 2.520 3.38

AB stacked bilayer leading to a smaller binding energy for the
AA-stacked system (see ESI, Fig. S17).

Comparison of our results with the ABA-stacked trilayer
graphene (see ESI, Fig. S2t) suggests that the substitution of a
central graphene with a BN monolayer modifies Z from 3.42 to
3.36 A at the vdW-DFT level of theory. The calculated binding
energy values are 0.289 and 0.255 eV for the ABA-stacked gra-
phene/BN/graphene and trilayer graphene, respectively. This
difference can be attributed to dissimilarity of the constituent
layers, though the layers are stacked in a same order. The
constituent bilayers (i.e. graphene/BN and graphene/graphene)
have similar long-range vdW attractive forces acting on each-
other at larger interlayer distances, whereas the short-range
Pauli’s repulsive forces acting on the graphene/graphene bilayer
is larger than that of graphene/BN bilayer due to differences in
the effective atomic volume of C in graphene and B and N in the
BN lattice [ref. 56, see ESI, Fig. S37].

Fig. 2 shows the stacking arrangements considered for BN/
graphene/BN. The ABA and ABC stacked configurations are
predicted to be nearly degenerate (Table 1) at the vdW-DFT level
of theory. The calculated R and Z for BN/graphene/BN also
follow their respective values in the constituent bilayers. For
example, R is independent of the stacking arrangements, and is
about the weighted mean of constituent monolayers. The ABA
and ABC stacked configurations are both composed of two AB
(boron) bilayers with the same interplanar spacing of 3.37 A
(Table 1), whereas Z of the AAA-stacked BN/graphene/BN tri-
layer is calculated to be 3.52 A A previous LDA-DFT study has
predicted the ABA and ABC stacking configurations to be
degenerate with the same Z of 3.22 A 28

Electronic properties

The electronic band structure along the high symmetry points in
energetically

k-space  of  the preferred  ABA-stacked

Fig.2 A schematic diagram of the stacking arrangements considered for
BN/graphene/BN. The AAA, ABA and ABC stackings are represented in
(a)—(c), respectively. The gray, green, and blue spheres represent carbon,
boron, and nitrogen atoms, respectively.

configurations of graphene/BN/graphene and BN/graphene/BN
are plotted in Fig. 3. We note that the band structure of a gra-
phene/BN bilayer near Fermi energy is dominated by C-p,
orbitals. The calculated energy gap at K is 43 meV at the vdW-
DFT level of theory which is mainly due to the interaction of
graphene with the BN monolayer where two sublattices in gra-
phene experience a slightly different electrostatic potential due to
inhomogeneous charge distribution present in the heterogeneous
BN monolayer.?

In the ABA-stacked graphene/BN/graphene trilayer, the gra-
phene layers are structurally symmetric. Although the interaction
between top and bottom graphene layers with the central BN
monolayer lifts the degeneracy of bands associated with gra-
phene near the Fermi energy (Fig. 3(b)), the overall symmetry
between the top and bottom graphene layers yields a negligible
energy gap. The calculated projected density of states (PDOS)
and local density of states (LDOS) show that the low energy
bands near Fermi energy solely originate from graphene layers
(see ESI, Fig. S4 and S57). No shift of the Dirac point away from
the high symmetry K point in the reciprocal space is predicted.
The calculated band gap remains nearly zero (=1 meV) for the
ABA-stacked graphene/BN/graphene. This is also the case with
the AAA and ABC-stacked trilayers where the gap is calculated
to be 4 and 6 meV, respectively. Note that trilayer graphene in
AAA, ABA, and ABC-stacked configurations all have a zero gap
at the vdW-DFT level of theory.*

For the case of BN/graphene/BN trilayer, the band gap
appears to be relatively more sensitive to the stacking arrange-
ments. The band gap for AAA, ABA and ABC stacking
arrangements are calculated to be 116, 57 and 5 meV, respec-
tively at the vdW-DFT level of theory. The difference in band
gap values can be understood by a straightforward analysis. In
AAA stacking, while one carbon sublattice is coupled with boron
sublattices in both BN layers, the other carbon sublattice is
coupled with nitrogen sublattices. The high asymmetry in elec-
tronegativity between boron and nitrogen sublattices induces a
significant corresponding asymmetry in the two carbon sub-
lattices of the central graphene layer. In ABA stacking, while one
carbon sublattice (sublattice I) is coupled with two boron sub-
lattices, the other carbon sublattice (sublattice II) is in between
the centers of BN hexagonal rings (Fig. 2(c)). Compared with
AAA stacking, in ABA stacking the asymmetry in two carbon
sublattices induced by the difference between boron and nitrogen
is lower because carbon sublattice II is relatively far from both
boron and nitrogen. On the other hand, top and bottom BN
layers in the ABC-stacked configuration do not induce an
asymmetry between two carbon sublattices of the central layer
(Fig. 2(c)), leading to a tiny band gap of 5 meV, as also predicted
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Fig.3 The calculated band structures of (a) ABA-stacked BN/graphene/BN and (b) ABA-stacked graphene/BN/graphene. Zero of the energy is aligned

