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We perform first-principles total-energy calculations within the framework of the density-functional theory
to investigate electronic properties of graphene/C-doped hexagonal boron nitride (4-BN) heterostructures. We
consider both the monolayer #-BN case and the trilayer #-BN case. From the electronic-structure analysis, it is
found that substitutional doping of the C atom at the B site and that at the N site in underlying #-BN lead to
asymmetric charge carrier concentrations in the graphene layer, indicating the importance of the impurity atom in
the ~2-BN substrate and its polarity in the electronic transport properties of graphene/h-BN heterostructures. We
also find that simulated scanning tunneling microscopy (STM) images of the graphene surface on the C-doped
h-BN layer at the B site and that at the N site are considerably different from each other in both monolayer and
trilayer #-BN cases. While the B site doping of the C atom in #-BN substrate layers essentially does not change
the STM image of the graphene surface on the pristine #-BN, the C atom doped at the N site considerably
modifies the STM image of graphene even in the case of the doping in the third layer of the trilayer 4A-BN.
Therefore, when the graphene in used as a cover layer to the 4-BN layered materials and thin films, the STM
should be a useful tool to detect the acceptor C atoms in the #-BN not only at the topmost surface layer but also
at second and third layers. We clarify the origin of these characteristic features of the STM images in terms of

spatial distributions of the local density of states induced by the dopant C atom.
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I. INTRODUCTION

Two-dimensional (2D) layered materials including
graphene and hexagonal boron nitride (h-BN) layers are
attracting much attention since they possess remarkable
properties, e.g., high carrier mobility of graphene [1-3]
and high thermal conductivity of A-BN [4-6] due to their
unique electronic and mechanical properties. Furthermore,
by constructing stacked-layer heterostructures with various
types of 2D atomic layers, new and controllable physical
properties should emerge [7-10]. Like graphene, #-BN has a
honeycomb lattice structure consisting of alternating boron
and nitrogen atoms, and is often called white graphite due to
its similar mechanical properties and the color of A-BN. It is
well known that A-BN is a wide-gap semiconductor with the
fundamental gap of about 6 eV, being different from metallic
graphene [11-13]. It has been reported that ~-BN is a good
substrate for graphene compared with a conventional SiO,
substrate [14—18] because of the absence of dangling bonds,
an atomically flat geometry, and a small lattice mismatch
(about 1.8%) [19,20]. Nonetheless, according to the recent
scanning tunneling microscopy (STM) study of monolayer
graphene stacked onto h-BN substrates, there should be
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intrinsic defects in underlying A-BN [21]. The STM is
known to be a powerful tool to detect and identify defects in
atomic layer materials, especially when combined with the
first-principles electronic-structure study. Therefore, these
defects in graphene/h-BN heterostructures must be further
studied both theoretically and experimentally because defects
in semiconductors often play a crucial role in determining
the electronic transport properties of the system. Actually,
it has been suggested that defects in ~2-BN substrates affect
transport properties of graphene [21]. It has been also
demonstrated experimentally that carbon atoms as well as
oxygen atoms are incorporated into the hexagonal network
of h-BN atomic layers during synthesis of A-BN [22-25].
Theoretically, there have been studies on effects of impurities
in h-BN, including carbon and oxygen defects as well as
atomic vacancies [26-28]. For example, carbon impurity
states are suggested to appear within the fundamental gap
of h-BN atomic layers and those impurity states are shown
to be relatively deep [29,30]. Although several theoretical
studies on the impurities in the 2-BN atomic layers have been
reported so far, there are few theoretical reports on effects of
the impurities on the electronic properties of graphene stacked
onto h-BN substrates when the impurities are present in the
underlying s-BN.

In this paper, using first-principles electronic-structure
calculations, we study how the electronic properties of the
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graphene/h-BN heterostructures change when a C atom is
doped in underlying h-BN layers, and how the change will
be detected in the STM measurement. We discuss the detailed
geometries of heterostructures composed of the graphene
monolayer on the doped as well as pristine 4-BN layers. We
also show the energy band structures of these heterostructures
doped with C atoms in the h-BN layers. It is found that
the substitutional doping of the C atoms at B and N sites
in underlying A-BN layers gives rise to asymmetric charge
carrier densities on the graphene layer. The STM images of the
graphene on C-doped h-BN substrates are simulated, and the
STM images of graphene/h-BN heterostructures doped with
C atoms at the B site and N site are found to be considerably
different from each other. We find that, while the C impurities
at B sites in 4-BN substrate layers essentially does not change
the STM image of graphene, the C impurities at N sites affect
electronic states of the system up to the surface graphene
layer, and they can be visualized even in the case of the C
impurities in the third 2-BN layer by using STM observations
over the graphene surface. Therefore, the STM should be a
powerful tool to detect C impurities in the substrate #-BN
layers in the graphene/h-BN heterostructures.

