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1. Introduction

Graphene [1] and hexagonal boron-nitride [2] (h-BN) sheets 
are two-dimensional (2D) materials that are just one atom 
thick. They both have honeycomb crystal structure with a 
small difference (about 2%) in lattice constants. Notably, 
while graphene is a semimetal, h-BN is a wide band gap 
insulator.

The similarities in the crystal structures and drastically dif-
ferent electronic properties point to the possibility of creating 

a mixed boron-nitrogen-carbon (BCN) material with a tunable 
band gap, which should depend on relative concentrations of 
B, C, and N atoms. Numerous calculations [3–18] have shown 
that the band gap in the mixed BCN system continuously 
varies from zero in pristine graphene to about 5 eV in h-BN.

The practical implementation of this idea has been difficult 
due to segregation of graphene and h-BN, as also predicted 
by simulations [19]. The samples grown by the chemical 
vapor deposition [5, 20] or pyrolysis [21] techniques con-
sisted primarily of small patches of graphene and h-BN 
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Abstract
The development of spatially homogeneous mixed structures with boron (B), nitrogen (N) 
and carbon (C) atoms arranged in a honeycomb lattice is highly desirable, as they open the 
possibility of creating stable two-dimensional materials with tunable band gaps. However, 
at least in the free-standing form, the mixed BCN system is energetically driven towards 
phase segregation to graphene and hexagonal BN. It is possible to overcome the segregation 
when BCN material is grown on a particular metal substrate, for example Ru(0 0 0 1), but 
the stabilization mechanism is still unknown. With the use of density-functional theory we 
study the energetics of BN/Ru slabs, with different types of configurations of C substitutional 
defects introduced to the h-BN overlayer. The results are compared to the energetics of free-
standing BCN materials. We found that the substrate facilitates the C substitution process in 
the h-BN overlayer. Thus, more homogeneous BCN material can be grown, overcoming the 
segregation into graphene and h-BN. In addition, we investigate the electronic and transport 
gaps in free-standing BCN structures, and assess their mechanical properties and stability. The 
band gap in mixed BCN free-standing material depends on the concentration of the constituent 
elements and ranges from zero in pristine graphene to nearly 5 eV in free-standing h-BN. This 
makes BCN attractive for application in modern electronics.
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randomly distributed in the sample. The direct comparison 
of the measured and calculated electronic properties was not 
straightforward, as the calculations were done for periodic 
and well-ordered free-standing BCN systems, composed of 
domains or stripes of two materials [3, 5–8].

Doping of BN nanostructures with carbon using in situ 
electron-beam irradiation was demonstrated to yield BCN 
materials [22, 23]. One more way to manufacture mixed BCN 
structure was shown to be low-energy ion beam irradiation 
[24] of free-standing graphene sheets. Commonly, chemical 
post-synthesis substitution of C atoms in graphene with B and 
N atoms (or other way around) is utilized when monolayer 
is supported by a substrate [8, 25, 26]. The Ru(0 0 0 1) sur-
face was experimentally shown to be a suitable for growing 
of BN-graphene heterostructures [27]. Moreover, Ru sup-
ports the growth of non-ordered BCN intermixing areas with 
no patterns [28], overcoming the phase segregation problem. 
By using Ru as a supporting material it is possible to avoid 
dealing with composite substrates (consisting of several mat-
erials [25]). This gives grounds to investigate the properties of 
non-ordered BCN intermixed materials and compare them to 
the properties of earlier investigated structures with BN and 
graphene islands.

Generally, very little is known about the energetics of the 
BCN/Ru slab system and interaction between the BCN over-
layer and Ru (0 0 0 1) substrate. This knowledge is crucially 
important for understanding the mechanism of forming BCN 
mixed systems. Moreover, there are still open questions 
regarding the electronic structure of the non-ordered BCN 
free-standing sheets and the correspondence between the fun-
damental semiconductor gap and transport gap. Carbon atoms 
incorporated in h-BN give rise to impurity states in the band 
gap, which may or may not affect the transport properties of 
the system. Since the estimation of the transport gap is done 
based on the conductivity of the material, the transport gap and 
electronic band gap may differ. Evaluating the transport gap 
value is important for the possible applications of the material.

