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Non-phase-separated 2D B-C-N alloys via molecule-like
carbon doping in 2D BN: Atomic structures and
optoelectronic properties

Xiang-Yang Ren®, Sha Xia®, Xian-Bin Li*®", Nian-Ke Chen®, Xue-Peng Wang’, Dan
Wang’, Zhan-Guo Chen?, Shengbai Zhang®’, and Hong-Bo Sun®*

Two-dimensional (2D) B-C-N alloys have recently attracted much attention but unfortunately,
Chemical Vapor Deposition (CVD) B-C-N alloys typically phase separate. In spite of that, our analysis of
the B-C-N alloy fabricated by electron-beam irradiation suggests that non-phase-separated B-C-N may
in fact exist with carbon concentration up to 14 at.%. While this analysis points to a new way to
overcome the phase-separation in 2D B-C-N, by first-principles calculations, we show that these B-C-N
alloys are made of motifs with even-number carbon atoms, in particular, dimers or six-fold rings (in a
molecule-like form), embedded in 2D BN network. Moreover, by tuning the carbon concentration, the
band gap of the B-C-N alloys can be reduced by 35% from that of BN. Due to a strong overlap of the
wavefunctions at the conduction band and valance band edges, the non-phase-separated B-C-N alloys

maintain the strong optical absorption of BN.

limited to develop logic or light-emission applications.

Introduction

In recent years, with the development of electronic
technology, the integrated density of electronic components is
becoming much higher while the sizes of electronic devices are
gradually decreasing. For example, the channel length of field-
effect transistor (FET) is approaching its limit and is proved to
be as small as 5 nm for silicon FET in 2017". As a potential
candidate to solve the problem, 2D semiconductors with one
or several atomic thicknesses, exhibits the unique advantage in
nanodevices®”. Until now, a variety of 2D semiconductor
materials have emerged in electronic devices, such as
graphenes's, boron nitride® 1, transition-metal disulfide'® >
black phosphorus“' 15, and so on.

As the first 2D material, graphene has drawn huge
attentions since its discovery in 2004° due to the high carrier
mobility, conductivity, high transparency, and other interesting
propertiess’ 1618 s such, it may hold applications in
electrodes, transistors, flexible displays, and others®® 9.
However, due to the shortcoming of zero band gap, it is
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Similarly, 2D hexagonal boron nitride (h-BN) also has a
honeycomb structure as graphene, it is a strong antioxidant
which can be stable in the air up to 900 °c® and it has a 6.06-
eV or 6.07-ev? optical band gap. To take advantages of
graphene and 2D BN, it has been proposed to combine them
to be a new kind of 2D alloyed semiconductors for electronics
or optoelectronicszg"26

Up to now, both experimental and theoretical studies have
made a lot of efforts to achieve 2D B-C-N alloys. For theoretical
studies, in 2011 Berseneva et al. showed that in 2D BN the
replacement of B/N with carbon is affected not only by
irradiation but also by the energetics of the carbon atomic
configuration527. In 2013, based on the first-principles
calculations, Pan et al. found that the reaction-potential
barrier of B replacing C in graphene can be reduced on the
metallic ruthenium substrate®®, Accordingly, they successfully
achieved the B-doped graphene in experiment. In 2015, with
the particle-swarm-optimization technique as well as the
cluster-expansion method, Zhang et al. confirmed that the
structures of 2D B-C-N systems tends to phase separatezg.
Their calculations showed that the band gaps of B-C-N systems
were adjustable from that of graphene to that of BN. They also
found most of the proposed candidates had direct band gaps
and owned good light absorption in the visible range. For
experimental studies, in 2010, Ci et al. successfully synthesized
B-C-N systems by using methane (CH,;) and ammonia borane
(NH3-BH3) as precursors via thermal catalytic method.
However, after characterization, these composites were phase
separatedgo. Nevertheless, in 2015, Wang et al., on the basis of

J. Name., 2013, 00,1-3 | 1



Physical-Chemistry/Chemical Physics

Ci et al.30, changed the synthetic precursors to trimethyl
borane [B(CH3)3;] and ammonia gas (NH;). They claimed that B-
C-N systems were successfully synthesized in some sense’™.
The main difference between the two experimental studies is
that the former precursors contain a large number of B-N
bonds, while the latter contain a large number of B-C bonds.