This paper is organized as follows. In Sec. II, the compu-
tational methods used in the present paper are introduced, and
the geometries of the graphene/h-BN heterostructures consid-
ered are explained in detail. In Sec. III, optimized geometries
and electronic structures of graphene/h-BN heterostructures
with pristine and doped A-BN layers are reported, and the
simulated STM images are discussed. The summary of the
paper is given in Sec. IV.

II. COMPUTATIONAL METHODS AND
SYSTEMS STUDIED

A. Computational methods

We perform first-principles total-energy calculations by us-
ing the local density approximation (LDA) within the frame-
work of the density-functional theory (DFT) [31-34]. The
interactions between the ions and the valence electrons are
described by the Vanderbilt ultrasoft pseudopotentials [35].
It has been reported that the LDA calculations give compa-
rable results with generalized gradient approximation (GGA)
calculations including van der Waals (vdW) interactions for
relative energies and interlayer distances of multilayered ma-
terials such as the A-BN bulk, graphite, and graphene/h-BN
heterostructures [36—40]. Nonetheless, to compare further the
results of LDA and GGA + vdW calculations, we have also
performed GGA + vdW calculations in two-layer systems
[41-43]. The cutoff energies of a plane-wave basis and a
charge density are taken to be 35 Ry and 350 Ry, respectively.
We use 6 x 6 supercells having 144 atoms and 288 atoms for
the two-layer system and the four-layer system, respectively.
This supercell size should be large enough to deal with
relatively localized substitutional C-impurity states in #-BN
layers [30]. We also study a C-doped rotated two-layer system
with the supercell of 112 atoms to discuss the incommensurate
stacking effect as will be explained in the next subsection.
The supercell length along the direction perpendicular to 2D
layers is taken to be enough long and the interlayer distance

between the top and the bottom layer in the neighboring
supercells is kept to the longer than 20 A in all the cases
studied. For the Brillouin-zone integration, 6 x 6 x 1 k-point
sampling is used for the C-doped two-layer and four-layer
systems, while 8 x 8 x 1 k-point sampling is used for the
C-doped rotated two-layer system. We have confirmed the
convergence of these k-point samplings by comparing results
using the 6 x 6 x 1 k-point sampling with those using the 8 x
8 x 1 k-point sampling, and those using the 8 x 8 x 1 k-point
sampling with those using the 10 x 10 x 1 k-point sampling.
Geometries of all the systems studied are fully optimized until
Hellmann-Feynman forces acting on all atoms become less
than 0.005 eV/A. All calculations are performed using the
Quantum ESPRESSO package [44].

To discuss the energetics, we define the formation
energy Ey:

Er = (Bt — Egra — mEj,_gn)/N. (D

Here E., Eg., and Ej,_py are total energies of the
graphene/h-BN heterostructures, the graphene monolayer,
and the #-BN monolayer, respectively, m is the number of
h-BN layers of the graphene/h-BN heterostructures, and N
is the number of atoms in the supercell.

The simulated STM images are obtained based on the
Tersoff-Hamann approximation [45]. Within this approxima-
tion, the tunneling current / at r under an applied bias voltage
V is proportional to the integration of the local density of
states (LDOS) over the energy range from Ep to Ep +eV:

Ep+eV
I(r) ~ / o(r, E)E, )
Ep

where p(r, E) = X;|W;(r)|*8(E — E;) and Ep is the Fermi
energy. The negative and positive bias voltage reflect the
occupied and unoccupied electronic states, respectively. We
refer to this “energy-integrated LDOS” as EI-LDOS [46—48],
which is a useful theoretical viewgraph to investigate the
impurity effect for not only the surface region but also the
region under the surface atomic layers as will be shown later.
We use VESTA package to draw the STM images [49]. All the
STM images reported in the present paper are for the constant-
height modes with the height of 2 A. The STM images sim-
ulated using the above procedure for defects in atomic layers
have been confirmed to be highly accurate. The STM image
of the substitutional N impurity in the graphene monolayer
was predicted to have three bright spots corresponding to the
three nearest-neighbor C atoms around the N impurity [50].
The STM measurement later confirmed the presence of three
bright spots in this system [51]. We therefore expect the high
reliability of the simulated STM images given in the present

paper.

