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Surface-regulated triangular borophene as Dirac-like materials
from density functional calculation investigation∗
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By applying the first principles calculations combined with density functional theory (DFT), this study explored the
optical properties, electronic structure, and structure stability of triangular borophene decorated chemically, B3X (X = F,
Cl) in a systematical manner. As revealed from the results of formation energy, phonon dispersion, and molecular dynamics
simulation study, all the borophene decorated chemically were superior and able to be fabricated. In the present study,
triangular borophene was reported to be converted into Dirac-like materials when functionalized by F and Cl exhibiting
narrow direct band gaps as 0.19 eV and 0.17 eV, separately. Significant light absorption was assessed in the visible light
and ultraviolet region. According the mentioned findings, these two-dimensional (2D) materials show large and wide
promising applications for future nanoelectronics and optoelectronics.
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1. Introduction
Graphene[1] was initially reported by Novoselov et al.

in 2004. Even since then, its distinctive planar struc-
ture and physical properties (e.g., ultra-high carrier mobil-
ity and quantum spin Hall effect)[2] have aroused much
attention. The mentioned special physical properties are
primarily attributed to the Dirac cone in the electronic
structure of graphene, thereby producing graphene massless
fermions;[3] as a result, extremely high carrier mobility is
achieved. The two-dimensional (2D) material class has been
progressively broadened,[4–6] covering group-III compounds
(e.g., borophene,[7] aluminum[8]), group-IV compounds
(e.g., graphene,[9] silicene,[10] germanene,[11] stanene[12]),
and group-V compounds (e.g., 2D black phosphorus,[13]

arsenene,[14] antimonene[15]); in the meantime, some other
systems have been identified as well.[16] Note that the group-
IV 2D materials (e.g., arsenene[17]) can be transformed into
Dirac materials when undergoing surface halogenation,[18]

hydrogenation, or hydroxyl modification.[19] Nevertheless,
graphene acting as the only Dirac material has been demon-
strated in experiment. As a result, novel 2D materials have
been explored extensively to develop more graphene-like ma-
terials. Since the successful synthesis of orthorhombic mono-
layer borophene, and Dirac cones in established borophene
have received theoretical and experimental examination,[20]

borophene[21] has aroused widespread interest. Before this
effort, Tang and Ismail-Beigi,[22] et al. proposed two novel

boron sheets consisting of triangular and hexagonal motifs. As
revealed from the description of electron bonding images, as
well as the analysis of chemical bonds, the hexagonal and tri-
angular boron lattices can lead to the formation of graphene-
like honeycomb structures under stable boron lattices.

In the present study, a triangular boron lattice was con-
structed, and a more electronegative atom X (X = F, Cl) was
used to transfer electrons from the boron lattice. Then, a
more stable 2D structure was formed, which is termed as
B3X (X = F, Cl) nanofilm. In accordance with the calcula-
tion method of density functional theory (DFT), two novel 2D
Dirac-like materials, namely, B3F and B3Cl were reported, ex-
hibiting high dynamic and thermal stability; these materials
could be demonstrated by phonon calculation, dynamics sim-
ulations, and elastic constants. Note that the band structures
of B3F and B3Cl followed Dirac materials at GGA + PBE.
Their energy gaps reached 0.19 eV and 0.17 eV at HSE06,
respectively, suggesting that they were Dirac-like materials.
Moreover, all modified borophenes could significantly absorb
visible light and ultraviolet region, suggesting their high ap-
plication potential for next generation optoelectronic devices.

