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Predicting two-dimensional semiconducting
boron carbides†
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Zhuhua Zhang *b and Si-Dian Li *a

Carbon and boron can mix to form numerous two-dimensional

(2D) compounds with strong covalent bonds, yet very few possess

a bandgap for functional applications. Motivated by the structural

similarity between graphene and recently synthesized borophene,

we propose a new family of semiconducting boron carbide mono-

layers composed of B4C3 pyramids and carbon hexagons, denoted

as (B4C3)m(C6)n (m, n are integers) by means of the global

minimum search method augmented with first-principles calcu-

lations. These monolayers are isoelectronic to graphene yet exhibit

increased bandgaps with decreasing n/m, due to the enhanced

localization of boron multicenter bonding states as a consequence

of the electronic transfer from boron to carbon. In particular, the

B4C3 monolayer is even more stable than the previously syn-

thesized BC3 monolayer and has a direct bandgap of 2.73 eV, with

the promise for applications in optical catalysis and opto-

electronics. These results are likely to inform the on-going effort

on the design of semiconducting 2D materials based on other light

elements.

Introduction

Light elements, such as boron, carbon, and nitrogen, are
known for their ability to form a wide variety of elemental crys-
tals and compounds with strong covalent bonds. When con-
fined to two-dimensional (2D) spaces, these elements give
birth to atomically thin materials that stand out in terms of
superlative mechanical properties and fantastic electronic pro-
perties. 2D carbon, i.e. graphene, adopts a honeycomb lattice
with novel Dirac fermions for potential application in a
number of technical fields.1–7 As a boron analogue of gra-
phene, 2D boron, called borophene,8,9 was proposed as a
network of B-filled hexagons in the otherwise honeycomb
lattice.10 Following theoretical predictions, borophene has
been synthesized on Ag(111) substrates by two recent indepen-
dent experiments and is known to be the thinnest metallic
material.11,12 Aside from these elemental 2D materials, many
blends of light elements exhibit their 2D suits, such as
2D nitrides and oxides. However, most reported 2D materials
fully composed of light elements either lack a bandgap or are
electrically insulating, severely limiting their potential appli-
cations in functional devices that require semiconducting
properties.

Among the diverse blends of light elements, 2D boron car-
bides have attracted special interest not only because bulk
boron carbides are important superhard materials but also
because marked similarity exists between carbon and boron
chemistry. A notable example is the BC3 monolayer, in which
each carbon hexagon is surrounded by six boron atoms.
Experimentally, the graphene-like BC3 monolayer was con-
firmed by electron diffraction data13 and has been synthesized
by hot filament chemical vapor deposition methods.14,15

While the BC3 monolayer is semiconducting, it has an indirect
bandgap16 that limits the performance of, for example, photo-
electronic devices. Later on, Luo et al.17 have proposed a series
of boron carbide monolayers based on a structural search
by the particle swarm optimization (PSO) algorithm. With
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increasing boron concentration, the energetically preferred B–
C monolayer structure evolves from a homogenous honeycomb
structure to a heterostructure composed of carbon and boron
domains. However, all the newly proposed 2D B–C compounds
turn out to be metallic.18,19 A recent theory suggested that the
thermal stability of graphene cannot be substantially under-
mined by boron doping up to a concentration of 33% (or with
a formula of BC2), but a 2D B–C semiconductor with a direct
bandgap is yet to be explored.

In this Communication, we found a new family of 2D B–C
monolayers that not only exhibit high stability but also uni-
formly offer direct bandgaps, as shown by first-principles cal-
culations combined with the global minimum search. The
idea was provoked by a designed B4C3H6 molecule with a
three-fold symmetry which possesses similar aromaticity to
benzene (C6H6). The B4C3H6 molecule then serves as a precur-
sor to form a 2D B4C3 monolayer with a direct bandgap of 2.73
eV due to the broken symmetry between B and C sublattices.
Furthermore, the B4C3 units can alloy with C6 rings to form a
large family of 2D B–C monolayers, formulated as (B4C3)m(C6)n
(m, n are integers), which exhibit a decreased band gap with
increasing n/m, down to the case of graphene (n/m = ∞)
with zero bandgap. Calculated optical and electronic pro-
perties, along with the variable bandgap by changing compo-
sitions, suggest these B–C monolayers to be compelling con-
tenders for next-generation electronic and optoelectronic
devices.