B. Geometries studied

We consider four types of two-layer systems composed of
the 2-BN monolayer and the graphene monolayer, and a four-
layer system composed of A-BN trilayer and the graphene
monolayer as schematically shown in Figs. 1(a)-1(d) and
Fig. 1(e), respectively. In the two-layer systems, we consider
four different stacking patterns: Aa, Ab, Ab’, and rotated
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FIG. 1. Atomic geometries of four kinds of two-layer systems with (a) Aa, (b) Ab, (c) AV, and (d) rotated stackings, and (e) that of a
four-layer system with Abb'b stacking. In the b’ h-BN layer, B atoms are placed at the N atom sites of the b layer, and vice versa. In the rotated
two-layer system, the rotated graphene with an angle of 21.8° is placed on the 4-BN monolayer. In the four-layer system, graphene monolayer
is stacked on the 4-BN trilayer consisting of 1L, 2L, and 3L (see text). Dotted lines are guides to the eye to indicate the unit cell.

stackings. In the present paper, all the geometrical parameters
including lattice constants of the hexagonal cell are optimized
in each case. Since we assume the commensurate case, the
graphene layer is found to expand slightly and the #-BN layer
is compressed upon the optimization as will be discussed later
in detail. For the Aa stacking shown in Fig. 1(a), C atoms in
the graphene layer are placed on top of both B and N atoms in
the #-BN layer. For the Ab stacking shown in Fig. 1(b), one of
the two C atoms in a unit cell in the graphene layer is above
the B atom while the other C atom is on top of the center of
a hexagon of the h-BN layer. For the Ab’ stacking shown in
Fig. 1(c), one of the two C atoms is on top of the N atom and
the other is above the center of a hexagon of the #-BN layer.
It should be noted that the nomenclature of the preceding
paper [7] is used for the stacking patterns. Therefore, the
capital letter (A) indicates the relative position of the graphene

layer, and the small letters (a, b, and /') indicate the relative
positions and the relative directions of the 4-BN layers. For
the rotated system shown in Fig. 1(d), the rotated graphene
with the angle of 21.8° is stacked on the #-BN monolayer
and the unit cell of the rotated system has 14 C atoms in the
graphene layer and seven B atoms and seven N atoms in the
h-BN monolayer. We consider this rotated system to simulate
the interactions between the graphene and A4-BN layers with
incommensurate stacking. It is known that the aa’ stacking
pattern is often observed in the #-BN bulk [52,53]. Hence, for
the four-layer heterostructure shown in Fig. 1(e), the graphene
monolayer is stacked on the trilayer 2-BN with the stacking
pattern equivalent to the aa’ pattern [54].

We next consider graphene/C-doped A-BN heterostrctures.
In the #-BN layer, there are two kinds of substitution sites for
C-atom doping, B and N sites, and the C atom substitutionally
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FIG. 2. Top view of atomic structure of C-doped rotated two-
layer system with 2 x 2 supercell having 112 atoms. The C sub-
stitution sites of B atom and N atom nearly under the center of
hexagon of the graphene layer are indicated by arrows with Cg and
Cn, respectively. The dotted line denotes the unit cell of the pristine
phase.

doped in these sites are named as Cg and Cy, respectively.
In the Aa stacked two-layer system, the C atom doped at the
B site or N site in the £-BN layer is located directly below
the C atom in the graphene layer. In the Ab stacked two-layer
system, the C atom doped at the B site in the #-BN layer is
just below the C atom in the graphene layer, while the C atom
doped at the N site is below the center of the hexagon of the
graphene layer. In the case of the rotated two-layer system
shown in Fig. 1(d), there are seven different substitution sites
for C atom doping, both at the B site and at the N site. In the
present paper, we have studied the C doping at two kinds of
B sites and also two kinds of N sites among seven sites in
each case. However, the doping-site dependence of the band
structure as well as that of the STM image is found to be very
small, and we will show the results for the C doping at B and
N sites in the #-BN layer which are nearly below the center of
the hexagon of the graphene layer as shown in Fig. 2.

In the C-doped four-layer system, we treat only the C atom
dopings at the N site. Thereby, the Cx atom is positioned
below the center of the hexagon of the graphene layer when C
atom is doped into the top layer (1L) or the bottom layer (3L)
in the 4-BN trilayer, while the Cy atom is below the C atom of
the graphene layer when the Cy atom is doped into the middle
layer (2L).

