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structure calculations
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The effect of C doping to hexagonal boron nitride (h-BN) was examined by first principle
calculations with the association of w-electron systems of organic molecules embedded in a
two dimensional insulator. In mono-layered carbon doped structure, odd number doping
of carbon atoms lead to a metallic properties with different work functions. A variety of
electronic interactions was found in the interaction between two layers with odd number
carbon substitution. Direct sp® covalent chemical bond is formed when C is replacing
adjacent B and N in the different layers. Charge transfer complex between layers was
found when the C is replacing next atoms, which results in narrow band gaps (e.g. 0.37eV).
Direct bonding between C and B atoms was found when two C atoms in different layers

are in distance.
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1. Introduction

Graphite and hexagonal boron nitride (h-BN) have analogous crystal structures but
exhibit much different electronic properties. Graphite is a metal with two unfilled bands
and h-BN is a wide band gap (E4 = 4.5eV) semiconductor. We can expect that a wide
variety of semiconductors with tunable band gaps will be synthesized by making their alloys
(hexagonal CxByN,; h-CBN) with well-defined structures. A variation of h-CBN is
gathering much attention recently as graphitic-CsN4 photocatalystsY, to which boron doping
is also attempted®. Considerable efforts are being made to synthesize monolayer h-CBN
using chemical vapor deposition on metal surfaces from methane and borazine®® or
sophisticated organic molecules®. These progresses stimulate our curiosity about the bulk
properties of carbon-doped h-BN. It should be noted that C-doped h-BN structures have
resemblance with -conjugated organic molecules and stacking of h-CBN has analogy with
organic semiconductor crystals.

Recent theoretical works have revealed some of the interesting electronic structures of
h-CBNs.52%  Single carbon dopant in h-BN makes midgap trap states, dopants tend to
aggregate, and substantial band dispersion is expected with multiple carbon doping. These
are uplifting results for the development of new group of semiconductors that are
light-weight and composed of naturally abundant elements. However, the theoretical
analyses of this important class of materials have been limited only to the graphene-like
monolayers of h-CBN.

Experimentally, however, distinct physical properties predicted by calculation have not
been confirmed well, despite the long history of research on this class of material*®. The
primary reason is that the physical properties, such as work function and band gaps, are very
sensitive to the structural variation. Although it has been evaluated by computational
studies for monolayer h-CBNSs, interlayer interaction has not been studied well. The main
purpose of this work is to clarify the electronic structures of double layer h-CBN. We briefly
extend our previous work?” on uneven substitution (h-C,ByN, with y#z) and then examine
the interlayer interaction of two layers. A part of this paper was presented in SSDM 2017
briefly without quantitative values of structural and electronic parameters,?® but this paper

explains the simulation results quantitatively and in more detail.
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2. Calculation methods

All the calculations in this work were carried out on the Quantum-Espresso®” 5.1,
which is based on density-functional theory (DFT), plane wave and pseudopotentials.
VASP? 5.3 was also used in some cases and the results were identical within the accuracy.
DFT was carried out with the exchange-correlation energy treated by the
Perdew-Burke-Ernzerhof (PBE) functional based on the generalized gradient

29 Ultrasoft pseudopotentials 3 were used to describe the ionic

approximation (GGA).
cores, and the electron wave function was expanded in plane wave with the cut-off energy
of 100 Ry for the geometry optimization and electronic structure calculations. The
mono-layered hybrid structures of h-CBN were modeled by a 4 x 4 h-BN supercell with 32
atoms, and the double-layered hybrid structures of h-CBN were also modeled by doping
carbon atoms to a 3 x 3 x 2 h-BN supercell with 36 atoms in a space group of P63/mmc.
More than 10A vacuum space as periodic boundary conditions along c-axis avoids
interactions between layers in two neighboring cells. The atom positions were optimized
until the forces on each ions converged in 0.0001 a.u. and the energy was converged in 1.0
x 10° eV. The band structure, density of states (DOS) and the electron localization
function (ELF) **? have been calculated by using the special k points of 9 x 9 x 1
(mono-layers) and 9 x 9 x 3 (double-layers) in the Brillouin zone of the supercell. > The
comparison with previous results of established materials systems have been described in

Ref. 20, which shows reasonable agreement.

