
PHYSICAL REVIEW MATERIALS 6, 014012 (2022)

Transition from metal to semiconductor by semi-hydrogenation of borophene
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Borophene has triggered a surge of interest due to its outstanding properties including mechanical flexibility,
polymorphism, and optoelectrical anisotropy. Very recently, a novel semi-hydrogenated borophene, called α′-4H,
was synthesized in large-scale freestanding samples, exhibiting excellent air-stability and semiconducting nature.
Herein, using the density functional theory (DFT) and many-body perturbation theory (MBPT), we investigate
the electronic and excitonic optical properties of α′-4H borophene. The DFT results reveal that hydrogenation
breaks the mirror symmetry and increases the buckling height of pure α′ borophene, which results in an
orbital hybridization and indirect band gap of 1.49 eV in α′-4H borophene. Moreover, the optical spectrum
achieved from solving the Bethe-Salpeter equation (i.e., GW+BSE) shows an optical band gap of 2.40 eV,
which corresponds to a strongly bound and stable bright exciton with a binding energy of 1.18 eV. The mean
value of absorption within the visible area is 1.68 (1.13)×107 m−1 for E‖x (E‖y) polarization, which shows a
linear dichroism for visible light. The effective mass and Bohr radius of the ground-state exciton are 0.78 m0 and
2.03 Å, respectively, which demonstrates the characteristics of Frenkel exciton. The excitonic states are robust
against tension up to 10%, under which the monolayer is dynamically stable. We also study the bilayer α′-4H
borophene with different stackings. For the weak van der Waals interactions between the layers, the bilayer
preserves most of the structural and electronic properties of the monolayer. Our study exposes the underlying
physics behind the structural, electronic, and optical properties of α′-4H borophene and suggests it as a very
promising candidate for flexible optoelectronic applications.
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I. INTRODUCTION

Two-dimensional (2D) boron, known as borophene, is
recently considered as a game-changing player of future
electronics because of its exceptional properties including
polymorphism, electronic and optical anisotropy, ultrahigh
thermal conductance, optical transparency, and phonon-
mediated superconductivity [1–5]. Moreover, short B-B bonds
and low atomic mass leads to very outstanding mechani-
cal characteristics in borophene [6,7]. Numerous works have
studied the applications of borophene in rechargeable ion bat-
teries, gas storages, catalysts, and sensors [8–11]. Moreover,
borophene has been recently focused on for its potentials
in flexible electronics, wearable devices, and medicines, ow-
ing to its flexible nature, low mass density, and nontoxicity
[12,13].

Boron has three valence electrons. To compensate the octet
completion deficiency, it tends to make highly-delocalized
multicenter bonds, resulting in a vast structural diversity and
polymorphism [14]. Up to now, several phases of borophene
have been proposed and synthesized, including α, α′, β, and χ

phases, which have trigonal structures with different numbers
and positions of hexagon holes (HHs) [15,16]. The different
phases of borophene are defined in terms of parameter ν =
n/N , where n and N are the numbers of HHs of the phase
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and boron atoms in a pristine triangular unit cell, respectively.
The physical properties of borophene strongly depend on this
morphology variable, therefore, there is a wide set of options
to synthesize a borophene sheet with desired properties.

Due to its atomic arrangement, borophene cannot be exfoli-
ated mechanically. Therefore, other methods such as chemical
vapor deposition, molecular beam epitaxy, and liquid phase
exfoliation should be used [17]. Moreover, because of its elec-
tron deficiency, borophene cannot be stable in a free-standing
form and requires the support of a metal substrate [18,19].
To date, several successful syntheses of borophene have been
reported on Ag, Cu, Ni, and Au substrates [20–22]. The Ag,
Cu, and Ni substrates donate electrons to, and Au substrate
withdraws electrons from borophene, hence, the borophene
grow flat on the former substrates and buckled on the latter
one [6,23].

Because of its high reactivity, most of boron nanostructures
suffer from rapid oxidation and presence of other ambient
contaminations [6]. Surface modification is known as a ca-
pable tool for enhancing the stability and reducing the surface
reactivity of nanostructures [24–26]. Specifically, hydrogena-
tion is reported widely to have a major impact on the stability
of borophene and other two-dimensional materials [27–30].

Recently, Hou et al. [12] have prepared a novel semi-
hydrogenated borophene phase in large quantities by in situ
decomposition of NaBH4 under the exposure of hydrogen.
This borophene was named α′-4H because it is similar to
α′ borophene [31] with 4 adsorbed hydrogen atoms in each
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unit cell. The α′-4H borophene has three major advantages,
which make it very fascinating. First, it has high dynamical
stability in freestanding form. By withdrawing electrons from
boron atoms, hydrogenation acts similar to a withdrawing
substrate, resulting in a stable buckled structure. Second, it
is stable in the air condition with long lifetime. The screening
of hydrogen passivates the surface of borophene and prevents
it from reactions with oxygen or other ambient atoms. And
third, unlike other phases, α′-4H borophene has an energy
band gap of ∼ 2.5 eV, which brings hopes for its applications
as a semiconductor.

Discussing theunderlying physics behind the quantum sys-
tems improves the physical insights and enhances the theory
for future advances. To contribute to the discussion, in our
previous paper, we systematically investigated the mechanical
flexibility and strength of α′-4H borophene by first-principle
calculations [32]. We calculated Young’s modulus, ideal
strength, and critical strain to be 195.56 N/m, 14.06 N/m,
and 16%, respectively. We also demonstrated the dynamical
stability, mechanical anisotropy, and tunable band gap for this
monolayer.

In this paper, using density functional theory, we initially
investigate the microscopic aspects in which the metallic α′
borophene turns into the semiconducting α′-4H. We show how
hydrogenation leads to an orbital hybridization and a wide
band gap.