III. RESULTS AND DISCUSSION

A. Atomic structures and energetics

We first show the structural properties and the en-
ergetics for optimized atomic structures of the undoped
graphene/h-BN two-layer and four-layer systems. In Ta-
ble I, we list total energies and interlayer distances between
graphene and A-BN layers. The optimized in-plane lattice
constants for the two-layer systems with three stacking pat-
terns are found to be identical, 2.468 10\, corresponding to the
average value of optimized lattice constants of the graphene
monolayer (2.446 10\) and the A-BN monolayer (2.490 10\),
obtained using the same methodology. In the rotated two-layer
system, the optimized in-plane lattice constant is 6.530 A,

TABLE I. Interlayer distances and formation energies of two-
layer and four-layer systems for graphene/h-BN heterostructures.
For the four-layer system, the interlayer distance between graphene
and the top layer of the #-BN (1L) is listed.

Stacking Interlayer Formation energy
System pattern distance (A) (meV /atom)
Two-layer Aa 3.52 —-0.21
Ab 3.23 —5.65
Al 3.46 —1.03
Rotated 3.39 —4.77
Four-layer Abb'b 322 —9.26

which corresponds to the average B — N (C — C) distance of
1.425 A, the same as that of other three two-layer systems. For
the four-layer system, the optimized in-plane lattice constant
is 2.479 A. Thus, our calculated in-plane lattice constants of
the graphene/h-BN heterostructures are in good accord with
experimental values [55,56] and calculated results [37,50,57—
59] for graphene and for A-BN.

From Table I, we find that the Ab stacking is the most
stable stacking pattern with the shortest interlayer distance
(3.23 A) among the four types of two-layer systems studied.
It should be notated that none of these two-layer systems
possesses the perfectly flat #-BN layer, and indeed the pres-
ence of up-down shift with the order of 0.001 A is observed.
The rotated system is the second stable structure with the
energy difference of only 0.88 meV /atom while the interlayer
distance is considerably longer than that of the Ab stacking.
The Ab' stacking is the third stable structure and its total
energy is much higher by 4.62 meV/atom compared with
that of the Ab stacking. The energy difference between the
Ab and the Ab' stackings would be attributed to the interlayer
interactions: The interaction between the B atom in the 2-BN
layer and the C atom in graphene layer is more favorable
in energy than that between the N atom and the C atom.
This behavior was reported in previous theoretical studies
[7,60]. In the case of the rotated two-layer system, not only
the B — C type interlayer interaction but also the B — N type
interlayer interaction is present, as shown in Fig. 2. Therefore,
the rotated system is slightly less stable than the Ab stacking
structure. In the case of the four-layer system, the optimized
interlayer distance between graphene and the top layer of
h-BN is 3.22 A, whereas the interlayer distances between the
neighboring layers of the 4-BN trilayer are both 3.24 A. The
four-layer system takes considerably lower formation energy
compared with the Ab-stacked two-layer systems since two
more sets of interlayer interactions among the trilayer of the
h-BN give rise to the sizable energy gain.

We now show the structural properties of the two-layer
heterostructures of C-doped A#-BN at the B site and graphene.
We first examine the detailed structures around the impurity
C atom doped at the B site of the #-BN layer. The optimized
in-plane bond lengths between the C atom and the neighboring
N atoms for the C-doped two-layer systems with Aa, Ab, and
Ab' stackings as well as for the rotated two-layer system are
almost identical, 1.36 A. This in-plane C — N bond length
is considerably shorter than the B — N bond length for the
undoped graphene/h-BN heterostructures. These impurity C
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atoms doped at the B site in the heterostructure nearly reside
in the host #-BN plane as in the case of the C atom doped at
the B site of the #-BN monolayer [30].

We next examine the structural properties of the two-layer
heterostructures of C-doped #-BN at the N site. The optimized
in-plane bond lengths between the impurity C atom in the
h-BN layer and the neighboring B atoms for the C-doped
two-layer systems with the Aa, Ab, and Ab’ stackings and
for the rotated two-layer system are again almost identical,
1.47 A. However, the Cy atom is found to no longer be
on the host #-BN plane. In the case of the Aa-stacked and
Ab'-stacked two-layer systems, the Cy atom protrudes by
0.62 A and 0.59 A, respectively, from the 4-BN planar layer
toward the graphene layer, whereas the Cy atom moves also
toward the graphene layer by only 0.05 A for the Ab-stacked
two-layer system. These structural deformations may indicate
the presence of the attractive interaction between the impurity
C atom in the 4-BN layer and the C atom in the neighboring
graphene layer as will be discussed in the following. For the
Aa and Ab' stackings, the impurity C atom in the 4-BN layer
is located directly below the C atom in graphene, while for
the Ab stacking, it is located below the center of the hexagon
of graphene. In the case of the rotated two-layer system, the
impurity C atom in the 4-BN layer also moves toward the
graphene layer by 0.08 A. This is reasonable since, in this
case, the Cy is located not directly below the hexagon center
site of the graphene layer but rather close to there. In the case
of four-layer heterostructures, we have examined the C doping
at N sites. The optimized in-plane B — C bond lengths are
found to always be 1.48 A. On the other hand, the impurity
C atom resides in the #-BN planar layer, irrespective of the
depth of the doped /#-BN layer from the top graphene layer. It
should be noted that it has been reported that the substitutional
doping with a C atom in the 2-BN monolayer at the B site is
energetically favorable rather than that at the N site [30].