3. Results and discussion

3.1 Unbalanced substitution in a monolayer

Single atom substitution of B or N by carbon atom gives half-filled flat midgap states as
reported in Ref. 16. A balanced substitution of B and N by multiple carbon atoms makes
intrinsic semiconductors. Here we calculated structures with odd-number substitution with
multiple carbon atoms. Typical examples of odd number substitutions are shown in Fig. 1.
Figures 1(a) and 1(b) are single atom substitution of B and N, respectively. Figures 1(c) and
1(d) show three atoms substitution of 3 B atoms by 3 C atoms and 3 N atoms by 3 C atoms,
respectively.  Figures 1(e) and 1(f) shows substitution of 1 B atoms and 2 N atoms by 3 C

atoms, and 2 B atoms and 1 N atoms by 3 C atoms, respectively. The electronic band
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structures of these hypothetical materials are shown in Fig. 2. Figures 2(a) - 2(f)
corresponds to Fig. 1(a) - 1(f), respectively. The band structures in Fig. 2 are all metallic,
as expected from the odd numbers of electrons in the unit cell. It should be noted that the
Fermi levels indicated by horizontal broken lines are strongly dependent on which of B and
N are replaced more. It means that the work function values of these materials are
switchable in a wide range of 2 ~ 3 eV, which is an intriguing feature of them. It should
also be noted that the band dispersion increases by increasing the number of C atoms.
The small but finite band dispersion in Figs. 2(a) and 2(b) is different from the previously
reported flat impurity bands of single dopant cases®. The discrepancy is due to the
interaction between C atoms beyond the periodic boundary in the present calculation, of
which supercell is smaller than previous calculations.

In order to see how the influence of carbon dopants laterally propagates, Two
dimensional ELF (2D-ELF) were calculated for the further analysis. ELF is frequently
used to visualize chemical bonds explicitly*?. Figure 3 shows the ELF distributions of
the monolayers shown in Fig. 1 in addition to pure h-BN (designated as “BN” in Fig. 3).
In pure h-BN, the boron and nitrogen atoms have totally different distributions of electrons,
i.e., the red area (high density of electron pairs) gathered around the nitrogen atoms, while
the blue area (low density of electron pairs) gathered around the boron atoms, which
reflects the difference in the nuclear charge. In the structure (a), the electron density
around the embedded carbon atom is intermediate between that around the boron atoms
and nitrogen atoms. The opposite situation in the structure (b), in which a carbon atom
substituted a nitrogen atom, a high electron density similar with nitrogen atoms is observed
around the carbon atom. In the structures (c) and (d), the three carbon atoms are
separately embedded in the h-BN system. The 2D-ELF distrubution around carbon atoms
in (c) and (d) are very similar to those in (a) and (b), which means that the three carbon
atoms have rather isolated electronic states. It is consistent with the band structures that
show small dispersion of carbon-derived bands. The last two 2D-ELF, Figs. 3(e) and 3(f),
correspond to the hybrid structures shown in Figs. 1(e) and 1(f), respectively. In Fig. 3(e),
the electron pair distribution around the carbon structures show the totally different shape
from the rest BN network which means that the embedded carbon structures formed a new

n-conjugated electron system. Furthermore, the electron pair distribution around the B and
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N adjacent to the carbon atoms are also modified. It corresponds to the band dispersion
modified in LUMO-1 and HOMO band in Fig. 2(e). Similar feature can be observed in
Fig. 3(f).

In the analysis above, the hybrid h-CBN systems with unbalanced substitution show
the metallic nature with very different electron affinity or work function values. This result
implies that a spontaneous electron transfer might occur by stacking differently doped

h-CBN. In the next section we will examine it.