to the Fermi level.

by previous calculations.’® As a consequence, AAA shows the
highest energy gap, followed by ABA, while ABC stacking
exhibits a virtually negligible gap.

Effect of electric field on band structure

Fig. 4 shows a variation of the minimum energy gap under the
influence of the electric field applied perpendicularly to the
layered configurations. The direction of applied field is from
bottom layer to top layer, and we restrict ourselves to electric
field strengths below 1 V am~ !, considering that the breakdown
field of BN sheets is reported to be 0.7 V nm~'." It is to be noted
here that the AAA and ABA stacked graphene/BN/graphene
(BN/graphene/BN) configurations exhibit mirror symmetry
about the central layer, and the ABC stacked BN/graphene/BN
trilayer exhibits point symmetry about the midpoint of two (left
most) carbon atoms shown in Fig. 2(c). Thus, no changes in the
electronic properties are expected when the direction of electric
field is reversed for these trilayers. On the other hand, the ABC
stacked graphene/BN/graphene trilayer has neither mirror
symmetry nor point symmetry. However, reversal of the electric
field is expected to have a minimal effect due a lack of effective
interaction between top and bottom graphene layers, as will be
shown below.

A distinct behavior in electronic properties is exhibited by the
graphene/BN/graphene and BN/graphene/BN trilayers in the
presence of the perpendicular external field; the former configu-
ration shows a significant modulation of band gap whereas the
latter configuration does not show any modulation in its band
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Fig. 4 The minimum energy gap as a function of perpendicular electric
field: (a) ABA-stacked BN/graphene/BN, ABA-stacked graphene/BN/
graphene and AB-stacked BN/graphene, (b) AAA-, ABA- and ABC-
stacked graphene/BN/graphene.

gap (Fig. 4(a)). This difference is consistent with the previously
reported LDA-DFT calculations.*

For the ABA-stacked BN/graphene/BN trilayer, we find an
invariable band gap of 57 meV with the applied electric field up
to 1 Vnm™'. On the other hand, the ABA-stacked graphene/BN/
graphene trilayer shows gap tunability with the applied electric
field up to 0.5 V nm ™!, where the gap saturates at about 27 meV,
showing virtually no further changes with increasing electric field
up to 1 Vnm~". Thus, graphene/BN/graphene behaves more like
a graphene bilayer, but with a weaker and indirect (via BN layer)
graphene—graphene interaction and a less tunable band gap. For
the graphene bilayer, we found a nearly linear relationship
between the energy gap and the magnitude of an external electric
field ranging from 0 to 1 V nm~! at the vdW-DFT level of
theory,* in excellent agreement with experimental results.>” Also,
our vdW-DFT results for graphene/BN bilayer® are in agree-
ment with the previous theoretical study showing a much weaker,
but linear response of the energy gap to the external electric
field."

As shown in Fig. 4(b), the stacking arrangements in the gra-
phene/BN/graphene trilayer appear to play a major role on the
field tunability of the band gap. Both the AAA and ABA
stacking configurations show significant gap variation with the
applied electric field, whereas the ABC stacked configuration
shows little change (even a small reduction) in the energy gap
with increasing applied perpendicular electric field (Fig. 4(b)).
This is in sharp contrast to the behavior found in a graphene
trilayer, where the ABC stacking configuration exhibits larger
band gap modulation than the AAA or ABA stacking
configurations.?*