In the GGA + vdW calculations, in-plane lattice constants
of two-layer systems composed of graphene and ~-BN mono-
layer are 2.488 A, and interlayer distances are found to be
338 A, 3.14 A, and 3.32 A for the Aa, Ab, and A}’ stacking,

respectively. Interestingly, formation energies are found to be
rather large —17.7, —25.4, —20.5 meV /atom for the Aa, Ab,
and AV, respectively. In-plane lattice constants are longer and
interlayer distances are shorter than those given by the LDA
calculations. These geometrical differences are found to give a
slight change of the depth of the impurity-induced state mea-
sured from the Dirac-cone apex in the graphene/h-BN with
Cn: the depth by GGA + vdW is 0.302 eV while that by the
LDA is 0.350 eV. If we use the LDA geometry for the GGA +
vdW band-structure calculation, the depth is 0.344 eV, being
very close to the LDA value. On the other hand, the difference
of 0.048 eV in the depth of the impurity-induced state in the
LDA and in the GGA 4 vdW is found to give negligible dif-
ference in the STM images, which are confirmed to be almost
identical with each other. To study further the nature of the
interaction between the impurity C atom and the C atom in the
neighboring graphene layer, structural deformations in the C-
doped two-layer systems are also obtained using GGA + vdW
calculations. In the GGA + vdW calculations, the Cy atom
protrudes by 0.48 A and 0.43 A for the Aa and Ab' stacking,
respectively. These values of protrusion are actually smaller
than those of LDA, indicating that the attractive interaction
between the impurity C atom at the N site and the graphene
C atom is not the vdW type but some chemical interaction.
Furthermore, in the calculations of the C-doped A-BN single
layer without the graphene layer, the dopant C atom remains
in the planar A-BN layer. Underestimation of the interlayer
distances in the GGA + vdW may be the origin of the reduc-
tion of the protrusion of the impurity C atom. Importantly,
the interlayer distances of graphite and bulk 4-BN given by
the GGA + vdW (3.22 A and 3.11 A) are both known to
be shorter than the experimented values [61,62] (3.34 A and
3.33 A), while those given by the LDA (3.32 Aand 3.24 A)
are much closer to the experimental values. In the following,
therefore, we will show the results obtained by LDA.

B. Energy band structures

We study energy band structures of the Ab-stacked two-
layer system, the rotated two-layer system, and the four-layer
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FIG. 3. Energy band structures of the Ab-stacked graphene/h-BN two-layer systems. (a) Pristine #-BN case, (b) C-doped #-BN at the B
site case, and (c) and (d) that at the N site case. The Fermi level is set to zero. The 6 x 6 supercell is used not only for the band structure of
doped cases but also for that of the pristine case. Band structures are obtained by using the LDA calculation in (a)—(c) and the LSDA calculation

in (d).
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FIG. 4. Energy band structures of the rotated graphene/h-BN
two-layer system. (a) Pristine 42-BN case, (b) C-doped h-BN at the
B site case, and (c) that at the N site case. The Fermi level is set to
zero. The 2 x 2 supercell is used not only for the band structure of
doped case but also for that of the pristine case.

system. Figure 3 shows energy band structures of the Ab-
stacked two-layer systems. In the pristine Ab-stacked two-
layer system, the finite band gap opens at the apex of the
Dirac cone at the I' point and its value is 0.06 eV, shown
in Fig. 3(a), since the sublattice symmetry of the C atoms
of graphene is broken due to the interlayer interactions with
the h-BN layer. When a C atom is doped at the B site
and the N site in the underlying A-BN layer, the donorlike
and the acceptorlike states appear near the Fermi level as
shown in Figs. 3(b) and 3(c), respectively. These results are in
agreement with theoretical studies reported previously [63].
In the B site doped case as shown in Fig. 3(b), a nearly flat
band appears around 0.5 eV above Fermi level. Therefore, the
electron originally at this donorlike state is now completely
transferred to the graphene, which now has an electron carrier.
In the case of the N site doping as shown in Fig. 3(c), on the
other hand, a nearly flat band appears just around the Fermi
level, and the transfer of the hole from this acceptorlike state
to the graphene is found to take place only partially.