3.2 Interaction between layers in double layers

We examined the electronic structures of C-doped h-BN double layers. In the ordinary
h-BN (P63/mmc), the atoms in each layer are overlapped along c-axis, and B and N atoms
are stacked alternatingly. Figure 4 shows double-layered h-CBN structures studied in this
work. They are shown after the structural optimization. Figure 4(a) shows the case of the
nearest interlayer C-C distance, denoted as “2C-i” structure, in which two carbon atoms in
total substitute a B atom in the upper layer and an N atom in the lower layer. The C atoms
are stacked with the same position in the plane. Figures 4(b) and (c) depict the structures of
“2C-ii” and “2C-iii”, respectively. The difference among “2C-n* (n = i,ii,iii) is the
distances between the carbon atoms. In 2C-ii and -iii, the C atom of the lower layer is shifted
toward (1 -1 0) direction by one atom and two atoms, respectively.

The optimized structures of these cases of single atom substitution per layer are much
different as observed in Fig. 4. In the “2C-i” case (Fig. 4(a)), in which carbon layer in the
different layer is nearest, carbon atoms come together to the distance of h,=1.67 A. The
bond lengths of nearest intra-layer distances of C-N and C-B in the top and the bottom layers
are 1.47 A and 1.56 A, respectively. In the intermediate “2C-ii” case (Fig. 4(b)), the doped
carbon in the top layer deviated from the layer by h;=0.69A toward the lower layer, while
that in the bottom layer had not shifted significantly, resulting in interlayer distance at the
shortest point to be h,=2.71 A. In “2C-iii” structure (Fig. 4(c)), the doping carbon in top
layer have a significant deviation with the value of h;=0.82A deviated from the top layer
while the carbon atom in bottom layer show no changes. Instead, a boron atom in the bottom
layer has shifted toward the top layer by h3=0.67 A. This boron atom is just beneath the

carbon atom in the top layer, while nitrogen atom is on directly beyond the carbon atom in
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the bottom layer. It seems that this difference cause the apparent asymmetry of the behavior
of the carbon atoms. The interlayer C-B distance of the shifted pair is 1.76 A. Based on
the structural information on “2C-i” and “2C-iii”, we can conclude that they have direct
chemical bonds between layers. The distance between interlayer C-C in “2C-i” (1.67A) is
shorter than that of interlayer C-B in “2C-iii” (1.76A), suggesting that the C-C bond is more
stable than C-B bonds.

We also calculated the structure with three doped carbon atoms per layer. “6C-i”
(Fig.4(d)) has the carbon atoms of the top and the bottom layers are facing to each other, in a
similar fashion with “2C-i”.  The shortest interlayer C-C distance in “6C-i” is 1.67 A, which
is the same value as that of “2C-i”. The bond lengths of C-N and C-B in top and bottom
layer are 1.47A and 1.53A in “6C-i” structure, respectively, which are similar to those of
“2C-1”. In “6C-ii” (Fig.4(e)) structure, the deviations of carbon from the layers have been
more weakened than in “2C-ii”. The displacement of carbon atoms from both layers is less
than 0.1A, which is slightly less than “2C-ii”. The structure with three carbon atoms per
layer corresponding to “2C-iii” was not calculated because of the limitation of the supercell.

The band gaps of all the structures are listed in Table 1, which came from the band
structure calculation (shown in Fig. 5). In the structures “2C-i”” and “6C-i” shown in Figs. 5
(a) and 5(b), respectively, the band gaps are great compared to other structures (3.75eV and
3.25eV, respectively). This result means that by stacking the two kinds of metallic layers
(B-rich h-CBN layer and N-rich h-CBN layer), the free electrons will pair together. The
band structures of “2C-ii” and “6C-ii are shown in Figs. 5 (c) and (d), respectively. The
both of them show small band gaps with the value of 0.36eV and 0.61eV, respectively. The
band gaps are much smaller than that of “2C-i” and “6C-i”. Although the carbon content
was increased from 2 to 6, the band gap of “6C-ii”” increased from “2C-ii”, which is different
from the general tendency of monolayers or “2C-i” and “6C-i”. Both of “2C-ii” and “6C-ii”
are not metallic because neither of them have the energy levels crossing Fermi level. Figure
5(e) shows the bands structure of “2C-iii”. The band gap is indirect; the HOMO-band top is
located at I'-point while LUMO-band bottom is located at K-point. The value of the band
gap is 2.69 eV. This band gap is also smaller than that of “2C-i”” (3.75eV), but larger than that
of “2C-ii” (0.32eV). Interestingly, in the band structure of “2C-iii”’, the HOMO crosses the