Methods

The calculations were performed within the framework of
density functional theory, as implemented in the Vienna
ab initio simulation package (VASP) code.20,21 The electron-ion
interaction was described by the projector augmented wave
(PAW) method,22,23 and the exchange correlation energy was
treated within the generalized gradient approximation of the
Perdew–Burke–Ernzerhof functional (GGA-PBE).24,25 The cutoff
energy of the plane wave basis is set to 400 eV. Atomic struc-
tures are fully relaxed using the conjugate gradient method
until the force on each atom was less than 0.01 eV Å−1 and the
energy difference less than 10−4 eV. For the global structural
search, the Brillouin zones were sampled with 0.5 Å−1 spacing
by the Monkhorst–Pack scheme, and the vacuum thickness
between two monolayers in periodic images was set to 10 Å; we
adopted 0.1 Å−1 spacing and a vacuum thickness of 15 Å for
further structural optimization to establish the reliable global
minima. The corresponding grids of k-point sampling are 8 ×
13 × 1 for geometry optimization and 9 × 15 × 1 for electronic
structure calculations. The global minimum search based on
the PSO algorithm was implemented with the Crystal Structure
Analysis by Particle Swarm Optimization (CALYPSO) package.26

The hybrid Heyd–Scuseria–Ernzerhof (HSE06) functional27 was
employed to calculate the electronic structures of B–C mono-
layers. The phonon spectra are calculated using the finite dis-
placement method with the Phonopy code at the PBE level.28

For calculating optical properties, we use an energy cutoff of
500 eV and set k-point sampling to be 12 × 20 × 1. The number
of empty conduction bands was set to be triple that of occu-
pied valence bands. The optical absorption coefficient α(E) is
calculated through the following formula:

αðEÞ ¼
ffiffiffi
2

p
E

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
realðεÞ2 þ imagðεÞ2

q
� realðεÞ

� �1=2

hc

where E is the energy, real(ε) and imag(ε) are the real and ima-
ginary parts of the dielectric function, respectively. The mole-
cular dynamics simulations were performed for 10 ps with the
CP2K software suite.29 We used a 2 × 3 × 1 supercell and the
NVT ensemble with a time step of 1 fs.

Results and discussion

Fig. 1a presents the atomic structure of the proposed C3v

B4C3H6 molecule which is isoelectronic to a benzene molecule
C6H6. B4C3H6 contains a hexa-coordinate B center, denoted as
η6-B. Most notably, the electronic structure of B4C3H6 is mark-
edly similar to benzene (C6H6), especially by three completely
delocalized π orbitals shown in Fig. 1a. It is known that gra-
phene is made of interconnected C6 building blocks, we con-
ceive that a new 2D material can be formed from the B4C3 pre-
cursor. This is further supported by the fact that the B4C3

Fig. 1 Top and side views of (a) the optimized structure and canonical
molecular orbitals of the three 7c–2e π bonds of B4C3H6; (b) the most
stable structure of the 2D B8C6 unit cell (blue ball for B, grey ball for C,
and white ball for H).
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motif is also a minimum without imaginary frequency and
was predicted to be the lowest energy state among the B4C3

isomers.30 Note that the B4C3 precursor completely differs
from a previously proposed planar B4C3 species,

31 which has a
carbon atom centred at the hexagon and is thus unstable.

Fig. 1b shows the atomic structure of a graphene-like B4C3

monolayer, which exhibits a Pmn21 symmetry (No. 31) with a
rectangular primitive cell. The primitive cell contains two
B-filled B3C3 rings, forming a B8C6. The lattice parameters are
a = 8.10, b = 4.67 Å. Furthermore, boron and carbon atoms
arrange alternately along the periphery of each hexagon, with
two η6-B atoms protruding upward and downward, respect-
ively, from the plane, resulting in an off-plane buckling of
0.75 Å. Interestingly, each C atom is tetra-coordinated, forming
a planar tetracoordinate carbon (ptC) akin to the ptC motif in
earlier predicted B2C,