Then, we solve the Bethe-Salpeter equation on top of dif-
ferent levels of the GW (GW+BSE) to obtain the optical
spectrum including many-body effects. We find that the direct
optical excitation is characterized by an optical band gap of
2.40 eV, which corresponds to a strongly bound and stable
exciton with a binding energy of 1.18 eV.

The mean value of absorption within the visible area is
calculated to be 1.68 and 1.13 ×107 m−1 for E‖x and E‖y
polarizations, respectively, which shows a linear dichroism
for visible light. Importantly, we calculate the effective mass
and Bohr radius of the ground-state exciton to be 0.78 m0

and 2.03 Å, respectively, which tell us the excitons in α′-4H
borophene have the characteristics of Frenkel exciton. We also
indicate that the excitonic states are robust against tension
up to 10%, under which the monolayer is dynamically and
mechanically stable. Finally, we investigate the bilayer α′-
4H borophene with different stackings. We realize that for
the weak van der Waals interaction between the layers, the
bilayer preserves most of structural and electronic properties
of the monolayer and can be used for similar applications. Our
results bring valuable insights about the physical properties of
the monolayer and bilayer α′-4H borophene and suggest it as
a promising material for flexible optoelectronic applications.

II. THEORETICAL BACKGROUND

We start the density functional theory (DFT) calculation
to find the ground-state eigenvalues (Enk) and eigenfunctions
(�nk) by solving the Kohn-Sham equation given below:

(T + Vn−e + VH + Vxc)�nk = Enk�nk, (1)

where T is the kinetic energy operator, Vn−e the Coulomb
potential of the nuclei, VH the Hartree potential, and Vxc the
exchange-correlation potential. The quasiparticle (QP) ener-

gies (EQP
nk ) are determined within the GW approximation as

a first-order perturbative correction to the DFT single-particle
energies (Enk) [33,34]:

EQP,1
nk = Re[〈�nk| T + Vn−e + VH + �xc(G,W ; Enk )

|�nk〉] = Enk + 〈�nk|�GW − Vxc|�nk〉 ,
(2)

where � = iG0W0 is the self-energy operator. This equation is
solved nonself-consistently. Therefore, it is the simplest level
of theory (the so-called G0W0) and computationally the most
efficient one. It calculates the QP energies from a single itera-
tion by neglecting all off-diagonal elements of the self-energy
and employing a Taylor expansion of the self-energy around
the DFT energies. The noninteracting Green’s function (G0) is
directly calculated from single-particle orbitals and energies
as

G0(r, r′, ω) =
∑ �nk (r)�∗

nk (r′)
ω − Enk − iη sgn(EF − Enk )

, (3)

where EF is the Fermi energy and η a positive infinitesimal
quantity. The noninteracting screened Coulomb potential (W0)
is obtained by the inverse dielectric function (ε−1) and bare
Coulomb interaction (υ) as below [35]:

W0(r, r′, ω′) =
∫

dr′′ε−1(r, r′′, ω′)υ(r′′, r′). (4)

At higher levels of theory (i.e., GiW0 and GiWi), the updated
QP energies (EQP,i+1

nk ) are achieved from the QP energies of
the previous iteration as follows:

EQP,i+1
nk = EQP,i

nk + ZnkRe
[ 〈�nk| T + Vn−e

+VH + �xc(G,W ; Enk ) |�nk〉 − EQP,i
nk

]
, (5)

where the renormalization factor (Znk) is given by [36–38]

Znk =
(

1 − Re 〈�nk| ∂

∂ω
�(ω)|

EQP,i
nk

|�nk〉
)−1

. (6)

At the GiW0 level, the Green’s function (G) is iteratively
updated while the screened Coulomb potential (W ) is kept
fixed at the initial DFT value. At the GiWi level, both of
them are reevaluated at each iteration (i). Here, the interacting
Green’s function is linked to its noninteracting version with
the Dyson equation given as G = G0 + G0�G [39].

The imaginary part of the macroscopic dielectric function
(ε) is obtained by summation over the empty conduction
bands within the long-wavelength limit (q → 0) [40]:

Imεi j (ω) = 4π2e2

�
lim
q→0

1

|q|2
∑
c,v,k

2wkδ(εck − εvk − ω)

× 〈uck+eiq|uvk〉 〈uck+e j q|uvk〉∗ , (7)

where q is the Bloch vector of the incident wave, wk the
k-point weight, � the volume of the unit cell, and uck the pe-
riodic part of the wave function. The ei( j) is the unit vector of
the three Cartesian directions, which corresponds to light po-
larization. We investigate linear polarizations, including E‖x
(εxx), E‖y (εyy), and E‖z (εzz). The indices c and v correspond
to the conduction and valence band states, respectively.
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The real part of the dielectric function is transformed by
use of the Kramers-Kronig relation:

Reεi j (ω) = 1 + 2

π
P

∫ ∞

0

ω′Imεi j (ω)

ω′2 − ω2 + iη
dω′ (8)

where P is the principle value and η the complex shift, which
was set to 0.1 to obtain a perfect acceptance in all of our
calculations.

The electron-hole excited states are characterized by the
expansion [41]:

|S〉 =
elec∑

c

hole∑
v

∑
k

AS
cvk |cvk〉 , (9)

where AS is the amplitude of a free electron-hole pair config-
uration composed of the electron state |ck〉 and the hole state
|vk〉. It is achieved from the diagonalization of the following
excitonic equation [42,43]:

(
EQP

ck − EQP
vk

)
AS

cvk +
∑
c′v′k′

〈cvk|�e−h|c′v′k′〉 AS
c′v′k′

= �sAs
cvk, (10)

where EQP
ck (EQP

vk ) denotes the QP eigenvalues of valence (con-
duction) band at a specific k point, kernel �e−h describes the
screened interaction between excited electrons and holes, and
�S is the excitation energy.