Fermi level, which means that structure “2C-iii” is metallic and unpaired electrons exist in
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this structure. From the analysis so far, the resemblances of electronic structures of “2C-i”
and “6C-i”, and “2C-ii” and “6C-ii” are apparent. Therefore, we will focus on the “2C-n”
(n = i,ii,111) structures in the following.

The wave function distributions of HOMO and LUMOs are shown in Fig. 6. Figures 6
(@) and (b) exhibit the HOMO and LUMO of “2C-i”, respectively. HOMO of “2C-i” is
located on N atoms. LUMO is mainly located on the B atoms while a small part is located on
C atoms. The HOMO and LUMO are mainly contributed from B and N atoms adjacent to the
C atoms. It means that the C atoms change the electronic structure of neighboring B and N
atoms, and make them more active than other B and N atoms which are far away. In the
monolayers HOMO and LUMO are located on the C atoms, while in “2C-i” the contribution
of C atoms is weak. This result can be explained by considering that the sp® carbon atoms
formed by interlayer bonding in “2C-i” have more stable electronic structures. HOMO and
LUMO of “6C-i” (not shown) have similar features as “2C-i”.

The HOMO and LUMO of “2C-ii” are shown in Figures 6(c) and (d), respectively. In
“2C-ii”, the HOMO and LUMO are mainly allocated at the C atoms. Both of C atoms
contribute to both of HOMO and LUMO, which means that the C atoms are active and they
can be both electron donors and acceptors. This mixed contribution of C atoms to both of
HOMO and LUMO seems important as the mechanism of narrowing band gaps with low
carbon content. This point will be discussed later using the charge and ELF distributions.
Finally, Figs.6 (e) and (f) shows the HOMO and LUMO of “2C-iii”. In this figure, HOMO is
mainly distributed in the top layer, around the N atoms adjacent to the doped C atom. On the
other hand, LUMO is distributed in the bottom layer, around the C atom and the N atom
adjacent to the C atom and N atoms around the displaced B atom. In the top layer, the
doped C atom neither contributes to the HOMO nor LUMO. Considering the displacement
of the C atom of the top layer, this C atom might have sp* configuration, which has deep
levels.

In order to directly show the modification of electronic structure and the distributions of
electrons, especially interlayer electron transfer, ELF was calculated and the results are
shown in the following figures. In “2C-i”” shown in Fig. 7, a large ELF cloud can clearly be
observed between two doped carbons along the C-C direction. It is the typical electron

distributions in c-bonds, which means that in this structure “2C-i” the carbon atoms exist as
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sp® carbons. It is reasonably understood that the band gap of “2C-i” is great because sp®
carbon have large energy gaps and do not contribute to narrow the band gap.

In the ELF figure of “2C-ii” shown in Fig 8, C atom a in the top layer (marked “a”) has
an electron cloud which is localized on the p,-orbital (z is perpendicular to the layer), in
addition to the three electron cloud along neighboring three N atoms. On the other hand,
the C atom in the bottom layer (marked *“a’”), there are no electrons located at the p,-orbital.
It suggests that one electron is transferred from “a’” in the bottom layer to “a” in the top layer.
Indeed the electron counting indicates that 0.415 e are donated from the bottom layer to the
top layer. In other words, “2C-ii” is a kind of charge-transfer (CT) complex. The narrow
band gap is naturally explained because it is one of the important features of the CT
complex 3.