17 TiC,32 and BeC 33 monolayers as well
as Cu-decorated graphene edges.34 The chemistry on the ptC
has been thoroughly discussed in a previous review.35 The
center B atom is hexa-coordinated while the periphery B atom
is tetra-coordinated. These coordinations are somewhat
similar to those in 2D FeB6

36 and 2D AlB6.
37 The latter con-

tains quasiplanar tetra-coordinated and buckled hexa-co-
ordinated B atoms in B6-ptAl-B6 arrays. The structure of the
B4C3 monolayer also resembles the 2D X2Y (X = Cu/Ni, Y =
Si/Ge/P/As) materials with a hole density of 2/3.38–41

The B4C3 monolayer is further confirmed to be the global
minimum by an extensive PSO search. The obtained 10 low-
lying structures of B4C3 isomers in the energy-configuration
spectrum are provided in Fig. S1.† It is found that the B4C3

monolayer is more stable than the second-stable structure by
200 meV per B4C3 unit, rendering a deep global minimum for
the monolayer. We also calculate the average cohesive energy
per atom as Ecoh = (nCEC + mBEB − Emonolayer)/(nC + mB), where
Emonolayer, EC and EB are the total energy of the B4C3 isomers
and individual C and B atoms, respectively, and nC and mB are
the numbers of C and B atoms in the unit cell, respectively.
For the 10 structures, Ecoh ranges from 6.52 to 6.63 eV per
atom, close to 7.20 eV per atom for the h-BN42 and 6.10 eV per
atom for the 2D AlB6

37 yet distinctly higher than 2.98–4.80 eV

per atom for a series of 2D X2Y (X = Cu/Ni, Y = Si/Ge/P/As).38–41

The B4C3 monolayer shows the highest Ecoh of 6.63 eV per
atom with the strongest B–C bonds among these structures.

The calculated phonon spectrum (Fig. 2a) of the B4C3 mono-
layer does not show any imaginary frequency, confirming its
dynamical stability. The highest frequency reaches up to
1400 cm−1 which is attributed to the in-plane oscillation modes
of B–C bonds. This frequency is only slightly lower than that of
the h-BN43 yet significantly higher than those in 2D AlB6 and
2D X2Y (X = Cu/Ni, Y = Si/Ge/P/As),37–41 again reflecting a strong
bonding network of the B4C3 monolayer. We also performed
ab initio molecular dynamics simulations with a 2 × 3 supercell.
No significant structural distortion and bond breakage appears
in the structure of the B4C3 monolayer throughout 10 ps simu-
lations at a temperature up to 1000 K, confirming that the
monolayer is thermally stable as well. The animations of the
dynamic simulations are provided as an appendix.

The relative stability of the B4C3 monolayer to 7 other B–C
monolayers is further evaluated by comparing their formation
energies (Fig. 2b). We refer the structures with 7 other compo-
sitions to ref. 17. The formation energy is calculated as Ef = (Et
− nCµC − mBµB)/(nC + mB), where Et, µB, and µC are the total
energies of BmCn monolayers, chemical potential of boron
α-sheet and graphene, respectively. In the binary phase
diagram, the formation energy of different composition com-
pounds is negative when the reaction of forming such com-
pounds is exothermic. In contrast, the formation energy of all
2D boron carbides is positive, since C and B intrinsically tend
to undergo phase separation. However, the positive formation
energy does not mean it is unstable but indicates its meta-
stable nature. Once these 2D compounds are formed under
certain conditions (e.g. high temperatures), the strong covalent
B–C bonds should prevent them from destabilization. Among
the B–C monolayers, the B4C3 monolayer has the smallest Ef
(0.06 eV per atom), significantly lower than those of the BC5

(0.09 eV per atom) and BC3 (0.10 eV per atom) monolayers.
These results suggest that the B4C3 monolayer is probably the
most stable 2D B–C compound. When using the experi-
mentally realized β12 and χ3 borophene as references, Ef of the

Fig. 2 (a) The phonon dispersion frequencies of the B8C6 unit cell. (b) Formation energies per atom for 2D BmCn monolayers with respect to gra-
phene and boron α-sheet. Heterojunction structures represent the monolayers with separated carbon and boron domains.
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B4C3 monolayer becomes even lower, 0.03 and 0.04 eV per
atom, respectively. Since the BC3 monolayer has been syn-
thesized by doping boron into graphene on Cu foil,14 the B4C3

monolayer holds a great possibility of being synthesized on
properly selected substrates in the near future.