In this paper we first study the energetics of different incor-
porated C substitutional defects into a free-standing h-BN 
sheet. Then we evaluate the effects of Ru(0 0 0 1) substrate on 
the energetics of C substitution in a h-BN overlayer. Finally, 
we investigate the electronic, transport and mechanical prop-
erties of free-standing BCN structures with different BN and 
C concentration ratios.

2. Computational details

2.1. DFT calculations

We performed first-principles electronic structure calcul ations 
within the framework of the density functional theory (DFT) 
as implemented in the Vienna Ab Initio Simulation Package 
[29, 30]. The one-electron Kohn–Sham wave functions were 
represented by a plane waves with a kinetic energy cutoff 
of 400 eV for slab calculations (where BN or BCN mono-
layer was placed on top of a Ru substrate) and 520 eV for 
free-standing systems. Gaussian smearing with a smearing 

width of 0.05 eV was used for geometry relaxation and 
band structure calculations of free-standing systems, while 
0.1 eV was used for slab configurations. Structural optim-
izations of all atomic geometries were performed. To obtain 
optimal structures in the presence of weak van der Waals 
forces, a tight force convergence criteria of 0.002 eV Å

−1
 was 

adopted. Calculations were carried out without account for 
spin- polarization, since these effects are known to be small  
(maximally 0.2 eV for CB and CN isolated defects [31]).

In order to prevent spurious interlayer interaction within 
the periodic supercell, a 20 ̊A  vacuum spacing was introduced 
between adjacent h-BN layers (in the direction perpendicular 
to the sheet). In our slab calculations, the substrate consists of 
3 layers of Ru (0 0 0 1) with the lower layer fixed only in the 
z-direction allowing the system to adjust to the incorporated 
strain. The lattice constants of Ru and BN do not match. In 
order to construct a slab system with the minimum internal 
strain, we used a 12 × 12 unit cell of Ru (calculated lattice 
constant is 2.721 Å) and a 13 × 13 unit cell of BN (calculated 
lattice constant is 2.512 Å). The final BN/Ru or BCN/Ru slab 
supercells consist of 770 atoms.

Van der Waals interactions were taken into account in the 
slab calculations, using the AM05–VV10sol functional [32], 
which previously was shown to reproduce a Moiré pattern of 
h-BN overlayer close to the experimental one [33]. For free 
standing 2D systems, the exchange-correlation energy of the 
interacting electrons was described using the Perdew–Burke–
Ernzerhof [34] generalized gradient approximation, following 
previous works [16, 35].

In the total-energy calculations, k-points in the Brillouin 
zone (BZ) were generated by the Monkhorst-Pack scheme 
with a Γ-centered grid. Specially, we used a 4 × 4 × 1 mesh 
for 8 × 8 × 1 and 10 × 10 × 1 supercells of BN and BCN. In 
the case of graphene with BN substitutions, a 4 × 4 × 1 mesh 
was used for 8 × 8 × 1 supercells. For the slab systems, a 
1 × 1 × 1 k-point mesh was adopted.

2.2. Tight-binding calculations

In order to assess the system size effects in our simulations, 
DFT based calculations were complemented with the tight-
binding (TB) modelling. The TB calculations were per-
formed for BN and BCN sheets consisting of 1 million atoms 
(125 × 256 nm). We only considered the nearest-neighbour 
hopping t0 with the strength of −2.7 eV between all atoms. 
Boron and nitrogen atoms were restricted to their own sub-
lattices and modelled as sites with on-site potential of  ±t0 
[36]. The choice to use t0 for on-site potentials was done for 
convinience and was based on good achieved agreement with 
DFT results [37]. The density of states (DOS) and conduc-
tivity were calculated using our implementation [38] of the 
real-space Kubo–Greenwood method [39], which scales lin-
early with system size and enables large system simulations. 
The DOS within this method is given by