Since the bandgap of “6C-ii” (0.61eV) is greater than that of “2C-ii” (0.36eV) but still
much smaller than that of BN (4.53eV), the tunability of CT complex was examined by
taking another example in “6C-ii”. In “6C-ii”, the shape of the electron distributions
between C-C (Fig. 9) means that beside the o bonds, C-C is also contributed from m-electron
structures. The doped carbon atoms form two m-electron structures separately in different
layers. From this ELF figure, it is hard to tell where the new electron pair is located and the
direction of the electron transfer. In “6C-ii”, the electrons around C atoms are delocalized.
The new electron pair contributes to m-electron structures among the three carbons in the
same layer. By the close analysis, it was found that the electron transfer was from the bottom
layer to the top layer (N-rich layer to B-rich layer) and the amount was 0.32 e in this
extended unit cell. This charge difference indicates that the spontaneous electron transfer
behavior still exists in “6C-1i” structure, but it is weakened. It is consistent with the bandgap
of “6C-ii” larger than “2C-ii”. Doping multiple (odd numbered) C atoms tend to form more
stable electronic structures in their own layers than isolated C atoms do.

In the ELF distribution of “2C-iii” shown in Fig.10, the existence of the electron cloud
between the C atom and underneath B atom means that these two atoms directly bond
together. Both of the C atom and the B atom exist with the stable sp® state. It is the reason of
this C atom does not contribute to the HOMO or LUMO. The B atom, as a new electron
donor, forms covalent bond with the C atom. However, the other C atom in the bottom

layers (N-rich layer), an unpaired electron still located at the C atom, which makes the C
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atom more active than the C atom in the top layer. This is the reason of the metallic
features. The interlayer charge transfer exists in “2C-iii””, but the amount was 0.17 e", which
is much smaller than those in type ii (i.e. “2C-ii” and “6C-ii”).

Finally, we examined the double-layered h-CBN with the even doping carbon number.
The results are not shown as figures, but the distance of the two layers after optimization
was 3.4 A without any significant changes in vertical direction from pure double-layered
h-BN. The doped carbon atoms also did not show a significant position shift. Based on the
optimized structures, the two layers are independent. The band gap was 3.09eV. It is
noticed that all the band dispersion curves are made of almost parallel two curves; it is due to
the layered structure with very weak interaction.

Now we would like to comment on the comparison of the present results with the
experiments. h-CBN can be synthesized by CVD or plasma CVD but the electronic
structures are sensitive to the growth conditions*>=". We found that the electronic structures
are very sensitive to the geometry of the doping (C numbers, arrangements, etc.). It can
account for the difficulty to control the electronic structures of the materials. In the future,
some methods will be found to synthesize h-CBN as designed in the atomic level, and then it
will open a way to variety of physical properties of this group of materials. We hope the
present work will stimulate further experiments on the electronic structure of h-CBN system
as well as their applications. Once well-defined hexagonal B-C-N strucrtures can be
synthesized, the applications will be photo catalysts using tunable bandgaps, catalysts
using the partially localized electrons, and sensors with partial chemical bonding with
adsorbed molecules. Various experimental methods are now under development **% for

the controlled synthesis.

4. Conclusions

The effect of C doping to hexagonal boron nitride (h-BN) was examined by first
principle calculations with the association of m-electron systems of organic molecules
embedded in a two dimensional insulator. In mono-layered carbon doped structure, odd
number doping of carbon atoms lead to a metallic properties with different work functions.
Variety of electronic interactions was found in the interaction between two layers with odd
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number carbon substitution. Direct sp> covalent chemical bond is formed when C is
replacing adjacent B and N in the different layers. Charge transfer complex between
layers was found when the C is replacing next atoms, which results in narrow band gaps
(e.g. 0.37eV). Direct bonding between C and B atoms was found when two C atoms in
different layers are in distance. The tunability of the band gap and the workfunction of
these materials will be very important for the application in electronics. It is desired to
develop methods to control the stoichiometry and local structure of the materials because
the electronic properties are sensitive to the local structures.
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Figure Captions

Fig. 1. (Color Online) Typical examples of odd number substitutions. (a) A carbon atom
replaces a boron atom. (b) A carbon atom replaces a nitrogen atom. (c) Three carbon atoms
replace three boron atoms. (d) Three carbon atoms replace three nitrogen atoms. (e)
Three carbon atoms replace a boron atom and two nitrogen atoms. (f) Three carbon
atoms replace two boron atoms and a nitrogen atom.

