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Stabilization and Metallic to Semiconducting Transition in 2D Boron Sheet
Zhifen Luo, Xiaoli Fan,* Yurong An, Yan Hu and Fengxia Zhang

Bucked triangular, 1, and y; are the three lattices of atomic-thin boron sheet which have been realized experimental very recently. The three lattices all are metallic
and dynamical unstable. By adopting the first-principles method based on the density functional theory, we predict the biaxial strain under which the 31, and y3 boron
sheets are stabilized. We also demonstrate the effectiveness of hydrogenation on stabilize the buckled triangular boron sheet. Additional, our calculations show that
neither uniaxial nor biaxial strain stabilizes the buckled triangular boron sheet, and when the applied biaxial strain is larger than 14%, its anisotropic conductivity no
longer exists. Moreover, the electronic band structures of the three boron sheets are controllable by modifying the hydrogen coverage. We find the Dirac cone in the
fully hydrogenated buckled triangular boron sheet, and the metal-semiconducting transition in 3, and 3 boron sheet caused by 100% and 50% hydrogenation. Our

results reveal new electronic properties for the new class of 2D materials, borophene in the applications of electronics.
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1. Introduction

Last two decade, atomic-thin boron sheets have attracted extensive
attentions for exploring their atomic structures.'™ Recently, atomically
thin 2D boron sheets have been synthesized on Ag(111) surfaces by
the physical vapor deposition method."? These extended 2D boron
sheet is called as 'borophene’, in analogy to graphene. Three struc-
tures of borophene have been observed,'> namely, buckled triangular,
B1> and y3. The buckled triangular borophene is highly anisotropic
metal with high Young’s modulus along its armchair direction which
exceeds that of graphene,' and its electronic and transport properties
also strongly correlate with directions.® Additional, Gao et al predict the
superconductivity of the B;, and x5 boron sheets.” Moreover, these
three lattices of boron sheet all show potentials as an anode material
for Li, Na and Mg ion batteries due to the high theoretical specific
capacities and outstanding ion transport properties.®™!!

With the advanced properties mentioned above, borophene definitely
is the new promising 2D material in a vast applications field. According
to the previous studies,>'>**
sheets of buckled triangular, 3;, and 3 are very close. However, the
phonon spectra for the buckled triangular, 31, and 3 borophene all
show that these boron sheets are dynamically unstable,"'*!> which

the formation energies of the three boron

somehow limits their applications. Strain and surface functionalization
have been proved to be effective on stabilizing the 2D materials.'>™°

Penev et al. proposed that the imaginary frequencies of both ;> and
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%3 borophene near the G point may be eliminated by applying a uni-
form tensile strain.'> Additional, based on the first-principles calcula-
tions,'>?® Xu et al. and Liu et al. predict that the fully hydrogenated
buckled triangular borophene is dynamical stable without imaginary
frequency.

Tunable band gap is one of the most desired properties in the ap-
plication of 2D materials. Various methods have been developed to open
the energy gaps of the 2D metallic materials, such as surface func-
tionalization, > * strain engineering® >’ and electric field controlling®>*’
In this context, it is both necessary and important to investigate the effect
of surface functionalization and strain on the electronic structures of
buckled triangular, 31, and y3 boron sheets which all show metallic
behavior.' 2714

By performing the first principles calculations, we investigate the
effect of strain and hydrogenation on the three boron sheets of buckled
triangular, B1, and 3. Our calculations show that 3;, and 3 boron
sheets are dynamical stable under biaxial strain of 4.8% and 6.6%,
respectively. But neither biaxial nor uniaxial strain can stabilize the
free-standing buckled triangular borophene. Additional, all the three
structures maintain metallic under the biaxial strain ranging from 0%
to 10%. Moreover, we show that the adsorption of hydrogen turns the
metallic 1, and 3 boron sheet into semiconducting with energy gaps
of 1.1 and 0.8 eV.