We have also performed the spin-polarized density-
functional calculations using the local spin density approxi-
mation (LSDA) for the C-doped graphene/h-BN heterostruc-
tures. The C-doped graphene/h-BN heterostructures with the
Ab stacking for the B-site doping is found to be nonmagnetic,
while total magnetization for the N-site doping is 0.88 Bohr
mag/cell. Figure 3(d) shows the LSDA energy band structure
of the Ab-stacked two-layer system with the Cy. As in the case
of LDA calculation, the acceptor state appears near the Fermi
level. As will be shown later, this spin polarization essentially
does not affect the STM images.

In Fig. 4, we show the energy band structures of the rotated
two-layer systems. The undoped rotated two-layer system
possesses almost zero band gap, shown in Fig. 4(a). When
the C atom is doped into the rotated system at the B site
and the N site, the donorlike and the acceptorlike states,
respectively, also appear near the Fermi level as shown in
Figs. 4(b) and 4(c). Interestingly, for the rotated two-layer
system, the donorlike state is located slightly above the Fermi
level and the electron transfer from the state to graphene is
complete as in the case of the Ab-stacked two-layer system.
The acceptorlike state in the Cny-doped case appears again just

(a) (b) (©)

1 1 1
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>
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FIG. 5. Energy band structures near the Fermi level of four-layer
systems doped with C atom at the N site in (a) top layer (1L),
(b) middle layer (2L), and (c) bottom layer (3L) of 4-BN trilayer.
The Fermi level is set to zero.

at the Fermi level as shown in Fig. 4(c). Therefore, the hole
transfer is incomplete and the Dirac cone apex is relatively
close to the Fermi level as in the case of the Ab-stacked
two-layer system. Thus, the substitution of the B or the N atom
with the C atom in underlying #-BN can produce asymmetric
charge carrier densities on graphene layers.

We also study energy band structures of the C-doped
four-layer systems. Figures 5(a)-5(c) show the energy-band
structures near the Fermi level of the graphene stacked on
the C-doped A-BN trilayers at the N site, where the C atom
is doped to the top layer (1L), the middle layer (2L), and
the bottom layer (3L) in the A-BN trilayer, respectively [see
Fig. 1(e)]. It is found that the acceptorlike states are induced
near the Fermi level and the depth of the Fermi level from
the Dirac cone apex is almost independent of the C-doped
h-BN layer number. Therefore, the hole concentration on
the graphene layer should be the same in three cases. On
the other hand, it is also found that the acceptorlike states
change from dispersive to flat bands as the doped #-BN layer
goes away from the graphene layer. Thus, as the distance
between the graphene layer and the doped A-BN layer in-
creases, the interlayer interaction between the acceptorlike
state induced by the C-doped A#-BN layer and -orbital states
of the graphene decreases, which gives rise to peculiar STM
images depending on the doped #-BN layer number, as will
be discussed in the next subsection.

In the present paper, the 6 x 6 supercell is used with the
plane-wave basis set. Both the donor state and the acceptor
state are found to have very small dispersions and can be
identified rather easily, confirming that the supercell used is
large enough. The depth of the acceptor state, on the other
hand, should depend on the supercell size because the state
appears just at the Fermi level. For lower-density doping case,
the electron transfer from graphene to the acceptor state is
less, and the Fermi level should be higher. Consequently, the
acceptor state would be higher in energy as well. To check the
convergence of its depth, a huge supercell might be necessary
with the identification method of the Cy-origin state in the tiny
Brillouin zone. The localized-basis calculation with unfolding
method [64] would therefore be an interesting future study.
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(a)

FIG. 6. Simulated STM images of the Ab-stacked two-layer sys-
tem to be taken over the graphene layer with (a) Cg and (b) Cy, and
these to be taken under the ~-BN layer with (c) Cp and (d) Cy. The
STM images are constructed at applied bias voltages of +0.5 eV for
(a) and (c), and —0.5 eV for (b) and (d). The red circle in each figure
denotes the position of the C atom doped in the #-BN layer.