Further optical analyses can be performed using the imag-
inary and real parts of the dielectric function. Electron energy
loss (L), refractive index (n), and extinction coefficient (k) are
calculated through:

Li j = Imεi j

Reε2
i j + Imε2

i j

, (11)

ni j =

√√√√
√

Reε2
i j + Imε2

i j + Reεi j

2
, (12)

ki j =

√√√√
√

Reε2
i j + Imε2

i j − Reεi j

2
. (13)

Subsequently, the absorption coefficient (α) and reflectance
(R) are given by

αi j = 2
ω

c
ki j, (14)

Ri j =
(
1 − n2

i j

) + k2
i j(

1 + n2
i j

) + k2
i j

. (15)

The effective mass (μ) and Bohr radius (ax ) of the ground-
state exciton are calculated based on the hydrogenoid model
[44]:

μ = Eb

Rh
× ε2

r × m0, (16)

ax = εr

μ
× ah × m0, (17)

where Rh is the Rydberg constant (13.6 eV), εr the dielectric
constant, m0 the electron rest mass, and ah the Bohr radius
(0.529 Å).

III. COMPUTATIONAL DETAILS

The first-principles calculations were performed in the
framework of DFT, using the Quantum ESPRESSO package
[45], the generalized gradient approximation developed by
Perdew-Burke-Ernzerhof (GGA-PBE), and the projector aug-
mented waves (PAW) pseudopotentials [40,46]. The energy
cutoff was set to be 600 eV. The Brillouin zone was integrated
with a 13× 13 × 1 �-centered k-point mesh. The atomic po-
sitions and lattice parameters were fully relaxed until a force
convergence of 10−3 eV/Å was achieved. The convergence
threshold for energy minimization was selected to be 10−7 eV.
To avoid spurious interactions between layers, the vacuum
space was considered to be Lz = 20 Å. To understand the bond
characteristics, the charge transfer was determined using the
Bader method [47].

The Raman spectrum was calculated from the second order
derivative of the electronic density matrix with respect to a
uniform electric field, as proposed by Lazzeri et al. [48] and
implemented in Quantum ESPRESSO package. Moreover, the
STM images were calculated through the Tersoff-Hamann
method, which is a simple model of an s-wave STM tip
[49,50]. More details are available in the Supplemental Ma-
terial [51], Text S1.

The many-body perturbation calculations were carried out
using the GW approximation. The eigenvalues and eigenstates
achieved from the DFT-PBE were served as input to calculate
the QP energies. The calculations were performed at different
levels of self-consistency including single-shot (i.e., G0W0)
and partially self-consistent (i.e., GW0 and GW). A compro-
mised set of input parameters (e.g., 9 × 9 × 1 k-point mesh,
Lz = 25 Å, 40 virtual bands, and 4 iterations) was utilized for
the GW calculations. The QP band structure was interpolated
at the G0W0 level using the maximally localized Wannier
functions (MLWFs) implemented in the WANNIER90 code
[52]. The sp3 and s orbitals of B and H atoms were respec-
tively chosen for the initial projections.

The excitonic optical properties were investigated by
solving the Bethe-Salpeter equation (BSE) on top of GW
eigenvalues and wave functions, using the Tamm-Dancoff
approximation (TDA). This approximation takes only the res-
onant part of the BS Hamiltonian into account. The 10 highest
valence bands and the 10 lowest conduction bands were con-
sidered as the basis for the excitonic eigenstates.

IV. RESULTS AND DISCUSSION

A. Structural and electronic properties

The structural configurations of fully relaxed α′ and α′-
4H borophenes are displayed in Figs. 1(a) and 1(b) and the
corresponding structural parameters are listed in Table S1 of
the Supplemental Material [51]. The pure α′ borophene is
nearly flat (� = 0.37 Å) and isotropic, with a hexagon hole
concentration of ν = 1/9. The hydrogenation leads to an
increase in the buckling in α′-4H borophene (� = 0.88 Å),
owing to the attraction between B and H atoms. The lattice
constants of the two monolayers are similar (5.05 Å) but the
isotropy of the lattice breaks after hydrogenation. As a result,
the bond length increases from isotropic 1.68 Å to anisotropic
1.69 and 1.77 Å.
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FIG. 1. [(a),(b)] Structural configurations and electron density cut planes of α′ and α′-4H borophenes. (c) Simulated Raman spectrum and
(d) simulated STM image of α′-4H borophene. The experimental spectra [12] was superposed on the simulated Raman spectrum for better
comparison.

Figures 1(a) and 1(b) also indicate the electron density cut
planes of α′ and α′-4H borophenes. In α′ borophene, we can
see a “sea of electrons”, which is apparently the cause of its
metallic nature. However, in α′-4H borophene, an electron
accumulation takes place around H atoms, which lowers the
in-plane charge carrier distribution. This is in line with the
Bader charge analysis, which confirms that 0.46 charge is
transferred from B to H atoms.

As mentioned above, the α′-4H borophene was synthesized
recently [12]. To validate our model with the experiment, we
performed simulations of Raman spectrum and scanning tun-
neling microscopy (STM). Figure 1(c) represents the Raman
spectrum of α′-4H borophene. We can see three peaks at about
710, 1100, and 2200 cm−1, which are equivalent to 743, 1065,
and 2500 cm−1 observed in experiment [12]. The first two
peaks are representatives of Eg and A1g + Eg modes of the
B-B cluster, and the last peak is associated with the combined
modes of the B-H bonds. Also, Fig. 1(d) indicates the simu-
lated STM image of α′-4H borophene, which is very similar to
the experimentally obtained images through HRTEM analysis
[12].