2. Calculation details

Our calculations are performed by using the Vienna ab-initio simula-
tion package (VASP) based on the density functional theory (DFT).**!
The projector-augmented-wave method was adopted for the calculations
of electron-ion interactions.**** And the electronic exchange—correlation
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interactions were described by the generalized gradient approximation
(GGA) by using the Perdew-Burke-Ernzerhof (PBE) function.** Wave
functions were expanded in a plane wave basis with an energy cutoff
of 500 eV. The 7x5x1, 5x3x1, 3x1x1 and 5x5x1 supercell were used
to simulate the strained buckled triangular, 3,5, x3 phases of borophene
and hydrogenated y3 borophene, respectively. And their first Brillion
zone were sampled by 25x15x1, 15%9x1, 15%5x1 and 11x11x1 k-mesh.
To simulate the 2D boron sheets, a vacuum space of 20 A is included
along the Z direction to minimize the interaction between the periodic
images. The convergence criterion was set to 10™ eV between two ionic
steps for the self-consistency calculations. All the atoms were fully re-
laxed until the force on each atom was less than 0.01 eV A™'. Phonon
dispersion spectra have been computed by using the finite displacement
method as implemented in the PHONOPY package.*

3. Results and discussion
3.1. Boron sheets under strain

Fig. 1 shows the atomic structures of the bucked triangular, 31, and
%3 borophene. The buckled triangular boron sheet shows bucking
along the lattice direction perpendicular to the B atoms plane. Our
calculated lattice constants for the buckled triangular borophene are
a=1613 A and b = 2.866 A, agreeing well with previous theoretical
and experimental results.” As showing in Fig. 1(b) and (c), unlike the
buckled triangular boron sheet, the 3, and 3 borophene are planar
without out-of-plane buckling. The lattice constants for the 3, borophene
are 2.916 A and 5.075 A along the a and b directions, respectively.
The unit cell of B, borophene is rectangle in which there are five B
atoms. As for the y3 borophene, there are four B atoms in the rhombic
unit cell, and the lattice constants are 4.448 A.

We then studied the buckled triangular, B, and y3 borophene
under the uniaxial and biaxial strain ranging from -5% to 15%. As
showing in Fig. 1, the rectangle unit cells are used to simulate the
three lattices. The lattice constants for the rectangle unit cell of y3
borophene are a = 2.909 A and b = 8.413 A. Our calculations show
that under the compressive strain, all the three lattices of buckled tri-
angular, ;> and 3 become more unstable having larger imaginary fre-
quencies, and the imaginary frequencies even increase as the compressive
strain increases. Thus, we only report the results under the tensile strain
in the present study.
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Our calculations show that there are always imaginary frequencies
in the phonon spectrum of buckled triangular borophene under both
the uniaxial and biaxial strain up to 15%. It implies that neither bi-
axial nor uniaxial strain stabilizes the free-standing buckled triangular
borophene. Fortunately, both the ;> and 73 phases of the boron sheets
are stabilized under the biaxial stain. As showing in Fig. 2(a) and (b),
there is no imaginary frequency in the phonon spectra for the 3, and
%3 boron sheets under the biaxial stain of 4.8% and 6.6%. We also cal-
culated the electronic band structures for the strained P, and Y3
borophene under the biaxial strain of 4.8% and 6.6%, respectively. It
indicates that the stabilized ;, and 3 boron sheets remain metallic.

Figure 3 shows the electronic band structures for the strained
buckled triangular, 1, and y3 borophene. As we can see, all the strained
three lattices maintain to be metallic under the biaxial strain ranging
from 0% to 15%. For all the three boron sheets under the increasing
biaxial strain, their conduction bands move down and their valence
bands shift up. Particularly, the buckled triangular borophene maintains
to be metallic with strong anisotropy under the biaxial strain less than
14%, as showing in Fig. 3(a). Specifically, its electrical conductivity is
confined along the uncorrugated a direction but it is semiconducting
along the b direction. When the applied biaxial strain is larger 14%,
the buckled triangular borophene loses the anisotropy, behaves metallic
along all the lattice directions.