Given the high stability of the B4C3 monolayer, the B4C3

unit can be further alloyed with the C6 unit (i.e. benzene ring)
to form a rich variety of B–C monolayers. Acting along this
way, we design a family of (B4C3)m(C6)n monolayers composed
of B4C3 and C6 units. Their structures and formation energies
are shown in Fig. S2† and Fig. 2b, respectively. While these
monolayers are less stable than their corresponding in-plane
heterostructures composed of graphene and B4C3 domains,
they prove to be structurally and dynamically stable by their
low formation energies and all-positive phonon frequencies
(Table S1 and Fig. S3†). For the ease of discussion, we focus on
the B4C3 monolayer first and discuss the (B4C3)m(C6)n mono-
layers later.

Next, we examine the electronic properties of the B4C3

monolayer by showing its band structure and density of states
(DOS) in Fig. 3a. The B4C3 monolayer is semiconducting with
a direct bandgap of 2.73 eV. The near-gap states are primarily
derived from C and B 2p states. B atoms contribute more
above the Fermi level while C atoms contribute more below

the Fermi level. To our knowledge, this is the first report of a
2D B–C semiconductor with a direct bandgap, distinguished
from the semi-metallic graphene,1 metallic borophene,10 and
other B–C monolayers.16,17 The valence band maximum (VBM)
and conduction band minimum (CBM) are both located at the
Γ point.

There are double degenerate states at the valence band
maximum, denoted as VBM(I) and VBM(II), respectively. The
spatial distribution of partial charge density for these VBM is
predominantly from π orbitals on carbon atoms while that for
the CBM is from the π* orbitals on boron atoms, as illustrated
in Fig. 4. The bandgap can thus be interpreted as a conse-
quence of electronic transfer from B atoms to C atoms, which
results in asymmetry of the on-site potential between B and C
sublattices. As a result, the π and π* states are localized
spatially in separate regions, similar to the case in h-BN. This
mechanism for bandgap opening differs from that in the BC3

monolayer, in which the indirect bandgap is attributed to the
localization of six-center two-electron π-bonds.44

It is worth mentioning that the CBM shows substantial
overlap with the VBM via one C atom along the x direction and
one C atom along the y direction. The overlap between the CBM
and VBM alleviates the electronic localization and facilitates
electron transport. The calculated values of effective mass m*

Fig. 3 (a) Band structure, total density of state (TDOS) and partial density of state (PDOS) of the B4C3 monolayer calculated using the HSE06 func-
tional. (b) Band gap of the (B4C3)m(C6)n monolayer versus n/m.

Fig. 4 Top and side views of isosurface plots (0.005 eÅ−3) of the partial charge densities corresponding to the VBM and CBM for the B4C3 mono-
layer. Carbon and boron atoms are colored grey and blue, respectively.
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and mobility μ for the B4C3 monolayer are summarized in
Table 1. Notably, the B4C3 monolayer offers rather high mobility
of charge carriers, reaching up to 2.1 × 104 cm2 V−1 s−1 for hole
carriers along the y direction. This value exceeds that of
silicon45 and approaches that of 2D black phosphorus.46,47

Interestingly, the monolayer exhibits strong electronic an-
isotropy and asymmetry between electron and hole carriers. The
hole mobility is much higher than the electron mobility, while
the mobility in the y direction is apparently higher than those
in the x direction. These results suggest that the B4C3 monolayer
is likely to be a p-type semiconductor and that the carriers will
tend to transport along the y direction.