ρ(E) = Tr
[

2
Ω
δ(E − H)

]
, (1)
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where Ω is the system volume and the factor of 2 results from 
spin degeneracy. To calculate the conductivity, we consider 
the mean square displacement ∆X2(E, t),

ρ(E)∆X2(E, t) = Tr
[

2
Ω
δ(E − H)(X(t)− X)2

]
, (2)

where X(t) is the position operator in the Heisenberg rep-
resentation. The conductivity is the time derivative of 
ρ(E)∆X2(E, t) multiplied by the electron charge e squared:

σ(E, t) = e2ρ(E)
∂

2∂t
∆X2(E, t). (3)

A Chebyshev expansion was used to evaluate the delta 
functions and time evolution in the equations. For the delta 
functions the expansion was terminated after 3000 terms and 
the time evolution was stopped when the magnitude of the 
expansion coefficients drops below 10−15. The traces were 
calculated by the random phase approximation [40] over ten 
vectors. Because the energy resolution is finite, the energy 
gaps were defined as the region where the DOS value falls 
under 10−3 1/t0/atom. The transport gap was determined from 
the conductivity data obtained with equation (3) as the region 
where the conductivity is less than 0.1 e2 h−1 for a t = 1 ps 
corresponding to a sample length of 1 μm.

3. Results and discussion

3.1. Models of free-standing and slab systems

To analyze the formation process of BCN material, we 
explored different configurations of C substitutional defects 
in free-standing h-BN and in slab systems. Three types of 
arrangements for C substitutions in B and N positions were 
investigated in the free-standing system: single substitutions 
CB and CN (where single B or N atom is substituted with 
C atom), in-pair substitutions (where two bonded C atoms 
replace one BN pair) and non-pair substitutions (spatially sep-
arated B and N atoms are substituted with two C atoms). The 
arrangement of C substitutions in free-standing and supported 
systems are the same as shown in figure 1. The in-pair substi-
tution configuration was motivated by experimental observa-
tions of doped BN sheets in TEM images [41], by experiments 
where ethylene molecules were used to obtain the BCN stuc-
tures [26] and by synthesis utilizing bis-BN cyclohexane [42].

When constructing the slab model, it is possible to arrange 
a h-BN sheet on top of a Ru substrate in different ways with 
respect to the Ru surface atoms. We considered two different 
configurations (I and II) for positioning a h-BN layer on top 
of the metal substrate, as shown in figures 1(a) and (b). These 
two structures are sufficient to represent the overall behaviour 
of the system and to account for all three high symmetry posi-
tions of B and N atoms with respect to the Ru atoms: top (on 
top of first layer Ru atoms), hcp (on top of Ru atoms of the 
second layer), and fcc (on top of hollow positions in between 
the Ru atoms). We note that the total energy of configuration 
II is lower by 4.04 eV than the total energy of configuration I 
and should be the ground state configuration.

Due to the lattice mismatch and the interaction of the over-
layer with the Ru substrate [43], the h-BN sheet forms a Moiré 
pattern (figure 1(c)). Valley (lower) areas are formed where N 
atoms are located on top of first layer of Ru atoms (N-top con-
figuration). At the same time the hill (upper) areas are formed 
where N atoms are located in non-top positions (hcp or fcc). 
This agrees well with computed configurations reported 

Figure 1. The BN/Ru slab supercells used in calculations.  
(a) Configuration BCN/Ru I (N atom is located on top of Ru 
atom of the first layer), (b) configuration BCN/Ru II (B atom is 
located on top of Ru atom of the first layer). B (bigger) and N 
(smaller) atoms of overlayer are colored by the elevation (red 
color indicates valley and blue color stands for hill regions). Small 
triangles indicate the high symmetry positions of B and N atoms 
that we further substitute with C in different combinations: single 
C substitutions (represented by all triangles), C-pair substitutions 
(pairs of triangles within green circles) and selected non-pair C 
substitutional defects (triangles marked by the same dotted styles 
from different green circles). Their notations are specified in the 
text. (c) Periodically extended BN/Ru unit cell illustrating the 
development of the Moiré pattern in h-BN sheet located on top of 
Ru substrate. Green, orange, and pink atoms correspond to first, 
second, and third layer Ru atoms, respectively.