3.2. Boron sheets functionalized by hydrogen

We further studied the hydrogenated buckled triangular, 1, and y3
borophene at different hydrogen coverage. The calculation results are
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Fig. 2 The phonon spectra of the strained 3, and y3 boron sheets. (a) showing
the data for 31, boron sheet under the biaxial stain of 4.8%; (b) showing the data
for 3 boron sheet under the biaxial stain of 6.6%.

Fig. 1 Top and side views of (a) buckled triangular, (b) B;,, (c) 3 boron sheets. The green balls represent the boron atoms. The rectangles and rhombus enclosed by
solid black lines denote the unit cells. The letters a and b represent the lattice parameters, R; and R, represent the two typical B-B bond. The numbers represent different

boron atoms in the unit cell.
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Fig. 4 The top and side view of the atomic structures, phonon spectra and electronic band structure of hydrogenated buckled triangular, 3, and 3 boron sheet. (a), (b)
and (c) showing the data for the 100% hydrogenated buckled triangular boron sheet, (d), (e) and (f) showing the data for the 100% hydrogenated f,, boron sheet, (g),

(h) and (i) showing the data for the 50% hydrogenated y3; boron sheet.

summarized in Table I-IIl. The adsorption energies of H atom adsorp-
tion on the boron sheet are calculated via

-FE

borophene

E, = (E

n
tot B EE H, ) / n,
where E;,; and Epoophene are the energies of the boron sheet with
the adsorption of H atoms and the clean boron sheet; £y, and n are the
energy of hydrogen molecule and the number of adsorbed H atoms,
respectively.
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Fig. 5(a) and 4(a) shows the atomic structures for the 50% and
100% hydrogenated buckled triangular boron sheets, respectively. In
the 50% hydrogenated buckled triangular boron sheet, only the upper
or lower B atoms are terminated by H atoms, and in the 100% hydro-
genation case, both the upper and lower B atoms are hydrogenated. The
100% hydrogenated buckled triangular borophene is stabilized and there
is no imaginary frequency in the phonon spectrum shown in Fig. 4(b),
but the 50% hydrogenated buckled triangular borophene remains unsta-
ble. Our calculations tell us that the buckled triangular borophene can be
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Fig. 5 The top and side view of the atomic structures and electronic band
structures of 50% hydrogenated buckled triangular boron sheet.

stabilized by hydrogenation, which proves the previous result obtained
by Xu et al.'® Additional, as showing in Fig. 4(c), the calculated
electronic band structure of fully hydrogenated buckled triangular
borophene displays a clearly Dirac cone along X-G direction.

Unlike the buckled triangular boron sheet in which there are two B
atoms in the unit cell and the two B atoms are symmetrically identical,
there are five B atoms in the unit cell of 3;, boron sheet and two pairs
of B atoms are identical. They are labeled as "1" and "5" , and "3" and
"4" as showing in Fig. 1(b). To study how the H atoms adsorb on the
B12 boron sheet, we manually put H atom on three different B atom
sites, "1", "2" and "3". Our calculations show that the adsorption en-
ergy of hydrogen on site "1", "2" and "3" atoms sites are -0.247 eV,
0.958 eV and -0.002 eV, respectively. This means that H atom prefers
to adsorb on the "1" B atom site. Fig. 6(a) shows the atomic structure
for the hydrogenated 1, boron sheet at 20% coverage in which one
H atom adsorb on the "1" B atom site in each unit cell.