2. Computational methods
All the calculating processes here were achieved with the

plane-wave-based CASTEP.[23] The exchange–correlation en-
ergy was expressed by the generalized gradient approxima-
tion (GGA) in the Perdew–Burke–Ernzerhof (PBE)[24] func-
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tional. The core electrons were substituted by the projec-
tor augmented-wave (PAW) pseudopotentials. The Heyd–
Scuseria–Ernzerhof (HSE06)[25] screened hybrid functional
was adopted for the calculation of B3X band structures to nar-
row the underestimated band gaps in GGA-PBE.[26,27] The
valence electron configurations involved in the calculations
here included: B(2s22p1), F(2s22p5), and Cl(3s23p5). For the
optimization of geometric structure, the convergence criteria
for total energy were set to 5.0× 10−6 eV, and Hellmann–
Feynman forces on the respective atom were below 0.01 eV/Å
in the respective direction. A 15×15× 1 k-point grid yielded
following the scheme of Monkhorst–Pack was taken to achieve
Brillouin zone sampling, and a kinetic energy cutoff of the
plane wave basis was taken as 500 eV. For limiting the artifi-
cial interaction between adjacent layers, a 20-Å vacuum slab
was added to all the 2D materials following the z-axis direc-
tion. By applying norm-conserving pseudopotentials and fi-
nite difference method, the phonon spectra were calculated. To
ascertain the thermal stability of the structures, molecular dy-
namics simulations with a 3×3×1 supercell were conducted,
in which the NVT canonical ensemble was adopted.

3. Results and discussion
3.1. Crystal structure and stability

Borophene has two common structures, namely, hexago-
nal and triangular boron lattices, each of which exhibits their
own defects. The hexagonal boron lattice exhibits low stabil-
ity for the lack of electrons, while the triangular boron lat-
tice exhibits low stability for electrons oversupply.[28] To de-
velop a stable 2D borophene structure, a mixture of hexago-
nal and triangular boron lattices was employed. For insuffi-
cient electrons, a smaller electronegative metal atom is usu-
ally introduced to input electrons, thereby making hexagonal
borophene exhibit higher stability.[29] Accordingly, two 2D
structures were designed based on triangular boron lattices,
termed as B3X (X = F, Cl). To ascertain the rationality of
the design idea, here, phonon spectrum calculation and AIMD
simulation were conducted to demonstrate its dynamic and
thermal stability. Moreover, its electronic structure and other
physical properties were analyzed specifically.

The design here complies with the structure of graphene
(as shown in Fig. 1). Since B atom has only three valence
electrons, while C atom has four; the graphene-like honey-
comb structure (hexagonal lattice) exhibits low stability. It is
therefore suggested that compared with graphene, the hexag-
onal honeycomb boron lattice lacks two electrons in its six-
member ring, so an atom capable of providing two electrons
should be introduced. It was decorated with a B atom in the
center of a six-membered boron ring. In such an optimized
structure, it was reported that the introduced B atom tended to

lie in the center of the planar six-member boron ring, thereby
revealing that the optimized structure was flat, corresponding
to the triangular boron lattice. However, B atom covers three
valence electrons. Triangular borophene consists of an extra
electron compared with graphene in each of its six membered
rings, lowering its stability, which can be confirmed by phonon
spectrum calculation (Fig. 2). It exhibits a high imaginary fre-
quency, so its structure exhibits low stability. To transfer the
extra electrons from the triangular borophene, an atom being
more electro-negative than boron was chosen to modify the
B atom at the center of the six-membered ring. The objec-
tive of such effort was to ensure that the boron lattice has the
identical number of valence electrons as graphene, as an at-
tempt to maintain the stability of the system. The selection
principle of the modified atom was ascertained by electroneg-
ativity, electron number, and atomic radius. In the triangular
boron lattice, six-membered boron covers one electron more
than graphene’s six-membered carbon ring. For this reason,
if modified atoms are more electro-negative than B atoms, it
is able to capture one electron only, and with the appropri-
ate atomic radius to avoid destroying the boron lattice. It is
generally known that halogens are very electronegative, and
F (64 Å) and Cl (99 Å) have atomic radius close to that of B
(77 Å). Accordingly, F and Cl were taken as modified atoms,
and the designed structure was termed as B3X (X = F, Cl). In
Fig. 1, B atom modified by F or Cl moved towards the 2D ma-
terial surface perpendicularly to the slab. Thus, the modified
atoms led to the destruction of the original planar structure of
the triangular borophene, while a buckling height was iden-
tified on B3X surface. After optimization, the folded modi-
fied boron lattice had clearly higher formation energy (abso-
lute value) and greater chemical stability compared with the
ideal B3X triangular boron, since the structure with the maxi-
mal formation energy would be taken during the optimization,
the structure would exhibit higher stability.
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Fig. 1. The optimized geometric structures for the B3X (X = F, Cl) and
the 2D Brillouin zone (BZ) of the monolayers exhibiting high symmetry
k-points.