Figure 2 summarizes the structural and electronic prop-
erties of α′ and α′-4H borophenes. As shown in the inset

of Fig. 2(a), the atomic sites inα′ borophene are classified
into 6- and 5-bonded boron atoms, labeled with a© and b©,
respectively. There are two a© and six b© sites in each unit
cell and we can see both inversion and mirror symmetries.
After hydrogenation, four B-B bonds in b© sites are broken
and replaced with four B-H bonds, which lead to novel sites
labeled with c© [see inset of Fig. 2(b)]. As a consequence,
the mirror symmetry is broken in α′-4H borophene. These
structural modifications directly affect the electronic states
and should be considered as the origin of different properties
in the two borophenes.

Figure 2 also represents the partial density of states
(PDOS) and orbital decomposed band structures of α′ and
α′-4H borophenes at the GGA-PBE level. This informa-
tion gives valuable insights into the contribution of each
atomic site and orbital in the electronic properties. As
it is clear from the PDOS, in α′ borophene, pz orbitals
of b© sites are dominant. Given that α′ borophene is al-
most flat, pz orbitals are perpendicular to neighboring px(y)

orbitals and no hybridization takes place between them. How-
ever, in α′-4H borophene, as hydrogenation pulls some of
boron atoms labeled with c© out of the plane and forms a
buckled structure, pz orbitals of c© atoms are no longer perpen-
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FIG. 2. [(a),(b)] Partial density of states (PDOS) of α′ and α′-4H borophenes, showing the significant contributing orbitals of the labeled
atomic sites shown in the insets. Full results of PDOS are also available in Fig. S1 of the Supplemental Material [51]. [(c),(d)] Orbital
decomposed band structures of α′ and α′-4H borophenes. Both PDOS and band structure were calculated at the GGA-PBE level.

dicular to neighboring px(y) orbitals, which results in hybrid
bonds.

The orbital hybridization can be seen from a different point
of view through the orbital decomposed band structures. In α′
borophene, we can see a triple energy degeneracy of pure pz

orbitals. These triple Dirac fermions were previously observed
in other flat borophenes in experimental and theoretical stud-
ies [53,54]. However, hydrogenation leads to a hybridization
between atomic orbitals and diminishes this degeneracy. Sub-
sequently, α′-4H borophene finds dominated occupied c©-py

states and unoccupied a©-pz states in the valence and con-
duction band edges, respectively, which are separated with a
relatively wide band gap.

These results are completely supported by the shapes of
the wave functions of α′-4H borophene at the VBM and CBM
as shown in Fig. S2 of Supplemental Material [51]. At the
VBM, the wave function is shaped like a dumbbell, which
is distributed along the y-axis and centered on c© atoms,
showing the contribution of c©-py orbitals. At the CBM, the
dumbbell-shaped wave function has components along both x
axis and z axis, showing thehybridization between c©-px and
a©-pz orbitals.

To highlight the role of buckling and orbital hybridization
in opening the band gap, we calculated the band structure for
a conceptual model of flat α′-4H borophene. We optimized
α′-4H borophene with a fixed z component, to have the same
buckling as α′ borophene. The resulting band structure is
available in Fig. S3 [51], showing no band gap. Therefore, we
can conclude that the buckling induced by c© atoms is a strong
cause for opening the band gap. It should be noted that the
role of buckling in opening energy band gap has been widely
considered in the community [55–57].

The band gap calculated at the GGA-PBE level is 1.49 eV,
which is underestimated by 1.0 eV compared to the exper-
iment [12]. Using the HSE03 and HSE06 hybrid functionals
and considering a fraction of the exact exchange, the band gap
is corrected to be 1.85 and 1.98 eV, respectively (see Fig. S4
[51]). Eventually, at the PBE0 level, the band gap is found to
be 2.54 eV, in excellent agreement with the experimental band
gap measured by UV-V spectrum (2.49 eV).

From the band structure, it is also seen that the VBM is
located at the � point and the CBM is located somewhere
between the � and K points. The valence and conduction band
edges are parabolically dispersed, which indicate free charge

014012-5



MOHEBPOUR, MOZVASHI, VISHKAYI, AND TAGANI PHYSICAL REVIEW MATERIALS 6, 014012 (2022)

 0.3

 0.2

 0.1

0.0

0.1

0.2

0.3

Eff
ec

�v
e 

M
as

s (
m

0) 30

210

60

240
270

120

300

150

330

180

0.4

0.2

0.0

0.2

0.4 120

150

210

240 300

330

30

60

270

180 kx

ky

k yk y
ky

kx

kxkx

(a)

(c) (d)

(b)

FIG. 3. Angular-dependent effective mass of α′-4H borophene for (a) holes and (b) electrons together with 2D contour plot of (c) HOMO
and (d) LUMO at the PBE level.

carriers. The effective mass of holes is estimated to be 0.23
and 0.24 m0 for the VBM → M and VBM → K directions
while the effective mass of electrons is predicted to be 0.30
and 0.23 m0 for the CBM → � and CBM → K directions,
respectively.

To analyze the anisotropic band dispersions near the VBM
and CBM, we provided the angular-dependent effective mass
of holes and electrons. As shown in Figs. 3(a) and 3(b), one
can find that the effective mass curves at band edges are highly
anisotropic. For holes, the effective mass is however symmet-
ric along the lines of 30°, 120°, 210°, and 300° while it reaches
the maximum value of 0.30 m0 at 30° and 210°. Importantly,
the effective mass is 0.24 and 0.23 m0 along the VBM-X and
VBM-Y directions, respectively. For electrons, no symmetry
can be found. The effective mass of electrons reaches the
maximum (minimum) value of 0.32 (0.18) m0 at 30° (330°)
while it is 0.25 and 0.27 m0 along the CBM-X and CBM-Y
directions, respectively. These anisotropic properties can also
be found from the 2D contour plot of HOMO and LUMO as
shown in Figs. 3(c) and 3(d) and could be beneficial to the

separation of electrons and holes, which is highly desired in
the photovoltaic field.

