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Band structure engineering of borophane by first
principles calculations
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and Jin-Cheng Zheng (2 *abd

We exploited the band structure engineering in W-borophane, the most stable conformer of the fully
hydrogenated borophene in the literature, by first principles calculations. Uniaxial strains along the a and
b direction, biaxial strains, shear strains, H vacancy and B-H dimer vacancy defects have been
considered. Our results show that uniaxial strains along the a, b directions and biaxial strain can not open
the band gap for W-borophane. However, band gap opening can be achieved by applying shear strain.
The shear strain induced band gap is 53 meV when the applied shear strain is only 0.01. The band gap
increases with the increasing shear strain. When the shear strain reaches 0.12, the band gap can reach
up to 538 meV. Two different exchange—correlation potentials have been used to confirm the band gap
opening. The excellent dynamical stability of W-borophane under shear strain has been proved by the
phonon dispersion, indicating that applying shear strain is an effective and feasible approach to open the
band gap for W-borophane. In addition, the Dirac cone of W-borophane is maintained well under the
uniaxial and biaxial strains. In free-state, the Dirac fermions of W-borophane possess an ultrahigh Fermi
velocity (2.13 x 10° m s7%) which is higher than that of graphene. It is very interesting that the Fermi
velocities of W-borophane can be tuned in a wide range of values by applying uniaxial and biaxial strain.

Introduction

Recently, a two-dimensional (2D) boron sheet (borophene) was
synthesized on a silver substrate under ultrahigh-vacuum? and
has attracted much attention.*** Borophene possesses high
anisotropy in its mechanical properties, electrical conductivity,
lattice thermal conductivity, surface ion transport and optical
properties."*** High intrinsic catalytic activity of borophene for
the hydrogen evolution reaction also has been reported.*® It has
been proposed that borophene is the lightest catalyst for the
hydrogen and oxygen evolution reaction.'” Furthermore, the
catalytic performance can be improved by carbon dopants.'”
Due to the high theoretical specific capacity and ultrafast ion
transport property, which is strongly associated with the rate
performance,*®* borophene is a promising anode material for
Li, Na, K, Mg and Al ion batteries.>*** However, borophene is
unstable against long-wavelength transversal waves, owing to
the small imaginary frequency along the I'-X direction in the
phonon dispersion.” It has been proposed that borophene can
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be stabilized by hydrogenation.”*** The fully hydrogenated
borophene (borophane) has a direction-dependent Dirac cone,
and the Dirac fermions possess an ultrahigh Fermi velocity.**
Due to the ultrahigh Fermi velocity and excellent mechanical
performance, borophane has a vast prospect of application in
nanoelectronics devices. For example, theoretical calculations
indicated that borophane can be used for the detection for
volatile alcohol vapors.* It is imperative to open the band gap of
borophane for a broader application. Strain engineering is
a common and effective approach to tune the physical and
chemical properties of materials.>”~** It is reported that the band
gap of graphene can be opened by applying a sine-like inho-
mogeneous deformation along any direction but the armchair
one.*® Furthermore, it has been proposed that opening gap of
graphene could be achieved by shear strains. The strain induced
band gap can reach up to 0.9 eV.*® Gap opening of graphene can
also be achieved by designing topological-defect lattices.*” In
addition, hydrogenation and fluorination are both effective
approaches to open the band gap for graphene.*®* More
specifically, the energy gaps of fully hydrogenated and fluori-
nated graphene are 4.62 and 3.45 eV, respectively.*® To date, the
band structure engineering of borophane has not been re-
ported, and would be the focus of the present study.

In this work, the band structures of W-borophane under
uniaxial strains along the a and b directions, biaxial strains, and
shear strains have been studied by first principles calculations.
Our results show that uniaxial strains along the a, b directions
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and biaxial strains are unable to open the band gap of W-
borophane. However, the band gap opening can be achieved
by shear strains. Moreover, we examined the dynamical stability
of W-borophane under shear strains by the phonon dispersion.
In addition, our results show that the Fermi velocities of the
Dirac fermions in W-borophane can be tuned in a wide range of
values by applying the uniaxial and biaxial strains. Finally, the
spin-polarized band structure and charge density distribution
of W-borophane with the H and B-H dimer vacancy defect have
been studied, respectively.