J. Phys.: Condens. Matter 29 (2017) 415301
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earlier [44, 45]. Also the size and shape of the hill and valley 
regions in our calculated Moiré pattern (figure 1(c)) are in 
good agreement with the experimental STM images [28, 46]. 
This confirms that the orientation of the BN sheet with respect 
to the Ru substrate is correct in our model.

To investigate the role of the substrate in the defect forma-
tion process, we constructed various substitutional defect con-
figurations in the overlayer, including single C substitutions 
in B and N sites in either one of the high symmetry positions, 
C-pair substitutions, and selected non-pair C substitutional 
defects. The schematic representation of all C sites covered in 
this manuscript are marked by triangles in figures 1(a) and (b).

3.2. Energetics of C-substitutions

3.2.1. Formation energy in free-standing BCN. To under-
stand which defect configurations are dominant, we studied 
the energetics of the systems by evaluating defect formation 
energy, Ef. For a free-standing layer, it is calculated as

Ef = Etot(BCN)− Etot(BN)

+nBµB + nNµN − nCµC
 (4)

where Etot(BN) and Etot(BCN) are total energies of a pure 
h-BN system and a system with substitutional carbon defects, 
respectively. nB and nN are numbers of B and N atoms replaced 
by nC carbon atoms.

The chemical potentials are chosen as in our previous 
works [16, 35]. µC is equal to the chemical potential of a 
C atom in graphene. We assume an N-rich environment, in 
which case the chemical potential of N is taken from the gas 
phase: µN  =  Etot(N2)/2. B and N potentials are coupled by the 
equilibrium condition

µBN = µB + µN (5)

where µBN is the total energy per BN pair in the h-BN 
sheet. µB is obtained from equation (5). Computed chemical  
potentials were: µB = −9.27 eV µN = −8.31 eV and µC = 
– 9.23 eV.

Our calculations showed that in the case of single substi-
tution, the formation energy strongly depends on the species 
of the substituted atom. With the above choice of chemical 
potentials and in a free-standing system, the formation of a 
neutral single CB defect (a C atom in the position of a B atom) 
costs 1.62 eV, which is much less than the energy required for 
creation of CN (4.23 eV). Nevertheless, the defect formation 
energy in the case of a double substitution is much smaller if 
a carbon pair is created (0.98 eV / C atom), as compared to the 
case where two C atoms are separated (2.36 eV / C atom). It is 
evident that in a free-standing h-BN matrix, in-pair C substitu-
tion is energetically favourable.

3.2.2. Formation energy in supported BCN. To explore the 
effect of the substrate on the energetics of substitutional impu-
rities, defect formation energies in slab systems were calcu-
lated, using a formula similar to equation (4)

Ef = Etot(BCN/Ru)− Etot(BN/Ru)
+nBµB + nNµN − nCµC

 
(6)

where Etot(BN/Ru) and Etot(BCN/Ru) are now the total ener-
gies of the pure BN/Ru system and a system with a C substitu-
tional defect, respectively.

In contrast to the free-standing case, in supported systems 
the formation energy depends strongly not only on the sub-
stituted atom species, but also on the location of the defect in 
relation to the substrate atoms and the position in the Moiré 
pattern. Formation energies of different C substitutional 
defects and comparisons between Ef values for supported and 
free-standing BCN systems are collected in table 1 and illus-
trated in figure 2.