Although researches of B-C-N systems are still going on, the
problem of phase separation is still not solved. In this work, in
order to obtain the alloyed structure of 2D B-C-N without
phase separation, based on the first-principles calculations and
analyses on previous experiments, we dope carbon atoms into
2D BN. We find that the even-number carbon defect motifs
like molecules, such as dimer and six-fold ring, manifest a
lower formation energy. We construct the non-phase-
separated alloys of B-C-N via doping the molecule-like carbon
motifs in 2D BN with concentration from 0% to 14% (such
concentrations can be found in experiment). We find that the
band gaps can be modified as low as 65% of that of the BN,
indicating a tuneable band gap. We also calculate the real-
space charge density distribution for conduction band
minimum (CBM) and valence band maximum (VBM). It is
found that the CBM and VBM are both from carbon motifs as
molecule-like states. The imaginary part of dielectric constant
displays a good photonic absorption. The study offers an idea
to overcome the difficulty of phase separation for synthesizing
2D B-C-N.

Simulation Methods

In this work, density functional theory (DFT)32‘ B s employed

as implemented in the Vienna Ab initio Simulation Package
(VASP) codes®. Projector augmented wave basis®® and
Perdew-Burke-Ernzerh (PBE) functional®® (a kind of generalized
gradient approximation (GGA)37) are adopted. An 8 x 8 x 1
honeycomb supercell with 128 atoms is used throughout for
calculations of 2D materials. All the atoms are relaxed until the
Hellman-Feynman forces on individual atoms are less than
0.01 eV/A. The cut-off energy of the plane-wave basis is 520
eV. The 1 x 1 x 1 Monkhorst-Pack k-point mesh grid are used
for atomic relaxation. Spin polarization has also been
considered. For comparing formation energies of other alloys,
a 192-atom model of MoggsWg.14S, alloy is evaluated with
cutoff energy of 360 eV and k-point mesh grid of 1 x 1 x 1.

To determine the possibility of the existence of various C
defects in 2D BN, their formation energies are calculated.
Usually, the formation energy E,(X,) of element X replacing
element Y in a host material®®*** is given as,

Ef(XY) = E, (Xy) — e (bulk) — Hx(solid/gas) ~ /‘)} + Ly (soid/gas) T ;1; (1)

where X is the impurity atom and Y is the host atom replaced
by X. E,,(X,) is the total energy of the defective supercell (X
replacing Y), and E, (bulk) is the total energy of the perfect

supercell without defect. 4, and s, are the chemical

potentials of elements X and Y referenced to their energies in

stable elementary forms (solid or gas), i.e. fy( /s aNd

Hy (solidigosy - HeETE, Hnnygasy » Maasolidy » He(graphene) AT€ used. All the
defects are analysed Since the

in their neutral states.
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formation of defect is determined by experimental growth
conditions (such as B-rich conditions, N-rich conditions, or
between them), the formation energy of defect depends on
different chemical potentials. Under thermal equilibrium, the
chemical potentials of host atoms must satisfy

iy + 1, = AH,(BN), where AH, (BN) is the formation enthalpy
of the 2D BN. Under different experimental condition, x; and
Ly varies in the ranges as below,

(B-poor condition) AH,(BN) < /J'B <0 (B-rich condition) (2)
(N-poor condition) AH,(BN) < ,u'N <0 (N-rich condition) (3)

To calculate dielectric function, we first do the geometry
optimization of the constructed models and then get its
ground-state electronic structure by a higher-precision static
calculation. Then, we get the wavefunction from the
“WAVECAR” document as an input. The parameters “LOPTICS
= .TRUE.” is set up to calculate the frequency dependent
dielectric matrix in VASP based on the calculated single-
particle electronic structure. The imaginary part is determined
by a summation over the states using the equation:

47%e*

Q

tyc)

S, —
Eop (0) = uvK><utK +ey

(4)
where the indices ¢ and v refer to conduction and valence
band states, respectively. u, and u, are the cell periodic part

. 1 .
lim_, q—z Z 2w 0(6y — &, — @)X <ch €,
cv,K

of the orbitals at K for conduction band states and valance
band states, respectively. Notice: The calculation of dielectric
function requires large enough number of empty conduction
band (Here, we set 776 empty bands in our 128-atom models).

Results and Discussion

In order to solve the problem of phase separation and find
possible alloy structures for 2D B-C-N, we study the local C
defects in 2D BN. We focus on carbon motifs with the number
of atoms from 1 to 6. The structures of 35 possible candidates
are shown in Fig. 1 (a). For these defects, their formation
energies are calculated in the condition of x/, =4, see Fig. 1

(b). The formation energies in B rich or N rich conditions are
also evaluated in Fig. S1 and Fig. S2 in supporting information
(SI). Here, the notification “m-n” for the models in Fig. 1 is
explained as follows: m represents the numbers of carbon for
a defect and n represents the n™ defect. From the trend of
energies in Fig. 1 (b), the carbon defects with even atom
number generally have lower formation energies than those
with odd atom number. Especially, we highlight three typical
even-number defects in the inset of Fig.1 (b). Therefore, the
carbon defects with even number should be easier to exist in
BN.