Although DFT gives adequate qualitative information
about the electronic and optical properties, it does not ac-
count for the electron-electron and electron-hole interactions,
which have a crucial role in 2D materials. Therefore, further
investigations are required to be performed using many-body
perturbation calculations.

The QP band gap predicted by many-body GW theory is
very sensitive to input parameters including the spin-orbit
coupling (SOC), k-point sampling, vacuum space, number
of virtual bands, energy cutoff, self-consistent iteration, and
frequency grid points. Therefore, it is mandatory to converge
the band gap. We initially checked the effects of the SOC. Due
to the small atomic mass of boron, except a slight downward
shift in the electronic states, no noticeable spin splitting was
found in the energy levels, and the band gap remained almost
constant (�Eg � 0.001 eV). Hence, owing to its excessive
computational costs and negligible impacts, this interaction is
excluded from the rest of the calculations.
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Next, we performed a bunch of calculations to converge
the QP band gap at the G0W0 level as a function of the (a)
k-point sampling of Brillouin zone using 40 virtual bands and
Lz = 20 Å; (b) vacuum space using 40 virtual bands and 5
× 5 × 1 k-point mesh; and (c) the number of virtual bands
using Lz = 20 Å and 5 × 5 × 1 k-point mesh as illustrated
in Fig. S6 [51]. We realized that a 9 × 9 × 1 k-point mesh
is enough for a satisfactory convergence within ∼0.05 eV.
Such a dense k-point mesh is indispensable for an accurate
description of the optical gap and binding energy. Due to
the long-range nature of screened Coulomb interaction, the
vacuum space plays a crucial role in the determination of the
QP band gap. Generally, it is imposed to be between 20 to
30 Å. To ensure convergence within ∼ 0.05 eV, we set the
vacuum space to be 25 Å, which is the highest accuracy we
could computationally afford. Our results also verified that at
least 40 virtual bands are required for our many-body GW
calculations. The band gap is essentially the same when 80
bands are included (see Fig. S6 [51]). Such rapid convergence
with respect to the number of unoccupied bands is mainly
attributed to the absence of strongly localized states charac-
terized by flat bands. In our GW calculations, 96 frequency
grid points were employed for the energy integration. This
is because we checked the convergence of QP band gap as
a function of frequency grid points using 40 virtual bands and
5 × 5 × 1 k-point mesh. The band gap difference for two
calculations (with 96 and 144 grid points) is less than 0.01 eV.
Hence, we set the frequency grid points to be 96. Such grid
points were already reported to be enough for the energy
integration in the range of 0 − 10 eV [36,58]. Moreover, we
tested the convergence of the QP band gap with respect to
the number of iterations in partially self-consistent GiW0 and
GiWi as shown in Fig. S6 [51]. Obviously, four iterations are
sufficient to reach the convergence threshold of ∼ 0.001 eV.

To ensure the accuracy of our many-body GW calculations,
we calculated the QP band gaps of graphane (CH) and fluo-
rographene (CF) monolayers. For example, for graphane, the
band gap was predicted to be 5.62, 5.81, and 6.17 eV under the
G0W0, GW0, and GW levels of theory, respectively, which are
in excellent agreement with 5.64, 5.89, and 6.28 eV reported
in previous papers [36]. Also, the band gaps obtained for
fluorographene agree very well with previous values as listed
in Table S2 of the Supplemental Material [51].

After validation of the required accuracy, now we turn our
attention to the GW results. The general shape of the QP band
structure at the G0W0 level is similar to that obtained by the
PBE functional as shown in Fig. S4 [51]. The inclusion of
electron-electron interaction enlarges the band gap from 1.49
up to 1.98 eV. This value is larger than that of the HSE03 and
exactly equals to that obtained by the HSE06. In other words,
a similar accuracy is achieved by the G0W0 as by the HSE06.
At the GW0 and GW levels, the QP band gap increases up
to 2.23 and 2.52 eV, making the self-energy correction to
be 0.74 and 1.03 eV, respectively. Overall, one can say that
the partially self-consistent GW offers an accuracy similar to
the PBE0 functional and is in excellent agreement with the
experiment [12]. Also, the direct QP band gap at the � point
are 3.09, 3.31, and 3.58 eV for G0W0, GW0, and GW levels,
respectively. It is worth noting that owing to the separation of
the QP energy states in the conduction band, just a rigid shift
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FIG. 4. (a) The imaginary part of the dielectric function of α′-4H
borophene for light polarized along the x-direction (E‖x) at different
levels of theory: DFT+RPA (e-e and e-h correlations neglected),
G0W0+RPA (e-e correlation included and e-h correlation neglected),
and G0W0+BSE (both e-e and e-h correlations included). (b) The
imaginary part of the dielectric function of α′-4H borophene at
different degrees of self-consistency in the GW. The direct QP band
gaps are shown with arrows.

of the conduction band with respect to the valence band may
not capture the self-energy effects properly. The same findings
were reported for other 2D materials, where there is no simple
“scissor rule” to obtain the QP band structure from that of the
LDA/PBE [59,60].