C. Scanning tunneling microscopy

We study STM images of the graphene/C-doped h-BN
two-layer systems with various stacking patterns. Figures 6(a)
and 6(b), respectively, show the STM images on the constant-
height plane over the graphene layer on top of the C-doped
h-BN layer at the B site and the N site for the Ab-stacked
two-layer. In the B site doped case, the impurity-induced state
is located at about 0.5 eV higher than the Fermi level as
discussed above. Hence, we simulate the STM image with
the bias voltage of 0.5 eV. In the N site doped case, on
the other hand, we use the bias voltage of —0.5 eV. In the
STM images over the graphene layer on the #-BN layer with
Cg, there are large bright spots arranged perfectly on the
hexagonal lattice points as if the C-impurity were absent in
the underlying 4#-BN layer [Fig. 6(a)]. These blight spots are
located just above C atoms, which are on top of the hexagon
center of the underlying 4-BN layer. The other-type C atom,
which is on top of the B atom of the A-BN layer, is only
weakly bright while the hexagon center of the graphene layer
itself corresponds to the dark area of the image. The impurity
site does not show up clearly because the STM image mainly
reflects w*-orbital states of graphene and these states are
not affected by Cp as will be shown later. Interestingly, the
STM image over the graphene layer on the A-BN with Cy
exhibits a sharp contrast to that with Cg. There appears a
hexagon-shaped bright area above the impurity C atom with
three brighter C atoms on top of B atoms in the underlying
h-BN. Thus, it is interesting that the Cx impurity in the 2-BN
layer is clearly visible in the heterostructure with graphene by
the STM method, whereas Cg is not.

The Cg impurity in the Ab stacked two-layer system can be
observed in the STM measurement if it is taken from the 2-BN
layer side. Figures 6(c) and 6(d), respectively, show the STM
images over the constant-distance plane below the C-doped
h-BN layer at the B site and the N site for the Ab-stacked
two-layer. In the STM image of the B-site doped case, there
is a small bright spot below the C-atom impurity surrounded
by three of bright heavy lines connecting two B atoms. On

FIG. 7. Simulated STM images of the Ab-stacked two-layer sys-
tem to be taken (a) over the graphene layer and (b) below the #1-BN
layer with Cy. These STM images are constructed at applied bias
voltages of —0.5 eV. These STM images have been obtained by
using the LSDA calculation. The red circle in each figure denotes
the position of the C atom doped in the #-BN layer.

the other hand, in the STM image of the N-site doped case,
there exists a large triangle-shaped bright area surrounded by
three bright fine lines connecting two N atoms. This image
is consistent with the C impurity state having the triangular
spatial distributions of the LDOS to be shown later. These
results are in good accord with our previous study on C-doped
h-BN monolayers [30].

We also study STM images by using the LSDA calculation.
Figures 7(a) and 7(b), respectively, show the STM images on
the constant-height plane over the graphene layer and below
the #-BN layer. These STM images are almost identical to
those of Figs. 6(b) and 6(d) obtained using the LDA. Since it
is confirmed that the LDA is sufficient for simulating the STM
image, in the following we will show only the results obtained
by using the LDA.

Figures 8(a)-8(c) show the STM images on the constant-
height plane over the graphene layer on C-doped A-BN at the
N site for the Aa-stacked, Ab'-stacked, and the rotated two-
layer system, respectively. Interestingly, as in the case of the
Ab-stacked two-layer system, the STM image of the rotated
two-layer system has a hexagon-shaped bright area, while
that of the Aa-stacked two-layer system has a triangle-shaped
bright area. We can now expect that in the two-layer system
with any stacking pattern, Cy impurities in the #-BN can be
observed by the STM over the graphene layer.

(a) Aa

(b) Ab’

FIG. 8. Simulated STM images of graphene layer on C-doped
h-BN at N site for the (a) Aa-stacked, (b) Ab'-stacked, and (c) rotated
two-layer system. The STM images are constructed at applied bias
voltage of —0.5 eV for all three cases. The red circle in each figure
denotes the position of the C atom doped in the 4#-BN layer.
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(a)

High

Graphene layer
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FIG. 9. Contour maps of EI-LDOS of graphene/C-doped h-BN at (a) B site and (b) N site for Ab-stacked two-layer systems. The LDOS
are integrated from Er to Er 4+ 0.5 eV in (a) and Er — 0.5 eV to Ef in (b). Contour lines are drawn in logarithmic scales.