The hydrogenated 3, boron sheet at high H coverage were ex-
amined by adding H atoms at the less favorable B atom sites one by
one. Fig. 6 show the lowest energy configurations for the hydrogenated
B1> boron sheet at 20%, 40%, 60%, and 80% coverage. Our calcula-
tions indicate that the ;, borophene remains unstable under all kinds
of hydrogenation structures. Fig. 6 shows the electronic band structures
along the high symmetry directions for the 20%, 40%, 60% and 80%
hydrogenated ;> borophene which maintain to be metallic, but the
energy bands near the Fermi level become sparse. However, there is
no energy band crossing the Fermi level for the 100% hydrogenated 3;,
borophene as showing in Fig. 4(f). It indicates that the fully hydroge-
nated [3;, borophene is semiconducting, and its energy gap is 1.1 eV.

The hydrogenated 3 borophene was studied in the similar way as
we studied the hydrogenated 3;, boron sheet. There are four different
B atoms in the unit cell of %3 borophene as showing in Fig. 1(c), and
Fig. 7 shows our results for the most stable configurations of the hy-
drogenated 3 borophene at 25%, 50%, 75% and 100% coverage. Our
calculations show that the surface functionlization by H atom fails to
stabilize the y3 borophene. There are always negative values in the
phonon spectra of the hydrogenated 3 boron sheet, and the imaginary
frequencies even become bigger with the increasing of H coverage. Al-
though hydrogenation turns out to be ineffective on stabilizing the 3
borophene, but it makes the y; borophene convert from metal into
semiconductor. The electronic band structure shown in Fig. 4(i) indi-
cates that the 50% hydrogenated y; borophene is semiconducting with
energy gap of 0.8 eV.

Tables 1-3 summarize our calculation results with the lowest energies
for the hydrogenated buckled triangular, B1, and 3 boron sheets at all
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Fig. 6 The top and side view of the atomic structures and electronic band
structures of 20%, 40%, 60%, and 80% hydrogenated B, boron sheet. (a) and (b)
showing the data for the 20% hydrogenated B, boron sheet; (c) and (d) showing
the data for the 40% hydrogenated B3, boron sheet; (e) and (f) showing the data
for the 40% hydrogenated B, boron sheet with hydrogen adsorption on the two
sides; (g) and (h) showing the data for the 60% hydrogenated B, boron sheet; (i)
and (j) showing the data for the 80% hydrogenated ;> boron sheet.

the possible H coverage. We can see that the lattice constants and B-B
bond lengths for the three boron sheets with the adsorption of H atoms
at various H coverage are almost as same as those of the bare boron
sheets except for the 100% hydrogenated buckled triangular boron
sheet. For the 100% hydrogenated buckled triangular boron sheet,
the a lattice constant and the B-B bond length along the a direction
increase by 0.3 A, while the b lattice constant and the B-B bond along
the b direction hardly change. Additional, the buckling height of the
buckled triangular boron sheet decreases after the adsorption of H.
Nevertheless, the 1, and 3 boron sheets are not planar any more with
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Fig. 7 The top and side view of the atomic structures and electronic band
structures of 25%, 50%, 75% and 100% hydrogenated 3 boron sheet. (a) and
(b) showing the data for the 25% hydrogenated 3 boron sheet; (c) and (d)
showing the data for the 50% hydrogenated y3; boron sheet with hydrogen
adsorption on the two sides; (e) and (f) showing the data for the 75%
hydrogenated y3; boron sheet; (g) and (h) showing the data for the 100%
hydrogenated 3 boron sheet.

the adsorption of H as showing in Fig. 6 and 7, and the buckling
heights increase by 0.9-1.0 A at most with the increasing of H cov-
erage. Despite the buckling appearing along the vertical direction
as a result of interaction between the H atoms and B atoms, the
in-plane configurations maintain to be as same as the bare boron
sheet. In Table 1-3, the adsorption energies are calculated via
E,=(E, - Ebomphene - gEHZ)/n, which actually is the av-
eraged formation energy of several B-H bonds. Under high hydrogen
coverage for one side adsorption, the adsorption energies are positive,
which means that the B-H bond become weak. Hence, we put hydro-
gen on both sides to increase hydrogen coverage. For the double side