As seen in the table 1, the formation of a single CB defect 
in the overlayer costs less energy than the creation of a CN 
located at the same position with respect to the substrate 
atoms. Ef of pair substitutions is independent of the pair posi-
tion within the Moiré pattern. In addition, the defect formation 
energy for in-pair substitutions is generally lower than for two 
distantly separated C atom substitutions. The one exception 
is the configuration where one of the two separated atoms is 
CN-top, here Ef becomes smaller than for in-pair substitution.

To corroborate obtained results in a more complex system, 
we also performed calculations for the slab BCN/Ru system, 
where BCN overlayer contains 25% of C substitutional 
impurities in either in-pair or random configurations. The 
total energy of the slab system with in-pair C substitutions 
is smaller by approximately 0.045 eV/atom than with random 
substitutions.

In regard to single defects, for most C substitutions the for-
mation energy in the slab system is lowered with respect to the 
same defect in a free-standing h-BN sheet. This suggests that 
the substitution process is easier in a supported system. There 
are a few exceptions though. The formation energies for CB in 
hcp and fcc positions (located in valley region) are higher than 
in the free-standing h-BN sheet. Ef drops par ticularly strongly 
for CN-top configuration in overlayer (almost to the level of 
Ef of CB), suggesting that creation of this type of substitu-
tion is strongly favored. Single defect energetics is completely 
different for the free-standing system, where the formation 
energy of the CN defect is much higher than CB, making it dif-
ficult to create. In general, formation of isolated CB is favored 
in the hill region, whereas CN is favored in the valley region.

For double substitution, we observed that when two C 
atoms are separated within the h-BN sheet in slab system, 
their defect formation energies can be estimated from the sum 
of defect formation energies of respective isolated defects. 
This is different from the free-standing h-BN sheet, where the 
sum of Ef for isolated CB and CN defects is higher than Ef 
for two separated C substitutions located in the same system. 
In case of in-pair substitution the defect formation energies 
in free-standing h-BN and in BN/Ru slab are comparable. It 
arises from the strong interaction between C atoms arranged 
in pairs.

Summarising our results for supported systems, forma-
tion energies of single substitutional defects for BN/Ru slab 
systems are lower than the corresponding ones in the free-
standing h-BN sheet (with only exceptions for configurations 
being single CB atoms located in the valley regions). A system 
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with random in-pair C substitutions is more energetically 
favourable than a system with random non-pair substitution. 
In addition, in [26], the process to form BCN overlayer was 
carried out using C2H4. It is a suitable way to make a com-
pound with in-pair C-substitutions (since ethylene molecule 
contains a carbon pair already). Therefore, we mostly focus 
on the in-pair substitutions in our study of properties of free-
standing BCN alloys.

3.2.3. Binding energy and Bader analysis for BCN/Ru 
 systems. We also considered the changes in binding energy 
of BCN sheet to the Ru substrate depending on the position 

and configuration of substitutions. The binding energy was 
evaluated using the formula below.

Ebind = Etot(BCN/Ru)− (Etot(Ru) + Etot(BCN)), (7)

where Etot(BCN/Ru) is the total energy of the slab system 
(Ru substrate with a BCN or BN overlayer). Etot(Ru) and 
Etot(BCN) are the total energies of an isolated Ru substrate and 
a BCN/BN overlayer, respectively. Calculated binding ener-
gies for pure BN/Ru system in configuration I is −59, 48 eV 
and in configuration II is −63.52 eV. Calculated differences 
between binging energies for pure systems and systems with 
carbon substitutions are presented in table 1.

Comparison of equation  (7) with equation  (4) and equa-
tion  (6) reveals that the changes in binding energy upon C 
substitution follow the changes in formation energy between 
the supported and the free-standing systems.

In most BCN configurations, the interaction between the 
substrate and overlayer becomes stronger than in case of a 
pure h-BN overlayer. The only exceptions causing weaker 
interactions are the structures which include CB atoms (single 
or part of a non-pair configuration) located in the valley 
region. However, since these are the high formation energy 
configurations, we conclude that C substitution generally 
results in an increased binding energy between the overlayer 
and the substrate.