Let us analyze here how the acceptor states induced by
the C-atom impurity in the underlying #-BN affect the STM
images over the graphene layer stacked on the C-doped 4-BN
layer. Figures 9(a) and 9(b) show cross sections of contour
plots of the EI-LDOS of graphene/C-doped h-BN at the B
site and that at the N site for the Ab-stacked two-layer system,
respectively. In the case of the C-doped #-BN at the B site, the
modulated area of EI-LDOS around the C impurity spatially
are localized, and therefore those above the graphene layer are

(a)

High

Low

Low

almost unchanged, as shown in Fig. 9(a). On the other hand,
the spatial distributions of the EI-LDOS around the C impurity
in the #-BN layer doped at the N site are considerably mod-
ified, indicating the extension of the impurity induced state
above and below the 4-BN layer. It therefore affects the shape
of the topmost contour line of Fig. 9(b), which gives rise to the
bright area in the STM image. These differences in the spatial
distributions of the Cg- and Cy-induced states may arise from
the size differences between B, C, and N atoms. When the

Low
6B e(C ¢oN

FIG. 10. Simulated STM images (upper panels) and contour maps (lower panels) of Abb'b stacked four-layer systems over the graphene
layer stacked on C-doped A-BN at the N site in (a) top layer (1L), (b) middle layer (2L), and (c) bottom layer (3L) of #-BN trilayers. The STM
images are constructed at an applied bias voltage of —0.2 eV. The brightness of each image is tuned independently so the contrast around the
Cy region becomes clear. On the other hand, contour maps are drawn with the same logarithmic scale for all three maps, indicating clearly that
(b) is much brighter than (c), and (a) is also much brighter than (b). The red circles drawn in the bright areas of the STM image denote the

position of the C atom doped in the #-BN layers.
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N atom is replaced by the larger C atom, it can affect the
wider region than the replacement of the B atom by the C
atom which is now smaller than the B atom.

We finally study how the STM images of the graphene on
the C-doped h-BN trilayer vary depending on the C-doped
layer number in the A-BN trilayer. The STM images and
the contour maps of the EI-LDOS for the graphene/C-doped
h-BN trilayers at the N site in the top layer, the middle layer,
and the bottom layer among the h-BN trilayers are shown
in Figs. 10(a)-10(c), respectively. In addition to the gradual
change of the brightness of the STM images of three cases,
the shapes of the bright areas are found to be different from
one another. When the C atom is doped in the top A-BN
layer, the hexagonlike very bright area above the C impurity
in the underlying #-BN emerges in the STM image shown
in Fig. 10(a), as in the case of the Ab-stacked two-layer
heterostructure of the graphene/C-doped h-BN at the N site
shown in Fig. 6(b). In the case of the C atom substitution at
the middle #-BN layer, there appears a large bright and com-
plicated area with the threefold rotational symmetry extended
around the C impurity in the underlying #-BN in the STM
image. Accordingly, the spatial distributions of the EI-LDOS
above the C impurity in the #-BN layers are clearly extended
to the vacuum region above the graphene layer for Cx dopant
in the top and the middle 4-BN layer. When the C atom is
doped in the bottom A-BN layer, the STM image still has a
hexagonlike relatively bright area above the C impurity in the
h-BN layer as well. Thus, it is interesting that the STM images
may tell the C-doped #-BN layer number. The experimentally
reported STM images of the impurity-induced state for the
graphene with the 4-BN substrate [21] may correspond to
the Cy-induced state studied here. Although the experimental
impurity density could be less than the present study and
therefore the acceptor state should be higher in energy than
the present case. The bright spot associated with the acceptor
state induced by the C atom doped at the N site in the £-BN
layer might correspond to the bright dots mentioned in the
experimental study. Furthermore, it has been also reported that
there are variations in the intensity of bright dots in the STM
experiment [21]. This could mean that the brightness of the
dots depends on the depth of the C-doped /#-BN layer at the N

site, since the acceptor states even in the deep #-BN layer are
found to affect the STM images of graphene surface from the
graphene surface as discussed above.

IV. SUMMARY

We have investigated the electronic properties and the STM
images of the graphene/C-doped 4-BN heterostructures using
the first-principles calculations based on DFT. It is found
that the substitutional doping of the C atom at the B or N
site in underlying A-BN layers can give rise to asymmetric
effects on the electronic properties of the system. Since the
h-BN atomic layers are the 2D semiconductor materials,
this asymmetric behavior of the p-type and n-type C doping
is of high importance for using A-BN layers in the future
nanoelectronics. It is also found that the C-impurity related
state appears in the STM images on the constant-height plane
over the graphene layer stacked on the C-doped 4-BN layers at
the N site, while it does not emerge for the B-site doped case.
Furthermore, STM images are found to show distinctive prop-
erties depending on the C-doped layer number in multilayer
h-BN substrates. Thus, the local electronic states induced by C
impurities in #-BN layers doped at the N site can be identified
by using STM observations. The present paper has clarified
the usefulness of the STM technique for detecting the Cy
dopant not only at the topmost layer but also at even deeper
layers when the graphene is placed on top of the 4-BN layers.
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