86 | Eng. Sci., 2018, 2, 82-87
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Table 1 The calculation results on the buckled triangular borophene and hydroge-
nated buckled triangular borophene. a and b represent the lattice constants. hyyciing
is the vertical distance between the upper and lower boron atoms. R; and R, repre-
sent the typical B-B bond lengths which are showing in Fig. 1. dgy is the bond
length between boron atoms and the bonded hydrogen atoms. E,4 is the adsorption
energy of hydrogen on the boron sheet.

a(A) b(/&) hbuckling(‘&) RI(A) Rz(f&) dB—H(A) Eaq (eV)
b, 1.613 2.866 0.910 1.613 1.879 / /
b,-50%H 1.613 2.866 0.875 1.613 1.863 1.211 0.468
b,-100%H 1.938 2.825 0.803 1.941 1.888 1.180 -0.163

Table 2 The calculation results on the B;, borophene and hydrogenated f»
borophene. a and b represent the lattice constants. hyckiing is the vertical distance be-
tween the upper and lower boron atoms. dgy is the bond length between boron
atoms and the bonded hydrogen atoms. E,q is the adsorption energy of hydrogen on
the boron sheet.

a(A) b(A) hpuciiing(A) dp.u(R) E .4 (eV)

Brz 2916 5075 0 / /

B1,-20%H 2916 5057  0.582 1.227 -0.247
B12-40%H 2908 5042  0.888 1.219 0.333
B-40%H* 2911 5047 0956 1214 -0.138
B12-60%H 2906  5.040  0.817 1.249 -0.218
B1>-80%H 2863 5018  0.847 1212 -0.168
Bi-100%H 2927  5.075  0.904 1.232 -0.157

# result of 40% hydrogenated B3, boron sheet with hydrogen adsorption on
the two sides.

hydrogen adsorption, the adsorb energy would be first decreases and
then increases as the H atoms coverage becoming higher. Conse-
quently, the most stable configurations of the functionalized boron
sheets are 100% hydrogenated buckled triangular, 20% hydroge-
nated B, and 75% hydrogenated 73 boron sheets.

4. Conclusions

By performing the density functional theory type of first-principles
calculations, we studied the atomic structures, stability and electronic
property of the strained and hydrogenated atomic-thin boron sheets.
We find that the 31, and 3 boron sheets are stabilized under the biaxial
stain of 4.8% and 6.6%. But, there are always imaginary frequencies for
the buckled triangular borophene under the biaxial strain up to 15%.
When the biaxial is larger than 14%, the buckled triangular borophene
loses the anisotropic metallic character. Additional, our calculations
show that hydrogenation is effective on stabilizing the buckled triangular
borophene, but neither 1, nor y; borophene are stabilized under
kinds of hydrogenation coverages. Moreover, we find that the fully
hydrogenated [3;, and 50% hydrogenated 3 borophene transit into
semiconducting. Our calculations not only find the possible way to
stabilize the three most important lattices of atomic-thin boron sheets,
also highlight the new electronic property for the atomic-thin boron
sheets.
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Table 3 The calculation results on the 3 borophene and hydrogenated y3 borophene. a, b and y represent the lattice constants. hy,cxiing i the vertical distance between the up-
per and lower boron atoms. dg y is the bond length between boron atoms and the bonded hydrogen atoms. E,4 is the adsorption energy of hydrogen on the boron sheet.

a(A) b(A) Y hpuckiing(A) dpu(A) E .4 (eV)
%3 4.448 4.448 38.182° 0 / /
%3-25%H 4.427 4.427 38.182° 0.530 1.221 -0.061
%3-50%H 4.449 4.449 38.182° 0.617 1.257 0.247
X3—50%H# 4.418 4.418 38.182° 0.936 1.272 -0.311
¥%3-75%H 4412 4412 38.182° 0.926 1.248 -0.352
%3-100%H 4.384 4.384 38.182° 1.119 1.194 -0.060

# result of 50% hydrogenated 73 boron sheet with hydrogen adsorption on the two sides.
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