In addition, Bader charge analysis [47, 48] was performed 
in slab systems for all considered carbon substitution configu-
rations presented in figures 1 and 2. The results for BCN/Ru 
systems were compared to those for pure BN/Ru systems. On 
the whole, the BN and BCN sheets become negatively charged 
when placed on top of Ru substrate.

CN substitutional atoms introduced in a BN overlayer gain 
nearly the same amount of charge (from 2.1 to 2.3 e) as N 
atoms in a pure BN overlayer (2.1 e). At the same time, there 
is almost no change in the local charge distribution in the adja-
cent B atoms. Such a situation persists independently of the 

Table 1. Defect formation energies Ef of different C substitutional defects, comparison between Ef for supported and free-standing BCN 
systems (∆Ef ), and comparison between binding energies Eb for pure BN/Ru systems and systems with carbon substitutions BCN/Ru 
(∆Eb).

Ef, eV ∆Ef , eV ∆Eb, eV

Defect Name BCN/Ru I BCN/Ru II Free-standing BCN/Ru I BCN/Ru II BCN/Ru I BCN/Ru II
1. CB−top 0.45 0.49 1.62 −1.40 −1.36    1.26    1.21
2. CB−hcp 0.69 2.09 1.62 −1.16    0.24    1.01 −0.38
3. CB−fcc 1.92 0.54 1.62    0.07 −1.31 −0.21    1.17
4. CN−top 1.09 1.12 4.23 −3.39 −3.36    3.27    3.24
5. CN−hcp 3.61 3.65 4.23 −0.88 −0.83    0.76    0.71
6. CN−fcc 2.24 3.67 4.23 −2.24 −0.81    2.12    0.69
7. CB−fccCN−top(I)/ 1.95 1.91 1.96 −0.01 −0.05    0.05    0.09

CB−hcpCN−top(II)
8. CB−topCN−hcp(I)/ 1.91 1.99 1.96 −0.05 −0.03    0.09    0.01

CB−fccCN−hcp(II)
9. CB−hcpCN−fcc(I)/ 1.92 2.01 1.96 −0.04    0.05    0.08 −0.01

CB−topCN−fcc(II)
10. CB−hcpCN−top(I)/ 1.79 4.15 4.72 −2.93 −0.57    3.17    0.80

CB−topCN−hcp(II)
11. CB−fccCN−fcc 4.91 4.20 4.72      0.2 −0.52    0.02    0.74

Figure 2. Defect formation energies (Ef) for various types of 
C substitutional defects in BN/Ru slab and free-standing h-BN 
systems. Hill and valley defect locations in Moiré pattern are 
pointed out. Defect configurations are marked at the x-axis by 
numbers and explanation is given in table 1.

J. Phys.: Condens. Matter 29 (2017) 415301



N Berseneva et al

6

CN position with respect to Ru atoms and independently of 
the defect configurations (single, in-pair or distantly separated 
atoms).

CB substitution introduces more changes to the BCN/Ru 
system than CN. B atoms in pure h-BN overlayer loses 2.1 e. 
CB loses less charge than B atoms in h-BN overlayer indepen-
dently of the defect configuration and position with respect 
to Ru atoms. The value of CB charge varies depending on the 
defect configuration. CB as an isolated single defect or part of 
non-pair type substitution has a charge varying between +1.0 
and +1.7 e. As a part of an in-pair substitution, the charge 
associated with CB varies from +0.5 to +0.8 e. Accordingly, 

N and CN atoms adjacent to CB accept a smaller charge than N 
atom in pure h-BN overlayer.

3.3. Electronic and transport properties of free standing BCN 
sheet

The Ru substrate is needed only to support the production of a 
homogeneous BCN structure. After the overlayer is produced, 
it can be removed from the supporting metal. We concentrated 
further research on characteristics of h-BN and h-BCN free-
standing sheets.