As suggested from the optimization results, all the opti-
mized structures still maintained the triangular lattice, whereas
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the boron lattice no longer maintained the original planar
structure, and B3X buckling took place. The optimized struc-
ture parameters are listed in Table 1. The boron atom in the
six-membered ring was labeled as B1, and the boron atom in
the center of the six-membered ring was marked as B2, while
the modified atoms were represented by X . In Table 1, the
lattice constant is expressed by a, the bond length between B1

and B2 atoms is denoted as l, and the bond length between two
adjacent B1 atoms in the identical layer is indicated as d, the
bond length between B2 and modified atom X is denoted as h,
σ is bulking height, and the formation energy is represented
by Ef. According to the results, since the atomic radius of F
(0.64 Å) was smaller than that of Cl (0.99 Å), the a, d, and h
of B3F were smaller than those of B3Cl, while σ was down-
regulated. Moreover, since F (10.41) atom and Cl (8.30) atom
were noticeably more electro-negative than B (4.29) atom, the
valence electron environment of B2 atom varied; as a result,
a slight difference occurred in σ terms. For 2D materials,
phonon curves have been generally adopted to analyze their

dynamic stability, so the phonon curves of B3X were calcu-
lated (Fig. 3). The phonon curves of B3F are suggested with
an imaginary frequency at the Γ spot, whereas it is relatively
thin. It can be considered as attributed to the calculation error
and ignorable. The phonon curves of B3Cl exhibit no virtual
frequency, suggesting that they all exhibit high dynamic sta-
bility.
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Fig. 2. Phonon dispersion of triangular borophene.

Table 1. Calculated lattice constant a, bond lengths d, h, buckling height σ , and binding energy Ef (marked in Fig. 1) as well as
electronic energy band gaps (based on both PBE and HSE06 functionals) of all chemically decorated triangular borophene.

Materials a/Å d/Å h/Å σ /Å Ef/eV PBE/eV HSE06/eV

B3F 2.88 1.66 1.35 0.90 −5.08 0 0.19
B3Cl 2.97 1.71 1.75 0.89 −2.14 0 0.17
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Fig. 3. Phonon dispersion of (a) B3F and (b) B3Cl.

AIMD simulations were further conducted to ascertain
the thermal stability of B3X , and the results are presented in
Figs. 4(a) and 4(b). The total energy of these two structures

fluctuated slightly when they were being annealed at 500 K
for 10 ps (within 1 eV). Accordingly, B3X could exist stably
at ambient temperature, and it is feasible to fabricate these 2D
materials in experiments. It is therefore confirmed that the de-
sign idea here is reasonable. These 2D borophene structure
could also be built on the triangular lattice as well. To verify
the relative stability of the two systems, the formation energy
was calculated, as defined below[30]

Ef = E(B3X)−E(B3)−E(X), (1)

where E(B3X), E(B3), and E(X) are the total energies of
the chemical decorated B3X , the free-standing triangular
borophene, and the chemical potential of the single −X (X =

F, Cl) group, respectively. As listed in Table 1, the forma-
tion energy of all systems is negative, demonstrating that the
fabrication of these materials is an exothermic reaction. As
revealed from these results, B3X (X = F, Cl) is highly stable
and can be fabricated experimentally.

Table 2. The elastic constants of all chemically decorated triangular
borophene calculated by GGA + PBE.

Materials C11/GPa C22/GPa C12/GPa C66/GPa C11C22−C2
12

B3F 110.42 110.42 14.02 48.20 22996.02
B3Cl 109.65 109.65 36.47 36.59 10693.06

From the mechanical perspective, a stable 2D structure
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should comply with the Born–Huang criteria,[31] expressed as
C11C22−(C12)

2 > 0 and C66 > 0, where Ci j denotes the elastic
constant. For the hexagonal symmetry of B3X , one naturally
achieved C11 =C22; the calculated results are listed in Table 2.

Thus, all B3X completely complied with the mechanical sta-
bility criterion. As indicated from all the analysis results, B3X
exhibited high dynamic, thermal, and mechanical stability as
free standing 2D materials.
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Fig. 4. Variation of the total energy in the molecular dynamics simulation at 500 K during a timescale of 10 ps for (a) B3F and (b) B3Cl. The
insets give the top (left panel) and side (right panel) views of the atomic structure snapshots taken from the molecular dynamics simulation.