B. Optical properties

Excitonic effects are significantly enhanced in 2D mate-
rials [61,62]. This is mainly due to the reduced Coulomb
screening and geometrical confinement. These effects play a
crucial role in the optical properties of such materials. Hence,
to have a reliable description of the optical properties, it is
indispensable to take the electron-hole Coulomb interaction
into account. In this section, we aim to present the excitonic
optical spectra of α′-4H borophene achieved from solving the
Bethe-Salpeter equation on top of various levels of the GW.
To fully appreciate the many-body effects, we also calculated
the optical spectra within the random-phase approximation
(RPA) on top of the DFT and GW, where the electron-hole
interaction is neglected. First, we checked the convergence of
optical spectra α′-4H borophene for some input parameters.
More details are available in the Supplemental Material [51],
Fig. S7 and Text S2.

Figure 4(a) exhibits the imaginary part of the macroscopic
dielectric function for light polarized along the x direction
(E‖x) at different levels, namely DFT+RPA, G0W0+RPA,
and G0W0+BSE. As can be seen, the inclusion of electron-
electron correlation completely reshapes the optical spectrum
and leads to a significant blueshift (∼1.4 eV), which is
due to the self-energy correction. On the other hand, the
electron-hole correlation results in a redshift (∼0.92 eV) in

014012-7



MOHEBPOUR, MOZVASHI, VISHKAYI, AND TAGANI PHYSICAL REVIEW MATERIALS 6, 014012 (2022)

the optical spectrum, owing to the cancellation effect between
self-energy correction and excitonic effects. The electron-hole
correlation also leads to an increase (decrease) in the oscillator
strength of the first (second) peak. However, its main impact
is the appearance of some bound excitons below the G0W0

direct band gap (3.09 eV) at the � point, which are missing in
the G0W0+RPA spectrum.

The DFT+RPA predicts the absorption edge to be 1.48 eV,
which is very close to the PBE band gap (1.49 eV). The first
two peaks at G0W0+RPA appear at 2.88 and 3.08 eV, respec-
tively. They are near the G0W0 direct band gap (3.09 eV) at the
� point. Most importantly, the first peak at G0W0+BSE (∼
1.96 eV) is found to lie between the PBE (1.49 eV) and G0W0

(1.98 eV) band gaps as it includes both the QP correction
and excitonic effects. This peak (the so-called optical gap)
originates from the direct transition (bright exciton) from the
VBM to the conduction band, and corresponds to a strongly
bound exciton with a binding energy of Eb � 1.13 eV. It
is worth mentioning that the exciton binding energy is de-
termined by the difference between the QP direct band gap
and optical gap. The optical gap obtained from G0W0+BSE
is ∼ 0.53 eV smaller than the experimental gap achieved from
photoluminescence measurement (2.49 eV) [12]. This under-
estimation is attributed to the overscreening effects associated
with building the susceptibility based on an underestimated
band gap. Indeed, the small Kohn-Sham band gap leads to a
spurious enhancement of screening, and subsequently, to an
underestimated optical gap.

For the considerable dependence of the G0W0 on the Kohn-
Sham starting point and the exclusion of many-body exchange
and correlation in the ground-state eigenvalues, we examined
the effects of self-consistency. Figure 4(b) indicates the opti-
cal spectra of α′-4H borophene for light polarized along the
x direction under different degrees of self-consistency in the
GW. As can be seen, iteratively updating the QP eigenvalues
in the Green’s function results in a blueshift (∼ 0.24 eV) in
the optical spectrum because it reduces the overestimation of
the screening observed in the G0W0. At this level of theory
(i.e., GW0+BSE), the shape of the spectrum is relatively
preserved, and the optical gap is estimated to be ∼ 2.20 eV
with a binding energy of Eb � 1.11 eV. Therefore, one can say
that Eb is independent of the self-consistency in Green’s func-
tion. Moreover, the oscillator strength is only redistributed to
higher energies with no considerable change compared to that
of the G0W0+BSE level.

Updating the screened Coulomb potential leads to a
blueshift (∼ 0.20 eV) as well, implying a larger self-energy
correction in the GW compared to those in the G0W0 and
GW0. The highest level of theory (i.e., GW+BSE) predicts
the optical gap to be ∼ 2.40 eV, which is slightly smaller
than the GW band gap of ∼ 2.52 eV. This value agrees
very well with the experimental gap (2.49 eV) [12] because
GW+BSE incorporates many-body effects in the ground-state
eigenvalues and meaningfully reduces the dependence on the
DFT starting point using self-consistency. Here, the Eb is
obtained 1.18 eV, suggesting relatively stronger cancellation
effects. Such a huge Eb is a signature of a strongly bound
exciton, showing ultrahigh stability of excitonic states against
thermal dissociation, making α′-4H borophene a very promis-
ing candidate for room-temperature optical applications. The

final value is larger than those of phosphorene (0.86 eV),
MoS2 (0.96 eV), h-BN (0.80 eV), and many other semicon-
ducting monolayers [63–66], turning α′-4H borophene into a
highly competitive candidate for optical applications. As the
GW+BSE level offers the best description, its corresponding
oscillator strength is shown in Fig. S8 [51].

It is worth mentioning that the QP band gap and exciton
binding energy calculated at all three levels of theory (i.e.,
G0W0, GW0, and GW) show an excellent agreement with
the linear scaling law given as, Eb = 0.21 Eg + 0.40 [58].
The standard deviations are less than 0.05 eV, which can
indicate there points. First, our results have been converged
very well. Second, the linear scaling law is independent of the
level of accuracy. Third, it is also true for functionalized 2D
materials. More importantly, we check if its true for strained
α′-4H borophene. For instance, under the strain of 4%, the
G0W0 band gap and exciton binding energy are 2.4 and 0.8 eV,
respectively, approving the broad applicability of this scaling
law.