Since h-BN is a wide band gap insulator and graphene is 
a semi-metal, there is a possibility to vary the band gap in the 
BCN system depending on the B, N, and C atom concentra-
tions. We investigated the dependence of the band gap of BCN 
structures with random pair substitutions on the C concentra-
tion with DFT calculations, going beyond previously studied 
ordered structures. In order to account for system size effects, 
our research was complemented by TB calculations.

Following the common practice, special quasi-random 
structures (SQS) [49, 50] are used to construct models, which 
efficiently mimic random substitutional alloys. In order to 
model random pair substitution with DFT calculations, a two-
step scheme was adopted. We first constructed a SQS for C 
substitution in the B sub-lattice of h-BN using the ATAT soft-
ware [51]. In the second step, for each CB site we chose ran-
domly one of the three neighbouring N sites and substituted it 
with another C atom to form a pair. If all three neighbouring 
N sites were already filled, the second C atom was placed at 
any free N sub-lattice site. This approach should guarantee 
random in-pair substitution even if the orientation of pairs 
does not follow the SQS procedure. To obtain the depend ence 
of the DFT electronic band gap on C concentration in BCN 
system, we performed averaging over several configurations 
with the same starting SQS structure, but different pair orien-
tations. In the case of alloys with carbon concentration higher 

Figure 3. Effective band structure and DOS for free-standing 
h-BN system with 6.25% of C concentration in (a) in-pair and (b) 
non-pair C substitutions. B and N atoms are equally substituted. 
In the effective band structure, the size of the circle represents 
the supercell wave function projection to a plane wave with wave 
vector k from the primitive cell Brillouin zone. A highly delocalized 
state shows up as a large circle at a single k-point, whereas a more 
localized state shows up as small circles scattered over several 
k-points. The color represents the wave function projection to 
different atoms, determining what portion of the state is localized 
at particular atom site (B/N: red; C: blue). Purple color represents 
states that are equally localized at B/N and C sites. The light 
colored circles mean that the states are localized to interstitial 
regions or in vacuum. Red and blue curves in DOS plot represent 
the DOS for BN and carbon respectively.

Figure 4. Dependence of band gap in BCN system as a function of 
C concentration. Blue curve displays DFT electronic band gap. Red 
curve represents DOS band gap obtained within the tight-binding 
approach. Green curve demonstrates the transport gap calculated 
within tight-binding approach.
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than 50%, the substitution process was organized the same 
way as discribed above but with graphene as a starting system. 
We first constructed a SQS for B substitution in either one of 
the graphene C sub-lattices and then substituted randomly one 
of the C neighbours by N atom.

The method to generate the atomic models for TB simula-
tions is mostly the same as for DFT calculation. The site for 
the first atom of the substitutional pair is chosen randomly 
from the system. If all three neighbours of this site have 
already been substituted, a new site is randomized until an 
eligible one is found. The system with higher concentration is 
always constructed taken the system with smaller concentra-
tion as a starting point for substitution process.

At first, we considered the electronic structure of single 
impurities. In the case of CB, there is one impurity level in 
the band gap, located in the upper part or the gap. Similarly, 
in the case of CN, there is one impurity level in the lower part 
of the gap. The impurity levels are occupied by one electron 
in both cases. In the case of the C pair, the impurity levels 
move closer to the band edges due to the strong interaction 
between the two carbon atoms forming the pair. Moreover, 
the defect state close to valence band maximum is occupied 
by two electrons and the one close to conduction band min-
imum is unoccupied.

The same locations of impurity states were observed also 
in the electronic structures and DOS of BCN systems with 
higher C concentrations. However, the distribution of states 
becomes broader as the defect concentration increases due to 
interaction between defects. We illustrate the example of elec-
tronic structure of BCN alloys with 6.25% of C concentration 
(in-pair and non-pair substitution) by plotting their effective 
band structures [52] and DOS in figure 3. At higher carbon 
concentration, impurity states related to in-pair substitution 
appear within the gap near the band edges. In the case of 
random non-pair substitution, so many impurity levels appear 
that the gap disappears even at such moderate concentration.