Fig. 2. (Color Online) The electronic band structures of the hypothetical materials.
Figures 2(a) - 2(f) correspond to Figs. 1(a) - 1(f), respectively.

Fig. 3. (Color Online) 2D-electron localization function (ELF) distribution of the
monolayer h-CBN structures. (a)-(f) correspond to those in Figs.1 and 2 as shown in the
insets.

Fig. 4. (Color Online) The optimized structures of the double-layered h-CBN structures.
(@) “2C-i”, (b) “2C-ii”, (c) “2C-iii”, (d) “6C-i”, and (e) “6C-ii”. See main text for the
naming rule.

Fig. 5. (Color Online) Band structures of the double-layered h-CBN structures. (a)-(e)
correspond to those of Fig.4.

Fig. 6. (Color Online) HOMO and LUMO of the double-layered structures. (a) HOMO
and (b)LUMO of “2C-i”. (c) HOMO and (d) LUMO of “2C-ii”. (¢) HOMO and (f) LUMO
of “2C-iii”.

Fig. 7. (Color Online) The ELF of “2C-i”. The two doped carbon atoms shifted from their
layers and get close. The ELF cloud can be observed between these two doping carbon
along the C-C direction which means the C-C bonds formed and it is the c-bonds.

Fig. 8. (Color Online) The ELF distribution of “2C-ii”.
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Fig. 9. (Color Online) The ELF distribution of “6C-ii”. In the bottom layer, the doping
three carbon gathered more electron than the top layer.

Fig. 10. (Color Online) The ELF distribution of “2C-iii”
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Table 1: Bandgaps and nearest interlayer distances of the unevenly substituted double
layer h-BNs

Structure “2C17 “6C-17 “2C-117 “6C-11”  “2C-i”

Bandgap (eV) 3.75 325 036 0.61  2.69

Nearest .
Interlayer (A) 1.67 1.67 271 270 1.76
Distance
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Fig. 1. (Color Online) Typical examples of odd number substitutions. (a) A carbon atom
replaces a boron atom. (b) A carbon atom replaces a nitrogen atom. (c) Three carbon atoms
replace three boron atoms. (d) Three carbon atoms replace three nitrogen atoms. (e)
Three carbon atoms replace a boron atom and two nitrogen atoms. (f) Three carbon

atoms replace two boron atoms and a nitrogen atom.
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Fig. 2. (Color Online) The electronic band structures of the hypothetical

materials. Figures 2(a) - 2(f) correspond to Figs. 1(a) - 1(f), respectively.
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Fig. 3. (Color Online) 2D-electron localization function (ELF) distribution of the

(@)~(f) correspond to those in Figs.1 and 2 as shown in the

monolayer h-CBN structures.

insets.
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i . peopeegee mmI“ Bottom layer

Fig. 4. (Color Online) The optimized structures of the double-layered h-CBN structures.
(@) “2C-i”, (b) “2C-ii”, (c) “2C-iii”, (d) “6C-i”, and (e) 6C-ii. See main text for the naming

rule.
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Energy(eV)

Fig. 5. (Color Online) Band structures of the double-layered h-CBN structures. (a)-(e)

correspond to those of Fig.4.
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Fig. 6. (Color Online) HOMO and LUMO of the double-layered structures.
(@) HOMO and (b)LUMO of “2C-i”. (¢) HOMO and (d) LUMO of “2C-ii”. (¢) HOMO and

(f) LUMO of “2C-iii”.
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New bonds

Fig. 7. (Color Online) The ELF distrubution of “2C-i”. The two doped carbon atoms
shifted from their layers and get close. The ELF cloud can be observed between these two
doping carbon along the C-C direction which means the C-C bonds formed and it is the

c-bonds.
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New electrons

pair

(a) Top view (b) Side view o Carbon

Fig. 8. The ELF distribution of “2C - ii”.
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(b) Side view

Fig. 9. The ELF distribution of “6C-ii”. In the bottom layer, the doping three carbon
gathered more electron than the top layer.
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Fig. 10. The ELF distribution of “2C - iii”.
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