As shown above, the inclusion of excitonic effects have
a significant impact on the dielectric function of α′-4H
borophene. Therefore, for the rest of our optical investi-
gations, we concentrate on the GW+BSE level, which is
expected to obtain the most reliable results. Moreover, as
shown in Fig. S11 [51], because of the huge depolarization
effect in 2D materials for the light polarization perpendicular
to the surface [67], the optical spectrum for E‖z polarization
is negligible. Therefore, we only focus on the in-plane polar-
izations. Figure 5 shows the real and imaginary parts of the
dielectric function as well as the optical absorption spectrum
for the incident light polarized along the x (E‖x) and y (E‖y)
directions. The spectra of extinction coefficient (k), electron
energy loss (L), refraction index (n), and reflectance (R) are
available in Fig. S12 [51]. We can see different fluctuations in
optical spectra with different polarizations, as a consequence
of the structural anisotropy. From the real part of the dielectric
function, the static dielectric constant is found to be 3.0 and
2.6 for E‖x and E‖y polarizations, respectively. Moreover, we
see a sign of metallic nature by negative values for E‖x within
the range of 2.36 to 2.52 eV (525 to 492 nm), which is absent
for E‖y, where the real part is positive all over the spectrum.
This is also approved by the reflectance spectrum which shows
a nearly 40% reflectance for E‖x within this area.

From the imaginary part, it is clear that, although the first
peaks of the spectrum are uniquely at ∼2.20 eV for E‖x and
E‖y, which shows the same optical band gaps, the intensity
of the peaks are higher for E‖x, indicating a stronger electron
transition by E‖x polarized light. This is also approved by
the extinction coefficient and absorption spectrum, where the
intensity of E‖x first peak is more than two times equal to
the E‖y one. Such in-plane optical anisotropy provides an
additional degree of freedom for optoelectronic devices.

Regardless of the polarization, the absorption edge (α >

106 cm−1) is around the edge of the visible light (photon
energy > 1.63 eV), therefore we predict that, as a device,
α′-4H borophene has a good chance of not getting hot by
infrared radiations. The maximum absorption of visible light
at optical bang gap is 4.82 and 2.34×107 m−1 for E‖x and
E‖y polarizations, respectively. Moreover, the mean value of
absorption within the visible area is 1.68 and 1.13 × 107 m−1
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FIG. 5. Optical properties of α′-4H borophene with incident light
polarized along x and y directions at the GW+BSE level of theory.
(a) Real and (b) imaginary parts of the dielectric function. (c) Optical
absorption spectrum. For better assessment, the visible area is shown
by a schematic color spectrum within 1.63 to 3.26 eV.

for E‖x and E‖y polarizations, which approves the linear
dichroism for visible light. The absorption in ultraviolet re-
gion fluctuates increasingly, up to the maximum value of 5.74
and 4.86 for E‖x and E‖x in far ultraviolet around 8 eV.
The static refractive index is calculated to be 1.73 (1.77) for
E‖x(E‖y) polarization. Other optical parameters are summa-
rized in Table S3 of the Supplemental Material [51].

To demonstrate the contribution of interband transitions in
optical absorption, we show the total and partial joint density
of states (JDOS) of α′-4H borophene in Fig. 6(a). The total
JDOS includes all possible interband transitions from all the
valence to all the conduction bands while the partial JDOS
involves only the interband transitions from a specific valence
band to a specific conduction band. As can be seen from the
partial JDOS, the visible area is dominated by the transitions
from the highest valence band to the lowest conduction band
(i.e., V → C1) while a weak contribution is observed from
other transitions. The total JDOS reveals a shoulder at 1.63 eV
and a peak at 3.29 eV, which are associated with the direct
transitions at the � and K valleys, respectively. A few of
forbidden (black arrows) and allowed (colored arrows) transi-
tions are illustrated in Fig. 6(b). Also, Fig. 6(c) represents the
probability of transitions between two states. As it is clear, the
transition dipole moment amplitude is 184 and 486 Debye2 for
transitions V → C1 and V → C2 at the � point, respectively,
while it is zero for transition V → C3 at this point, implying
no optical absorption between these two states.

We additionally calculated the effective mass and Bohr
radius of the ground-state exciton based on Eqs. (16) and
(17). These formulas are generally used for Wannier exciton
and might not be very accurate for Frenkel exciton. However,
they are also employed to approximately estimate the effective
mass and Bohr radius for Frenkel excitons [41,68]. At the
GW+BSE level, the effective mass of exciton is 0.78 m0,
which refer to high localization. The Bohr radius of exciton
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buckling. (c) Band structure of AA stacking. (d) Variation of bilayer energy with displacement of the upper layer with respect to AA stacking.
(e) Variation of bilayer band gap with displacement of the upper layer. (f) Variation of band gap of AA stacking with thickness.

is 2.03 Å, smaller than the lattice constant (5.05 Å). This
value is smaller than that of MoS2 (∼10 Å) monolayer [69],
which means the electron and hole are restricted in a narrower
area, therefore, they have stronger interaction. Due to the large
exciton binding energy and small Bohr radius, one can deduce
that the excitons in α′-4H borophene have the characteristics
of a Frenkel exciton.

In this part, we investigate the variation of band gap and
exciton binding energy under biaxial tensile strain (tension).
As can be seen from Fig. S10 [51], by increasing the tension
up to 10%, the QP and optical band gaps decrease by 0.4
and 0.7 eV, respectively. This is attributed to the reduction
of buckling height under tension. Also, by increasing the
tension up to 10%, the exciton binding energy experiences
a decrease of 0.3 eV, which means the excitonic states are
robust against tension. These calculations were performed at

the G0W0 level of theory but they are similar to the results
at the higher levels (i.e., GW0 and GW). It should be noted,
in our previous paper [32], we have shown the dynamical
stability of α′-4H borophene under such tension by phonon
dispersion, stress-strain, and energy-strain curves.