3.2. Mechanical property

To delve into the mechanical properties of B3X , the elastic constants[32] were calculated, and subsequently the in-plane
Young’s modulus Y (θ) and Poisson’s ratio υ(θ) of B3X were further fitted. Y (θ) and υ(θ) following the in-plane θ are[33]

Y (θ) =
C11C12−C2

12

C11 sin4
θ +

(
C11C12−C2

12
C66

−2C12

)
sin2

θ cos2 θ +C22 cos4 θ

, (2)

υ(θ) =

C12 sin4
θ −

(
C11 +C22−

C11C12−C2
12

C66

)
sin2

θ cos2 θ +C12 cos4 θ

C11 sin4
θ +

(
C11C12−C2

12
C66

−2C12

)
sin2

θ cos2 θ +C22 cos4 θ

. (3)
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Fig. 5. Polar diagram for (a) Young’s modulus and (b) Poisson’s ratio of B3X (X = F, Cl). θ is the angle with respect to the a-direction.

According to Figs. 5(a) and 5(b), the Young’s modulus

and Poisson’s ratio of B3X are anisotropic. The mentioned

structures suggested similar mechanical responses to the iden-

tical strain from a range of directions. The Young’s moduli of

B3F and B3Cl were peaked following the axis (at θ = 0◦ and

270◦), 108.64 GPa and 97.52 GPa, respectively. Compared

with common 2D materials, they are significantly smaller than

graphene (1.0 TPa)[34] and monolayer MoS2 (330 GPa),[35]

evidently larger than black phosphorus (41.3 GPa)[36] and

comparable to 2D TnSe (101.37 GPa).[37] Accordingly, B3F

and B3Cl exhibited large deformation–resistance flexibility in

both a and b directions. For Poisson’s ratio, B3F and B3Cl also

reach their maximal values following a- and b-orientations

as 0.13 and 0.33, respectively, being comparable to graphene

(0.175)[38] and monolayer MoS2 (0.25).[39] The Poisson’s ra-

tio following the diagonal direction is noticeably lower than
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that of axis-direction with the minimal value of 0.012 and
0.018 for B3F and B3Cl, respectively.

3.3. Electronic properties

Given that the spin–orbit coupling (SOC) effect is likely
to impact the electronic properties of B3X , SOC effects were
considered in all upcoming calculations of electronic struc-
tures unless otherwise stated. Through the spin polarization
calculating process, the magnetic moment of all the atoms
in the B3X lattice was reported to be nearly zero. Figure 6
presents the band structure and density of states of B3X . As
shown in Figs. 6(a) and 6(b), at the PBE + SOC level, both
B3F and B3Cl exhibited unanimously linear energy dispersion
that crossed the Fermi energy at the K points; they also formed
Dirac cones. Since GGA + PBE functionals underestimate
the band gap on the whole,[40] the Heyd–Scuseria–Ernzerhof
(HSE06) hybrid exchange–correlation functional was adopted
to correct the band structure.[41,42] A lager bandgap of 0.19 eV
and 0.17 eV was demonstrated by the HSE06 + SOC calcula-
tion for B3F and B3Cl. Note that, except for slight energy dif-

ferences, HSE06 + SOC exhibited a very similar band struc-
ture to that at the PBE + SOC level. These Dirac-like band
structures of B3F and B3Cl indicated that the band also ex-
hibits linear dispersion and great application prospects in the
future.[43] Furthermore, the valence band maximum (VBM)
and conduction band minimum (CBM) of B3F and B3Cl were
both located at K point, demonstrating that they are direct
bandgap semiconductors. Moreover, according to the partial
density of states (PDOS) plotted in Figs. 6(a) and 6(b), both
the VBM and CBM of B3X were dominated by B-4p orbitals,
while the contribution of F-2p or Cl-3p orbitals was small. It
is noteworthy that both Br and I are also halogens. What if
we substitute X with them? To verify the effectiveness of this
idea, the band structures of B3Br and B3I were also calculated
(see Figs. 7(c) and 7(d)). However, the results of B3Br and B3I
were different. According to the calculation results of both
GGA + PBE + SOC and HSE06 + SOC, their energy levels
generally shifted to lower energy levels, and the original Dirac
cone was transferred to below the Fermi surface, and they are
adopted as metal materials.
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Fig. 6. Electronic band structures and density of states of (a) B3F, (b) B3Cl, (c) B3Br, and (d) B3I.