Computational details

All calculations are carried out in the Quantum-Espresso
package.” Ultrasoft pseudopotentials** are utilized for all
atoms and the exchange-correlation approximation is evalu-
ated through the Perdew-Burke-Ernzerhof (PBE)* functional.
The kinetic-energy cutoff of plane-waves is set to be 50 Ry. The
atomic positions are fully relaxed, until the forces on all atoms
are less than 0.01 eV A~*. A large vacuum region (20 A) is
included along the z direction to eliminate the interlayer
interactions. Linear response theory has been utilized to
calculate the phonon dispersion. During the calculation of the
dynamic matrix element, the threshold for self-consistency is
1.0 x 10~ In order to further affirm the band gap opening,
Becke-Lee-Yang-Parr (BLYP) exchange-correlation functional
has been used to calculate the band structure of W-borophane
and chair-like (C-borophane) under shear strains. In addition,
the spin-polarized calculations are performed to obtain the
spin-polarized band structure and charge density distribution
of W-borophane with the H vacancy and B-H dimer vacancy
defects, respectively.

Results and discussion
Uniaxial and biaxial strains

The crystal structure of W-borophane is displayed in Fig. 1. The
unit cell is marked by the black dashed rectangle which
contains four B and four H atoms. B and H atoms are staggered
along both the a and b directions. W-borophane has a buckled
configuration and the buckling height is 0.89 A under free-state,
which is slightly smaller than that of borophene (0.91 A),"* but
larger than that of C-borophane (0.81 A).** For W-borophane,
the optimized lattice constants are 3.039 and 3.379 A along
the a and b directions, respectively, which are in good agree-
ment with previous theoretical results.**

The stress-strain curves of W-borophane under uniaxial
strain along the a and b directions, and biaxial strains are dis-
played in Fig. 2. For applying the biaxial tensile strains, we
change the lattice constants a and b with the equal proportion.
The corresponding stress under the biaxial tensile strains is the
vectorial resultant of the a and b direction component stresses.
From the stress—strain curves, we can find that the ultimate
tensile strains are 0.17, 0.25 and 0.25 for uniaxial strains along
the a, b directions and biaxial direction, respectively. The cor-
responding ideal strengths are 12.08, 16.60 and 21.63 N m ™",
respectively. Under small uniaxial and biaxial strains, the
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Fig. 1 The crystal structure of W-borophane. (a) Side view with b—c
plane shown, (b) side view with a—c plane shown, and (c) top view of
atomic structure of W-borophane. The unit cell, marked by the dashed
rectangle, contains four B atoms and four H atoms. The small red and
green balls represent B atoms, the big grey balls represent H atoms,
respectively.

stresses increase with the increasing strains. There exists
a sharp decrease when the uniaxial strains reach 0.33 along the
a and b directions. From the two illustrations in Fig. 2 we can
find that the crystal structure of W-borophane has been
destroyed when the uniaxial strains reach 0.33 along the a and
b directions. The ultimate tensile strains of W-borophane (0.17)
is larger than that of C-borophane (0.12)* along the a direction.
In order to understand the different mechanical stabilities of C-
and W-borophane along the a direction, the crystal structure of
C-borophane has been compared with that of W-borophane. For
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Fig.2 Calculated stress—strain curves of W-borophane under uniaxial
strains along the a and b directions, respectively and biaxial strain.
Borophane can sustain stresses up to 12.08, 16.60 and 21.63 N m™!
along the a, b and biaxial directions, respectively. The corresponding
ultimate strains are 0.17 (a direction), 0.25 (b direction), and 0.25
(biaxial direction), respectively.
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C-borophane, B atoms are aligned along the a direction.
However, for W-borophane, B atoms are staggered by a zigzag
mode along the a direction which is very important to release
the a direction uniaxial strain.*® Hence, W-borophane shows
more superior mechanical properties along the a direction than
C-borophane.