C. Bilayer α′-4H borophene

The results of atomic force microscopy (AFM) have shown
that the average thickness of a typical synthesized α′-4H
borophene is about 0.78 nm [12], which is higher than the
monolayer. To understand the effects of thickness on the elec-
tronic properties of α′-4H borophene, we studied the bilayer
of this material at the GGA-PBE level of theory. For this, we
firstly measured the vertical distance between layers by means
of variation of energy to thickness. As shown in Fig. 7(a),
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the optimized thickness of a bilayer is 0.785 nm, which is
in great agreement with that measured through AFM. After
gaining the interlayer distance, we re-optimized the structure
with AA stacking. The electron difference density given in
Figs. 7(a) and 7(b) show that while a high electron extracting
takes place by hydrogen atoms, the two layers do not trade
much electrons within themselves, which implies the absence
of strong covalent bonds and presence of weak van der Waals
interactions. This might be due to the screening of H atoms
among the boron layers. Because of the weak force between
the layers, the lattice constant and bond lengths of the bilayer
do not have a significant difference with the monolayer.

As shown in Fig. 7(c), the AA-stacked bilayer α′-4H
borophene is an indirect semiconductor with a band gap of
1.4 eV. Most 2D materials experience a topological band gap
transition from their monolayer to bilayer or multilayer forms.
For instance, from monolayer to bilayer, graphene opens a
bang gap of zero to 0.25 eV [70] and, on the contrary, β

antimonene closes its band gapfrom 0.76 eV to zero [71].
However, for the weak van der Waals interaction in bilayer
α′-4H borophene, it experiences a very small gap change. The
VBM is located at � point and the CBM is within the �-K
path.

In the VBM and CBM, the band dispersion is parabolic,
which exhibits high mobility of electrons and holes. This in-
clines the high potential of α′-4H borophene in optoelectronic
applications, even for thicknesses more than monolayer.

To see the impact of stacking mode on the electronic
properties of bilayer, we slipped the upper layer along the
lattice vector A1 as much as percentages of lattice constant
(a). The energy difference between different stackings with
respect to AA stacking is indicated in Fig. 7(d), which is
less than 20 meV. These stackings can form Moiré patterns
in borophene with no need to external strain or requirement
of large superlattices. Our investigations show that stacking
mode does not have significant impact on the band gap of
borophene. Theband gap remains indirect in all the stackings
and, as shown in Fig. 7(e), it fluctuate mildly around the
band gap of the AA stacking. When the displacement changes
as half of the lattice constant (AB stacking), the band gap
becomes equal to the band gap of the AA stacking. Because
different stackings do not have very different band gaps, it
might be not possible to determine the stacking mode of
bilayer α′-4H borophene through absorption spectrum. Fur-
thermore, the experiment had not shown different band gaps
for any sample [12].

To understand the dependence of electronic properties on
the vertical distance between the layers, variation of band gap
with interlayer distance is shown in Fig. 7(f). Herein, with
conserving the atomic arrangements, we tuned the interlayer
distance to have thicknesses between 7.7 to 8 Å. We can
see a mild increase of band gap with the increase of the
thickness. In other words, a high increase in the distance
cancels the weak van der Waals interaction between layers and

renders the bilayer into two independent monolayers. On the
contrary, decrease of vertical interlayer distance increases the
interactions and leads to a mild decrease in the band gap. Our
investigations show that interlayer distance does not have any
impact on the nature of indirect band gap of α′-4H borophene.
It is suggested that for the weak van der Waals interaction be-
tween the layers and existence of light weight atoms, vertical
pressure, and slipping of the layers might not cause significant
change in the optical properties of the structure, therefore, no
gap difference had been observed for different thicknesses in
the experiment [12].

V. CONCLUSIONS

In summary, we reported the electronic and excitonic
optical properties of α′-4H borophene using first-principles
many-body calculations. We firstly demonstrated that hy-
drogenation increases the buckling height and breaks the
mirror symmetry of α′ borophene, which results in an or-
bital hybridization and opening of a wide band gap in α′-4H
borophene. We calculated the quasiparticle bang gap to be
1.98, 2.23, and 2.52 eV at the G0W0, GW0, and GW lev-
els of theory, respectively. In the following, we solved the
Bethe-Salpeter equation on top of the GW to evaluate the
optical properties. At GW+BSE level, the imaginary part of
the dielectric function shows that the direct optical excitation
is characterized by an optical band gap of ∼2.40 eV, which
is in excellent agreement with the experiment (2.49 eV). The
real part of the dielectric function has negative values for E‖x
polarization within the range of 2.36 to 2.52 eV, which is a
sign of metallic nature for this polarization. The optical ab-
sorption shows a high linear dichroism within the visible area.
The mean value of visible optical absorption was calculated
to be 1.68 and 1.13 ×107 m−1 for E‖x and E‖y polarizations,
respectively. The exciton binding energy was calculated to be
∼ 1.18 eV, which is a signature of a strongly bound exciton,
suggesting ultrahigh stability of excitonic states against ther-
mal dissociation. The effective mass and Bohr radius of the
ground-state exciton were obtained 0.78 m0 and 2.03 Å, re-
spectively, which demonstrates the characteristics of Frenkel
exciton. We also investigated the bilayer α′-4H borophenes
with different stackings and thicknesses. It was found that
they have similar electronic properties to the monolayer,
which gives them similar potentials. These features together
with great air-stability and mechanical strength suggest α′-4H
borophene as a desirable material for flexible optoelectronic
applications at room temperature.
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