To gain a deeper insight into an electronic configuration in
the B4C3 monolayer, we performed an adaptive natural density
partitioning (AdNDP)48 bonding analysis using the fragmenta-
tion approach. To capture all structural characteristics in the
B4C3 monolayer, a large B28C21 fragment terminated with
hydrogen was employed. As shown in Fig. 5, we identify in this
fragment 18 2c–2e B–H or C–H σ-bonds, 12 2c–2e B–C σ-
bonds, 42 3c–2e σ bonds, and 21 7c–2e π bonds. All the occu-
pation numbers (ONs) of 2c–2e and 3c–2e σ bonds are greater

than 1.90 |e|. Specifically, the seven B-filled B4C3 hexagons are
interconnected by 2c–2e B–C σ-bonds, while each B4C3 unit
possesses 6 3c–2e σ bonds involving two periphery atoms and
one center atom. The remaining six electrons are distributed
in three 7c–2e π bonds with ON > 1.80 |e|, similar to that in a
C6H6 molecule. The ON values of the 7c–2e π bonds
(1.84–2.00 |e|) exceed the corresponding values in graphene
(1.83–1.88 |e|)49 and the boron α-sheet (1.72 |e|).50 Therefore,
in the B4C3 monolayer, the filled B4C3 hexagon atoms are
braided by 3 delocalized 7c–2e π-bonds, 6 3c–2e σ bonds, and
6 2c–2e B–C σ-bonds, while the empty hexagons have no
π-occupation (Fig. 6a). Such a bonding pattern is similar to
that of the BC3 monolayer, where 3 6c–2e π bonds are found
on each C6 hexagon and the π-bond on each C4B2 hexagon is
broken by boron atoms (Fig. S4†).44 In contrast, for graphene49

(Fig. 6b) and boron α-sheets50 (Fig. S4†), the π bonds are uni-
formly distributed throughout the whole materials.

The direct bandgap makes the B4C3 monolayer a promising
candidate for applications in photocatalysis. We first calcu-
lated the dielectric function (in-plane polarization) of the
monolayer. As shown in Fig. 7a, the optical adsorption is
found to arise at ∼1.4 eV (almost identical to the PBE bandgap
of 1.34 eV) and quickly reach a peak at 3.1 eV, indicating that
the B4C3 monolayer exhibits large absorption in the region
from blue to ultraviolet. The coefficient α at 3.1 eV is compar-
able to those of 2D black phosphorus51 and exhibits slight an-
isotropy between the x and y directions. The results obtained
using the HSE06 functional yet with sparser k-point sampling
(due to large computational cost) are qualitatively the same
(except that the peak undergoes a blue-shift).

Table 1 Calculated effective mass m* in units of free electron mass m0,
and mobility μ for the B4C3 monolayer along x and y directions. The sub-
scripts follow e (electron) and h (hole)

Direction me* mh*
μe
(103 cm2 V−1 s−1)

μh
(103 cm2 V−1 s−1)

x 2.30 0.58 0.52 16.85
y 0.29 0.43 3.66 20.81

Fig. 5 AdNDP chemical bonding analysis of a B28C21H18 molecule, which represents a segment of the B4C3 monolayer.
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We next examine the levels of the VBM and CBM for the
B4C3 monolayer, based on HSE06 calculations (Fig. 7b). The
reduction potentials of H+/H2 and oxidation potential of O2/
H2O at pH = 7 are −4.03 eV and −5.26 eV respectively, which
are key to water-splitting materials driven by visible light.52

The bandgap of the B4C3 monolayer is comparable to those of
SiP, C2N, C3N4, and PN light element materials53–57 and higher
than those of MoS2 and WS2,

58 but their bandalignments rela-
tive to the vacuum level varies in a wide range. For the B4C3

monolayer, the levels of CBM and VBM are −2.72 and −5.44 V,
respectively (Fig. 7b). Its bandgap straddles the redox potential
of H2O splitting, indicating the photocatalytic activity.

Under optical excitation, a heterostructure made of 2D
materials with a suitable match of bandgaps allows for an
efficient separation of hole and electron carriers, which then
can catalyze related reactions in a manner similar to electro-
catalysis. In this regard, the B4C3 monolayer can be assembled
with other 2D semiconductors to form vertical hetero-
structures, towards achieving improved photocatalytic per-
formance. The type II hetero-structures with staggered band
alignment at the interface are required for charge carrier sep-
aration to enable the photocatalytic activity.59 The oxidation
and reduction reactions take place separately in two com-
ponents of heterostructures. Fig. 7b shows that a couple of 2D

semiconductors can form type II heterostructures with the
B4C3 monolayer. Among them, the B4C3/C2N and B4C3/C3N4

structures should have less minimization on the oxidation and
reduction powers of charge transfer than B4C3/SiP, B4C3/γ-PN,
B4C3/MoS2, and B4C3/WS2 ones do. Thus, the B4C3/C2N and
B4C3/C3N4 heterostructures potentially have a photocatalytic
activity to serve as metal-free photocatalysts, but the practical
performance needs to be verified by future experiments.