For Dirac materials, the Fermi velocity to some extent

reflects the electrical conductivity, so the Fermi velocities of

these two Dirac-like materials were calculated to analyze their

conductivity. The Fermi velocity can be generally obtained by

first order linear fitting of the band near Dirac point (K point),

which is written as[44]

096301-5



Chin. Phys. B Vol. 29, No. 9 (2020) 096301

VF =
2π

h
∂E
∂k

, (4)

where h denotes Planck’s constant, and ∂E/∂k indicates the
gradient of the band near Dirac point. The Fermi velocities
are calculated by Eq. (4). For the symmetry of the Dirac
cone, the curve near the top of the valence band should be
only fitted, as listed in Table 3. Fermi velocities vary with
directions, demonstrating that the electrical conductivity of
B3F and B3Cl exhibited directional anisotropy. Following
K → Γ , the Fermi velocities (at HSE06 + SOC) of B3F
and B3Cl were 7.39× 105 m/s and 6.54× 105 m/s, respec-
tively. They are close to the Fermi velocity of graphene (about
9.5× 105 m/s),[45] demonstrating that these two systems are
highly likely to act as the conducting materials.
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monolayer B3F and B3Cl, using the screened HSE06 hybrid functional.

Table 3. Fermi velocities at the valence band top of B3F and B3Cl
(based on both PBE and HSE06 functionals).

PBE/105 (m/s) HSE06/105 (m/s)
Direction

K→ Γ K→M K→ Γ K→M

B3F 6.33 5.17 7.39 6.59
B3Cl 5.62 5.14 6.54 6.25

3.4. Light harvesting

For optical properties, B3F and B3Cl are Dirac-like ma-
terials and exhibit a tiny energy gap, demonstrating that they
could noticeably absorb infrared and visible light. Thus, the
HSE06 function was adopted to calculate the absorption spec-
tra of B3X (X = F, Cl) in- and out-of-plane, and their op-
tical properties were delved into. The transverse dielectric
function[46,47] ε(ω) = ε1(ω)+ iε2(ω) is generally employed
to describe the optical properties of materials, where ω de-
notes the photon frequency, ε1(ω) is the real part, and ε2(ω)

refers to the imaginary part of the dielectric function, respec-
tively. The absorption coefficient can be calculated from[48]

α(ω) =

√
2ω

c

{[
ε

2
1 (ω)+ ε

2
2 (ω)

]1/2− ε1(ω)
}1/2

, (5)

where c denotes the speed of light. According to Fig. 7, the
absorption coefficient of B3X (X = F, Cl) reaches the order

of 105 cm−1 and covers the wide wavelength range of visible
light and ultraviolet region, suggesting the potential applica-
tions of B3X (X = F, Cl) as efficient optical absorber materials
in solar cells and photovoltaic devices.

4. Conclusion
In the present study, a novel material design method was

developed, capable of stabilizing the triangular boron lattice
structure by introducing a modified atom to transfer excess
electrons. Thus, two new 2D materials, namely, X (X = F, Cl)
atom modified single-layer triangular borophene B3X , were
constructed. As revealed from the calculated results of form-
ing energy, phonon dispersion, molecular dynamics simula-
tion, and elastic constant, they could exist stably, i.e., the ex-
perimental synthesis is completely feasible, while our mate-
rial design method is reasonable. The band structures demon-
strated that B3F and B3Cl are Dirac materials at GGA + PBE,
and the Dirac cone point is located at K point of BZ, exhibit-
ing the energy gap of 0.19 eV and 0.17 eV at HSE06, respec-
tively, which are Dirac-like materials. Moreover, B3Br and
B3I were converted into metallic materials whether at GGA +

PBE or HSE06. The Fermi velocities of B3F and B3Cl mono-
layer reached 7.39×105 m/s and 6.54×105 m/s, respectively.
Furthermore, both B3F and B3Cl achieved significant light ab-
sorption in the solar spectrum. These findings demonstrated
that 2D B3F and B3Cl are likely to be future applied in nano-
electronics and optoelectronics.
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