In order to understand the anisotropic mechanical property
of W-borophane, we calculated the buckling heights of
W-borophane under the uniaxial along the a, b directions and
biaxial tensile strains. The buckling height is an important
parameter for buckled 2D materials. The buckling height of W-
borophane decreases under the a, b direction uniaxial and
biaxial tensile strains, as shown in Fig. 3. It is easy to under-
stand that tensile strains can stretch the pucker of
W-borophane, leading to the decrease of the buckling height.
However, under the a and b direction uniaxial strains, there
exists a sudden jump when the tensile strains reach 0.33 that is
corresponding to the rupture. Furthermore, the B-B bond
lengths under the uniaxial along a, b directions and biaxial
tensile strains have been calculated. For the convenience of
description, we labelled the three inequitable B-B bonds in the
unit cell as r4, r, and r;, respectively, as shown in the inserted
picture of Fig. 4c. Under the a direction uniaxial tensile strains,
the bond lengths of r, and r; increase with the increasing
strains, but the bond length of B-B bond r; decreases with the
increasing strains. Under the b direction uniaxial tensile
strains, the bond lengths of r; and r, increase with the
increasing strains. The bond length of r; keeps almost
unchanged, however, there is a sharp decrease when the
b direction uniaxial strain reaches 0.33. Under the biaxial
tensile strains, the bond lengths of ry, r, and r; all increase with
the increasing strains. In order to understand the contraction of
B-B bond r, under a direction tensile strains, the Poisson's ratio
of W-borophane has been taken into consideration. It is re-
ported that the Poisson's ratios of W-borophane are 0.132 and
0.117 along the a and b direction,* respectively. The positive
Poisson's ratio indicates that W-borophane tends to contract in
the directions transverse to the direction of stretching. More
specifically, under the a direction tensile strains, the lattice
constant along the b direction will decrease, leading to the
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Fig. 3 The strain-dependent buckling height of W-borophane under
uniaxial strains along the a and b directions, respectively, and biaxial
strains.
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Fig. 4 The B-B bond lengths r; (a), r» (b) and rs (c) of W-borophane
under uniaxial tensile strains along the a and b directions, respectively,
and biaxial tensile strains. The three inequitable B—B bonds in the unit
cell are labelled as ry, r» and rs, respectively, as shown in the inserted
picture of (c).

contraction of r; which is parallel to the b direction from the top
view.

The band structure of W-borophane under uniaxial strain
along the a and b directions, biaxial strains has been calculated,
as shown in Fig. 5. W-borophane possesses a Dirac cone along
the I'-Y direction. We found that the Dirac cone maintains well
under the uniaxial and biaxial strains. More specifically, when
the a direction uniaxial strain is between —0.17 and 0.05, the
b direction uniaxial strain is between —0.05 and 0.23, and the
biaxial strain is between —0.13 and 0.29, the Dirac cone main-
tains well and the Dirac point locates at the Fermi level
perfectly. It is reported that the Dirac cone of W-borophane is
mainly contributed by the p, and p, orbitals of B atoms.?* The
Fermi velocities of the Dirac fermions can be obtained by the
expression v = E(k)/(hk). As shown in the illustration of Fig. 6b,
we define the E(k)/(hk) value of the band (black curve) corre-
sponding to the p, orbital as v, . Similarly, we define the E(k)/
(hk) value of the band (red curve) corresponding to the p,, orbital
as vp. Under the free-state, the Fermi velocities v, and Vp, of
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Fig. 5 The band structure of W-borophane under a uniaxial strain of
(a) —0.17, (b) 0.05 along the a direction; (c) —0.05, (d) 0.23 along the
b direction; and under biaxial strains of (e) —0.13, (f) 0.29, respectively.
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Fig. 6 The Fermi velocity v, and v, of W-borophane under the uniaxial strains along the a and b directions, respectively, and biaxial strain.