A band gap in the hybrid graphene/BN bilayer in the presence
of an external field applied perpendicularly is attributed to the
different electrostatic potential experienced by the carbon sub-
lattices in graphene due to the inhomogeneous charge distribu-
tion present in BN.'*'? Thus, the stacking sequence which would
facilitate a larger interlayer coupling to introduce high asym-
metry in the sublattices of graphene is likely to lead to a signif-
icant energy dispersion of electronic bands near the Fermi
surface. For graphene/BN/graphene, topology of the AAA
stacking facilitates an overlap of p, orbitals of adjacent graphene
and BN layers, since all carbon atoms in graphene and all boron
and nitrogen atoms in BN are placed at the same in-plane atomic
positions (i.e., on top of each other). This is not the case with the
ABA-stacked trilayer system where one of the carbon sublattices
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is just on top of the center of h-BN hexagonal ring. Likewise, the
degree of the asymmetry induced by the adjacent BN layer on the
carbon sublattices for the AAA-stacked trilayer is significantly
larger than that for the ABA-stacked trilayer which in turn leads
to a larger tunability of its energy gap in the presence of an
electric field.

Considering that no asymmetry in the carbon sublattices is
induced by the central BN lattice for the graphene/BN/graphene
trilayer system, both top and bottom graphene layers prefer the
AA-stacking format. Unlike the AB stacking, the AA stacked
bilayer graphene retains gapless in the presence of an applied
field.*® Thus, both the AAA- and ABA-stacked graphene/BN/
graphene trilayers would behave like an AB-stacked graphene
bilayer.

The asymmetry induced by the central BN layer breaks the
band degeneracy between the two carbon sublattices within each
graphene layer. On the other hand, degeneracy between the top
and bottom graphene layers is lifted when we apply the electric
field. Therefore, asymmetry between two sublattices within each
graphene layer and asymmetry between the top and bottom
graphene layers leads to a finite energy gap in the trilayer system.

In the ABC stacking, no carbon atoms of the top graphene can
interact with the bottom layer via BN (Fig. 1), so the coupling

€ €
® ¢

€
0 0O®

Fig. 6 (a) A side view of the ABA stacked graphene/BN/graphene tri-
layer coupled with semi-infinite bulk gold contacts. (b) Contact detail
between gold and graphene in panel (a). (c) Contact detail between gold
and BN in a BN/graphene/BN transport calculation. Symbols: C in grey,
B in green, N in blue and Au in yellow.

between graphene layers in this configuration is weakest. Note
the ‘Mexican hat’ pattern in band structures shown in Fig. 5 is
the signature of biased coupled graphene bilayer, where the
magnitude of the minimal energy gap reflects the coupling
strength between two graphene layers. Thus we argue that the
AAA and ABA stacked graphene/BN/graphene trilayers just
behave like graphene bilayers but with weaker coupling, while
ABC stacked graphene/BN/graphene trilayer behaves like two
uncoupled graphene monolayers when an electric field is applied.
For the case of trilayer graphene, on the other hand, it has been
argued that the loss of mirror symmetry in the ABC-stacked
trilayer introduces asymmetry in the sublattices, which is
enhanced by the external electric field compared to the cases of
AAA- or ABA-stacked configurations.**>°

Electronic transport properties

The contact leads for transport calculations are composed of
semi-infinite Au-(111) surfaces which are comprised of 6 (top)
and 7 (bottom) atomic layers. For trilayers, the distance between
gold and the nearest monolayer is taken to be 2.1 A, while the
distance between the left and the right gold electrodes is 11 A.
The Mullikan population analysis suggests that no charge
transfer takes place between Au atoms and graphene or BN
monolayers, though a relatively strong interaction exists between
gold and the monolayers in this device configuration. For
example, the average valence charge of carbon atoms in the gold—
(ABA) graphene/BN/graphene—gold configuration is 4.0045 e™.
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Fig. 7 The -V characteristics of the ABA-stacked graphene/BN/gra-
phene and ABA-stacked BN/graphene/BN trilayers coupled with gold
contacts (see, Fig. 6).
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Fig. 8 Transmission function as a function of energy of ABA-stacked graphene/BN/graphene and ABA-stacked BN/graphene/BN trilayers: (a) bias =

0 (b) bias = 0.6 V. Zero of the energy is aligned to the Fermi level.