Band gap dependence on the C-concentration in a BCN 
system obtained with DFT and TB approaches is shown 
in figure 4. The starting point is the band gap of pure h-BN 
and the final one is the zero gap of graphene. DOS band gaps 
obtained with TB show the same trend as a curve for electronic 
band gaps calculated with DFT. In both cases there is a drop in 
band gap value after incorporating the first portion of C substi-
tutional impurities, which can be ascribed to the introduction 
of defect states inside the gap. The DFT curve deviates from 
the TB result at concentrations where the ratio of BN/C con-
stituents in the system is close to 50% BN and 50% C. This dif-
ference is likely caused by finite size effects in the DFT model. 
As seen from figure 4, although relatively small systems were 
considered in the DFT calculations in comparison to TB, the 
trend for band gap dependence is the same in both cases.

We have also calculated with TB approach how the trans-
port gap depends on the C-concentration. Figure  4 shows 
that the transport gap is larger than the electronic band gap 
for all concentrations. This suggests that the states near the 
band edges are strongly localized and do not conduct. At 
small carbon substitution concentrations, the transport gap is 
larger than the transport gap for pure BN. This is because the 

impurity states at carbon atoms need to be orthogonal to the 
BN states, pushing them away from the Fermi energy.

We conclude that it is possible to make a free-standing 
BCN structure with a variable band gap, depending on B, N, 
and C atom concentration in the system.

3.4. Mechanical properties of BCN monolayer

Finally, with DFT we analyzed the mechanical properties of 
BCN systems. Previous calculations have revealed stress-
strain relations [53], and how the band gap [54], work function 
[55], piezoelectric constants [56] and optical properties [57] 
change under applied strain. However, these studies consid-
ered various crystalline or highly ordered configurations of C, 
B, and N (including BN or C islands embedded into graphene 
or BN [58]); an investigation of mechanical properties and sta-
bility of the systems was not done for random configurations.

We explored a free-standing BCN system with 50% of C sub-
stitutional atoms as well as pure h-BN and graphene. We com-
puted the stress-strain curves, where the tensile strain is applied 
in only x (zig–zag), only y (arm-chair) directions, and simul-
taneously in x and y directions (biaxial) (figure 5). The mixed 
system has the characteristics between graphene and h-BN at 
low strains, but it will become less durable at high strains, as the 
mixture shows more broken bonds within the structure.

This observation is in good agreement with experimental 
measurements reported in [59], which also conclude that 
graphene doped with BN is more sensitive to applied strain 
than the pure system, which makes it more suitable for strain 
sensor application.

4. Conclusions

In conclusion, our results provide microscopic insight into the 
structures and properties of BCN systems supported by Ru. Our 
study showed that a homogeneous BCN structure should be 

Figure 5. Strain-stress curves are shown for the pure graphene, 
pure h-BN and for BCN system with 50 % C and 50 % BN 
(BN0.5C0.5). Solid, dashed, and dotted curves represent system 
behaviour when the tensile strain is applied, accordingly, in 
only x (arm-chair) and only y (zig-zag) directions, as well as 
simultaneously in x and y directions (biaxial). The stress is 
measured in the same direction as an applied stain. Arrows indicate 
that breakage occurs in the structures.
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easier to obtain when grown on top of a Ru substrate, inferred 
from the lowered formation energies of C substitutional defects 
in the BN lattice due to interaction with the substrate. Moreover, 
we demonstrated that the band gap in free-standing disordered 
BCN material with in-pair C-substitutions can be continuously 
varied depending on the concentration of the constituent ele-
ments. Conductivity calculations demonstrated that transport 
gaps are somewhat larger than the electronic fundamental gap 
for corresponding systems. Finally, the mechanical properties 
illustrated that BCN materials are robust, although more sensi-
tive to applied strain than pure graphene and h-BN. Overall, 
our work indicates the possibility to create homogeneous BCN 
structures with desired electronic properties, which could ful-
fill the needs of modern electronics in the semiconductors with 
tunable band gaps.
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