W-borophane are 1.15 x 10° and 2.13 x 10° m s, respectively.
The Fermi velocities v, and v, of W-borophane under the g,
b direction uniaxial and biaxial strains are shown in Fig. 6. First
of all, the Fermi velocities of W-borophane can been tuned in
a wide range of values by controlling the applied strains. The
compression of the lattice constant along a direction and
stretching of the lattice constant along b direction can enlarge
the Fermi velocity v, . On the contrary, the compression of the
lattice constant along b direction and stretching of the lattice
constant along a direction can enlarge the Fermi velocity v}, .
The biaxial strains impose slight effect on Fermi velocity v, , the
Fermi velocity v, decreases with the increasing biaxial tensile
strains.

Shear strains

In order to achieve the band gap opening, shear strain has also
been taken into consideration because shear strain is
a common and effective approach to open the energy band gap
of 2D Dirac materials. Therefore, we calculated the band
structure of W-borophane under shear strains, as shown in
Fig. 7. Positive and negative shear strains have been taken into
consideration. Under free-state, the angle y between lattice
vectors along the a and b direction is 90°. Under the positive
(negative) shear strains, the angle y becomes smaller (larger)
than 90°. The corresponding schematics have been shown in
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Fig. 7 The band structure of W-borophane under shear strains of (a)
—0.12, (b) —0.08, (c) —0.04, (d) 0, (e) 0.04 (f) 0.08 and (g) 0.12.
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the Fig. 8 as small illustrations. Under 0.01 and 0.04 shear
strain, the opening band gaps are 53 and 220 meV, respectively.
Furthermore, the band gap become 538 meV when the shear
strain reaches 0.12, indicating that shear strain is an effective
approach to open the band gap of W-borophane. The band gap
of C- and W-borophane under different shear strains are shown
in Fig. 8. In order to further affirm the band gap opening,
Becke-Lee-Yang-Parr exchange-correlation functional has
been used. The shear strain induced band gap under PBE and
BLYP level are consistent. The band gap enlarges with the
increasing shear strains with different rates for PBE and BLYP.
In order to present the relationship between the strain induced
energy gap E, and shear strain &g,eor more clearly, the corre-
sponding function formula has been fitted under small shear
strains. Under small shear strains, the linear relationship
between E; and éegpeqr can be observed. More specifically, under
the PBE level, for C-borophane, the formula is E; = 4.1 X &ghear;
however, for W-borophane, the formula is E; = 5.4 X &ghear
under small shear strains. Similarly, the band gap opening of 8-
Pmmn borophene which is a 2D Dirac material by shear strains
has been reported in literature.* For 8-Pmmn borophene, the
formula is E; = 2.4 X ggpear under small shear strains. The
coefficient of W-borophane is larger than that of C-borophane
and 8-Pmmn borophene, indicating that the shear strain is
a more effective way to tune the band gap of W-borophane. For
W-borophane, the non-linear relationship can be observed
when the shear strain is larger than 0.05. Uniaxial along the a,

‘W-borophane

Band gap (eV)

-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10

Shear strain

Fig. 8 The band gap of (a) W-borophane and (b) C-borophane under
shear strains.
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b direction and biaxial strains cannot change the symmetry of
borophane. But shear strain can effectively break the symmetry,
leading to the strain induced band gap opening. For example,
under free-state, the angle y between the lattice vectors along
the a and b direction is 90°. However, under 0.04 (—0.04) shear
strain, the angle y of W-borophane changes to 87.71° (92.29°),
corresponding to the change of symmetry. Similar phenomenon
has been observed in graphene.****** In order to estimate the
dynamical stability of W-borophane under shear strains, we
calculated the phonon dispersion. The phonon dispersions of
W-borophane under shear strains are shown in Fig. 9. No
imaginary frequencies were found along the high-symmetry
directions of W-borophane under shear strains, indicating
that W-borophane possesses excellent dynamical stability
under shear strains. Due to the impressive strain induced band
gap and the excellent dynamical stability, shear strains is an
effective and feasible approach to open the band gap for W-
borophane.