Note that the lattice mismatch between the Au-(111) surface and
graphene is about 1.5%. Such a device configuration (Fig. 6) has
been commonly used in previous theoretical studies investigating
interactions between graphene and metallic systems, #4453

The calculated -V characteristics of the ABA-stacked tri-
layers for the perpendicular applied bias are shown in Fig. 7. The
results show a nearly metal-like conduction for both graphene/
BN/graphene and BN/graphene/BN in the low-field regime. This
is consistent with zero-field transmission functions of these
configurations as shown in Fig. 8(a). It is clear from the figure
that both graphene/BN/graphene and BN/graphene/BN trilayers
have a non-negligible transmission at the Fermi energy. With
increase in the bias voltage, both graphene/BN/graphene and
BN/graphene/BN trilayers exhibit a low-gap, p-type semicon-
ducting behavior. Interestingly, the zero-field gap-opening in
BN/graphene/BN does not appear to suppress the current. In
fact, the magnitude of the calculated current is even slightly
higher than that in the case of graphene/BN/graphene at a given
applied bias voltage. We attribute this to the difference in the
effect of the external electric field on the band gap of the two
systems — a nearly field-independent band gap of the BN/gra-
phene/BN trilayer versus a variable band gap of the graphene/
BN/graphene system. Additionally, the difference in the nature
of chemical bonding at the Au-graphene and Au-BN interfaces,
as shown in Fig. 9, also contributes to a higher current in the Au—
BN/graphene/BN-Au system than in the Au—graphene/BN/gra-
phene—Au.

There exists a relatively strong bonding between gold and
boron/nitrogen atoms of BN relative to gold and carbon atoms
(Fig. 9) which provides additional conduction channels for BN/

Scale (e”/bohr?) (b)
= [l -+o.000
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Fig. 9 The valence charge density contours of (a) ABA-stacked gra-
phene/BN/graphene, and (b) ABA-stacked BN/graphene/BN trilayers
coupled with gold contacts.

graphene/BN. This is confirmed by the presence of additional
conduction band-derived states in the finite field transmission
function of BN/graphene/BN shown in Fig. 8 considering that
the transmission function, in general, reflects the intrinsic
transmission characteristics of the trilayer system.

IV. Conclusion

Electronic structure calculations at the level of vdW-DFT theory
together with non-equilibrium Green’s Function method were
performed on mixed trilayers composed of graphene and BN.
These trilayers exhibit strong stacking dependence on the inter-
layer interactions and the electronic band structure. The binding
energy for the graphene/BN/graphene system shows the order
ABA > ABC > AAA whereas the order is ABC ~ ABA > AAA
for BN/graphene/BN trilayer. In both cases, AAA stacking yields
significantly lower binding energies than that for ABA or ABC
stacking. The graphene/BN/graphene trilayer shows almost zero
(~1 meV) gap in the band structure at K point for ABA stacking
and very small, 4 meV and 6 meV, gap for the AAA and ABC
stacking configurations, respectively. The BN/graphene/BN tri-
layer, on the other hand, shows a finite band gap that depends on
the stacking arrangement in the order: AAA > ABA > ABC.

The presence of an external electric field applied perpendicular
to the planes of the trilayers shows remarkable differences in the
tunability of the band gap of the two cases. Whereas the zero-
field band gap in the case of BN/graphene/BN trilayer remains
unaffected by the external field, the graphene/BN/graphene tri-
layer in its AAA and ABA stacking configurations exhibit
spectacular tunability in the low field (i.e., below 0.5 V nm™")
regime. The calculations reveal that in the low-field regime, both
graphene/BN/graphene and BN/graphene/BN show a metal-like
conduction that change to a low-gap semiconductor, with p-type
I-V characteristics.

Pristine graphene as a genuine 2D material shows a variety of
extraordinary properties. Nevertheless, graphene has its own
limitations. For example, absence of a finite energy gap hampers
graphene from functioning as practical electronic devices.”” On
the other hand, it has been shown that application of an electric
field is required to induce a finite gap in the graphene layers (e.g.,
graphene bilayer®” and ABC stacked trilayer system?-*?7%%), In
our case, the proposed graphene/BN/graphene trilayer system
offers an alternative way to induce the gap with different
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saturation values of the electric field which is distinct from what
is observed for the graphene layer systems.

Direct growth of graphene on h-BN and vice versa has been
achieved by CVD methods.’®?*%° These experimental results
have paved the way for realizing high-quality graphene/BN
hybrid layered structures. The proposed trilayer structure can be
fabricated using two CVD steps: fabrication of a graphene/BN
bilayer followed by a deposition of graphene forming a trilayer
system. Since thicker layers of two-dimensional sheets of gra-
phene, BN and their hybrid structures are more easily accessible
in the experiments, both graphene/BN/graphene and BN/gra-
phene/BN graphene trilayers can be useful for applications in
nanoscale devices, as the present study shows.
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