In order to further illustrate the rule on defect formation,
we take 6-carbon defects as examples. Fig. S3 displays their
motifs. For the 6-17 and 6-18 motifs (where 2N + 4B and 2B +
4N are replaced by 6 carbons, respectively), there are two
electrons less when replacing 2N + 4B and two electrons more
when replacing 2B + 4N. As such, their formation energies are
significantly larger due to breaking electron-number balance.
In contrast, the 3N + 3B replacements (i.e. equal number
replacement for N and B) should be more reasonable. That is
because the total valance electrons of 6 carbons is just equal
to those of replaced atoms. In fact, the 6-14, 6-2, 6-10, and 6-6

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. (a) Possible carbon motifs doped in 2D BN. (b) Formation energy (per
atom) of C defects in 2D BN in condition of #, =, . Different colours

represent the motif with different carbon number. The motifs with relatively low

energy are highlighted in the insets. Color coding of atom: pink for B, blue for N,

and grey for C. The notification “m-n” is illustrated in the main text.
defects indeed show the case. Among them, the 6-carbon
honeycomb ring or say six-fold ring (6-14) holds the lowest
formation energy. This is easy to be understood that the
strong carbon-carbon covalent bond further stabilizes the
defect. Therefore, the carbon dimer (2-1), four connected
carbons inside a honeycomb ring (4-3), six-fold ring (6-14) are
the most feasible defects existing in 2D BN.

In fact, an ideal 2D alloy should be the one belonging to
complete solid solution systems, such as 2D Mo, ,W,S,,
O<x<1%, Here, we take 14% concentration of dopant of Mo;.
W,S, as reference, i.e. MoggsWy14S,, see Fig. 2(a). Fig. 2(d)
indeed shows the formation energy for every W doped into
MoS, can be as small as 0.14 eV. However, the case of a
complete solid solution for (BN)1.,)2Cy is very difficult since the
formation energy of every individual C doped into BN lattice
[see Fig.2(c)] is as high as 2.00 eV. That explains why many
previous results support a conclusion of phase separation for
2D B-C-N systems no matter from theories® *> ¢ or
experimentsso’ 31,4749 However, as early as 2010, Krivanek et
al. has carried out an interesting experiment to bombard a
single BN layer by electron beam. As results, some amounts of
atomic holes were opened up to facilitate the doping of C
atoms as well as other elements. In their Scanning
Transmission Electron Microscope (STEM) analyses, annular
dark-field imaging in an aberration-corrected STEM operated

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Strategy to synthesize B-C-N semiconductors with lower energy. (a) W
alloying MoS, with individual atom doping. (b) C alloying 2D BN with molecule-
like doping (i.e. C dimer or 6-fold ring). (c) C alloying 2D BN with individual
atom doping. (d) Average formation energy per dopant for the three cases
above. The case for (a) is MoggsWo14S; and the cases for (b) and (c) are
Bo.43No.43Co.14- In (@) the light blue, red, and yellow balls are for the Mo, W, and S
atoms, respectively. Color coding for B-C-N is same as Fig. 1.
at 60 kV primary voltage can identify the positions of every
atom. They showed that C atoms could be in the forms of
dimer (i.e. the 2-1 model) and six-fold ring (i.e. the 6-14 model)
embedded into 2D BN instead of individual atom dopingso. In
fact, some methods, for example, analyzing the electrostatic
potential for atomic models is also useful to identify the
atomic picture from the TEM image‘“. These observation well
coincides with the present discovery of relatively low
formation energy of even-number carbon defects. As such, a
molecule-like carbon doping in 2D BN should be a feasible
route to construct 2D B-C-N alloy. Fig. 2(b) shows one such
case with 14% carbon doping. Although its formation energy
(0.66 eV) is still higher than that of MogggWy14S,, it is much
lower than that of individual C doping. In fact, some special
manufacturing technique could overcome the energy of
molecule-like doping, such as the electron-beam-bombard
facilitated doping technique, which is mentioned above®. In
their TEM observation, as high as 14% of carbon atoms can be
doped into 2D BN plane in form of dimer or six-fold ring, see
the inset of the TEM picture in Fig. 3(a). Therefore, the present
calculation as well as the experimental analysis offer a possible
route to synthesize 2D B-C-N alloys without phase separation.
Next, we employ these two molecule-like motifs (i.e. carbon
dimer and six-fold ring) to construct non-phase-separated B-C-
N with experimentally feasible concentrations. Fig. 3(a) shows
the band gaps of these B-C-N alloys decrease gradually with
increasing carbon concentration. According to GGA
calculations, we demonstrate the gaps can be modified from
100% to 65% of the gap of 2D BN when the dopant
concentrations vary from 0% to 14%. That means a tuneable
electronic property for these models. In Fig. 4 and Fig. S4 of S|,
the band structures [Fig. 4 (a) and (c)] and the PDOS (partial
density of states) [Fig. 4 (b) and [d]] of the typical B-C-N
models are further shown. From the PDOS, we can observe
that the carbon atoms mainly contribute to the VBM and CBM.
But the bonding situations are slightly different between the