Beyond the monolayer structures, one-dimensional nano-
tubes can be rolled up from the B4C3 monolayer. As shown in
Fig. 1b, the lattice vectors for rolling the monolayer into a
nanotube are x and y, with an angle of γ = 90°. When rolling
along the x direction, a zigzag nanotube can be obtained and
indexed as (n, 0), while a (0, m) armchair nanotube can be
obtained when rolling along the y direction. The armchair
nanotube can also be obtained by rolling along a diagonal
direction, notated as (n, n). We studied the two families of
B4C3 nanotubes with diameters of 5–18 Å. The structures of
the armchair (0, 6) and zigzag (5, 0) are shown in Fig. S5† as
examples.

Apparently, Ef of nanotubes is higher than the B4C3 mono-
layer due to the curvature effect. The band structures of nano-
tubes were calculated at the HSE06 level and are shown in
Fig. S6 and Table S2.† All studied nanotubes remain semicon-

Fig. 7 (a) Optical absorption coefficients of the B4C3 monolayer along the x and y directions. (b) Diagram of the band edge levels of various 2D
semiconducting materials, along with redox potentials of H2O splitting at pH = 7.

Fig. 6 The π bonding patterns of the (a) B4C3 and (b) graphene monolayers. The triangle represents a 3c–2e σ bond. The thin and thick red circles
represent one and three delocalized π bonds, respectively. Carbon and boron atoms are colored grey and blue, respectively.
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ducting. For the zigzag (n, 0) tubes, the bandgap increases
from 0.61 eV to 1.82 eV as the diameter increases from 5.39 Å
to 13.03 Å. The bandgap of armchair (0, n) tubes shows no
clear monotonic dependence on the tube size, but is generally
larger than those of zigzag (n, 0) tubes. The bandgap of the (0,
5) tube is close to that of the B4C3 monolayer (2.65 vs. 2.73 eV).
This behavior differs from that of boron nanotubes, whose
bandgap decreases with increasing tube diameter and which
change from semiconducting to metallic when the diameter is
thicker than 17 Å.60

In addition to the B4C3 monolayer, we have also studied the
electronic properties of other (B4C3)m(C6)n monolayers. Our
extensive calculations at the HSE06 level show that the mono-
layer has an increased bandgap with decreasing n/m (Fig. 3b
and Fig. S7†), due to enhanced localization of delocalized π
bonds as a consequence of electronic transfer from boron to
carbon. For example, the (B4C3)1(C6)3 and (B4C3)3(C6)6 mono-
layers (see structure in Fig. S2†) have direct bandgaps of 1.12
and 1.17 eV, respectively, both close to that of silicon. If these
monolayers were synthesized, their bandgap sizes, combined
with the nature of the direct bandgap, would open a wealth
of opportunity for applications in nanoelectronics and
photoelectronics.

Conclusions

In summary, we have found a highly stable 2D B4C3 monolayer
that is a semiconductor with a direct bandgap of 2.73 eV,
using first-principles calculations combined with the global
minimum search method. It has a well-mixed distribution of
hollow and B-filled B3C3 hexagons. The B4C3 monolayer is
expected to have higher stability than the BC3 monolayer that
has been experimentally synthesized. Chemical bonding ana-
lyses disclose that boron still preserves the property of forming
multicenter σ-bonds, and π-bonds are identified for every
B-filled hexagon, resembling that in the BC3 monolayer but
unlike that in graphene. Nanotubes derived from the B4C3

monolayer remain semiconducting, but the dependence of the
band gap versus tube diameter differs from that of pure boron
nanotubes. The B4C3 units can be further mixed with C6 rings
to form a family of (B4C3)m(C6)n monolayers with excellent elec-
tronic properties. The new design strategy demonstrated here
will be applicable to other elements to yield more 2D materials
with outstanding electronic properties and functionalities.
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