H and B-H dimer vacancy defect

Vacancy defects are usually inevitable in the experimental
process. Furthermore, the electronic structures of 2D materials
are strongly influenced by vacancy defects.** For example, the
defect-induced magnetism has been observed in graphene. For
borophane, low B-H dimer vacancy formation energy has been
reported in our previous work,” indicating that B-H dimer
vacancy defect is feasible, experimentally. In addition, we have
calculated the band structure of W-borophane with one H and
B-H dimer vacancy defect in a 2 x 3 x 1 supercell which
contains 48 atoms, respectively. Spin polarization has been
taken into consideration. The spin-polarized band structures
have been shown in Fig. 10. From the spin-polarized band
structures, we can find that both H and B-H dimer vacancy
defect cannot open the band gap for W-borophane. The two
band structures both show metallic characteristics. It is inter-
esting that the spin-up band structure curve of W-borophane
with B-H dimer vacancy defect is completely overlapping
with the spin-down band structure, indicating that B-H
vacancy defect cannot lead to the appearance of magnetism.
However, H vacancy defect can result in the rise of magnetism.
More specifically, the H vacancy defect induced magnetic

View Article Online

Paper

—— Spinjup

—— Spin|u
—— Spin|down ol

—— Spin{down

Energy (eV)

Energy (eV)
A b b h o e w

Fig. 10 The band structures of W-borophane with the (a) H vacancy
and (b) B—H dimer vacancy defect, respectively.

moment is as high as 0.53 up. The spin-polarized state is more
stable than the non-spin-polarized state, but the energy
difference is only 6.51 meV. In order to show the vacancy
induced magnetism phenomenon more clearly, we calculated
the difference in spin charge density between the spin-up and
spin-down states of W-borophane with the H vacancy defect, as
shown in Fig. 11. The H atom vacancy induced magnetism
phenomenon is obvious.
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Fig. 11 3D plots of the difference in spin charge density between the
spin-up and spin-down states of W-borophane with one H vacancy
defect. In the perfect structure, the removed H atom is bonded with
the B atom marked by a black dotted circle.
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Fig. 9 The phonon dispersion of W-borophane under shear strains of (a) —0.12, (b) —0.08, (c) —0.04, (d) 0.04, (e) 0.08 and (f) 0.12.
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Conclusions

We have studied the band structure engineering of borophane
by first principles calculations. Uniaxial strains along the a and
b directions, biaxial strains, shear strains, H vacancy and B-H
dimer vacancy defects have been considered. Our results show
that the mechanical properties of W-borophane is highly
anisotropic. The ultimate tensile strains are 0.17, 0.25 and 0.25
for uniaxial strains along the a, b directions and biaxial strain,
respectively. The corresponding ideal strengths are 12.08, 16.60
and 21.63 N m™’, respectively. Uniaxial strains along the a,
b directions and the biaxial strain all cannot open the band gap
for W-borophane. However, band gap opening can be achieved
by applying shear strains. Under 0.01 and 0.04 shear strain, the
opening band gaps are 53 and 220 meV, respectively. The shear
strain induced band gap increases with the increasing shear
strains. The band gap can reach up to 538 meV when the shear
strain reaches 0.12. The shear strain induced band gap opening
has been confirmed by two different exchange-correlation
functionals. The excellent dynamical stability of W-borophane
under shear strains has also been proved by the phonon
dispersion, indicating that applying shear strains is an effective
and feasible approach to open the band gap for W-borophane. It
is very interesting that the Fermi velocities of the Dirac fermions
in W-borophane can be tuned in a wide range of values by
uniaxial and biaxial strains. Furthermore, H vacancy and B-H
dimer vacancy defects cannot open the band gap for W-
borophane. Finally, magnetism phenomenon has been
observed for W-borophane with H vacancy defect.
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