J. Name., 2013, 00, 1-3 | 3
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Band Gap (eV)
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Fig. 3. Electronic properties of the proposed 2D B-C-N alloys. (a) GGA Band gap
vs. carbon concentration. Here, black squares represent the dimer models; red
circles stand for the six-fold-ring models; green triangles represent their mixing
models. Distribution of CBM and VBM states in real spaces for the models with
concentrations of (b) 1.56%, (c) 4.69%, and (d) 14.06%. A TEM experimental
picture is reproduced with permission from ref. 50 (Copyright 2010, Nature
Publishing Group) in the inset for illustration of our proposed B-C-N models
without phase separation. In their TEM picture, atoms are identified as red for B,
green for N, yellow for C, and blue for O.
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Fig. 4. Band structures and partial DOS (PDOS) of B-C-N alloy models with

carbon concentration of 14.06%. (a) and (c) are the band structures for the

dimer model and ring model, respectively. (b) and (d) are the PDOS of (a) and

(c), respectively.
CBMs and VBMs. Their CBMs are mainly composed of carbon p
orbit and boron p orbit while the VBMs are mainly composed
of carbon p orbit and nitrogen p orbit. We also fit the curve of
band gap vs. carbon concentration to see the trend. Three
representative models with concentration of 1.56%, 4.69%,
and 14.06% are highlighted in the inset of Fig. 3(a). Their
corresponding VBM and CBM states are also plotted in the real
spaces in Fig. 3(b)-(d). It is interestingly noted that the
distribution of CBMs and VBMs for these B-C-N models are all
around the carbon molecule-like motifs, no matter based on
dimers, or six-fold rings, or their mixtures. In other words, such
kind of B-C-N alloys hold molecule-like electronic states in their

4| J. Name., 2012, 00, 1-3
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Fig. 5. In-plane dielectric function &, of the proposed B-C-N models. The solid

line is for the pure 2D BN and the dashed lines are for the proposed B-C-N models
at their carbon concentrations up to experimentally feasible 14%.

band edge which indicate their carriers should be in form of
hopping or tunneling for the transportation.

Usually, molecule-like states in semiconductors could
benefit light absorptions or light emission’.
explore the application in optoelectronics, we calculate their
absorption spectrum, i.e. imaginary part of dielectric function
¢, for these non-phase-separated B-C-N models. Fig. 5 shows
the in-plane ¢, (x-axis direction, the case for the y-axis
direction are almost the same). First of all, the molecule-like
CBM and VBM together produce a strong absorption within
the normal 2D BN gap, which is reflected by their strong
overlap of wavefunctions to facilitate electron transition. With
increasing carbon concentration, the start-up of the
absorption is redshift and the intensity become stronger. This
means such kinds of 2D B-C-N alloy is especially suitable for
optoelectronics, such as high sensitive detector, light emitting
diode (LED), and light amplification stimulated emission
radiation (LASER) with designed wavelengths.

In order to

Conclusions

In sum, we find that the most likely carbon defect doped into
2D BN are the even-number molecule-like motifs, such as
dimer or six-fold ring. Owning to these motifs, we construct
and propose the 2D B-C-N models without phase separation.
While their formation energy is still not low enough to form at
the mild thermal equilibrium condition, the proposed 2D B-C-N
models could be realized by certain techniques, such as
electron-beam  facilitated doping techniqueso. With
experimentally feasible carbon concentrations (up to 14%), the
proposed models have tuneable band gaps from 100% to 65%
of that of 2D BN. Their CBM and VBM all locates at around
carbon motifs. The strong overlap of the wavefunction of
these frontier orbits make the systems especially suitable for
optoelectronics. The present studies offer a feasible route to
overcome the main challenge of phase separation problem for

This journal is © The Royal Society of Chemistry 20xx
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2D B-C-N alloys fabrication. It will benefit their application on
electronics.

The idea of molecule-like doping should be a useful idea to
synthesize other 2D alloys which is easily phase separated. In
fact, before the theoretical study (two years ago), an
experimental team led by Prof. Jianlin Liu in University of
California, Riverside invited us to find some possible structures
for 2D B-C-N. Therefore, in the next step, we and the
experimental colleagues will try to fabricate the proposed 2D
B-C-N models. Furthermore, from theoretical points, the
methods to get the possible n- or p-type conductivity in these
B-C-N models should be also worth being explored in the near
future.
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