7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Novel two-dimensional tetrahexagonal boron
nitride with a sizable band gap and a sign-tunable
Poisson’s ratio
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By performing first-principles calculations, a new two-dimensional (2D) boron nitride (th-BN) with per-
fectly ordered arrangements of tetragonal and hexagonal rings is predicted to be energetically, dynami-
cally, thermally, and mechanically stable. The unique structure endows th-BN with anisotropic mechani-
cal, electronic, and optical properties. Remarkably, th-BN exhibits exceptional mechanical properties such
as high in-plane stiffness and sign-tunable Poisson’s ratio (PR). The PR of th-BN gradually decreases with
the increase of axial strain and even becomes negative at a very small strain (~2%), which is novel, thereby
offering the ability to become non-auxetic, auxetic, and partially auxetic 2D nanomaterials depending on
the strain rate and direction. The structure can withstand tensile strain as large as 36%, and shows ultra-
high ideal strength that can even outperform graphene and hexagonal BN. The th-BN is a natural 2D
semiconductor with an indirect wide band gap of 4.49 eV. The band gap can be tuned by applying lattice
strain and hydrogenation. The full hydrogenated th-BN exhibits an indirect-to-direct band gap transition.
The th-BN shows high optical absorption in the ultraviolet region. The optical absorption spectrum is
highly direction-dependent and tunable by strain, suitable for high-performance optoelectronic device
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applications. Furthermore, th-BN can be stacked into two different configurations, and are dynamically
stable and exhibit exotic electronic properties. The desirable direct band gap and anisotropic effective
mass of the th-C/th-BN heterostructure suggest that th-BN can be a suitable substrate for
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1. Introduction

Nowadays, most theoretical and experimental efforts have
been focused on two-dimensional (2D) materials.'® Graphene
is one of the most promising materials due to its atomic thick-
ness and remarkable properties including extremely high
thermal conductivity, high carrier mobility, and extraordinary
high mechanical strength and stiffness.®”® Hexagonal boron
nitride (A-BN) has been experimentally synthesized'®'" and
exhibits unique properties such as high mechanical hardness,
thermo-chemical stability, and good electrical and thermal
conductivity.'> Although 4-BN is an isoelectric analogue of gra-
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phene (having the same geometry and the number of valence
electrons), its properties are quite different from graphene (i.e.
graphene is metallic with a zero band gap, while #-BN is an
insulator with a large band gap). Gannett et al. have reported
that 4-BN is a promising substrate for the direct growth of gra-
phene on an insulating substrate.”® The strong in-plane
bonds, large band gap of about 4.71 eV, and planar structure
of &-BN make it an ideal flat, insulating, and inert surface.'**®

To date, considerable attention has been dedicated to 2D
materials with hexagonal structures.'”” However, the hexagonal
form is not the only possible structure for C- or BN-based 2D
materials. It is known that an atom prefers a spatial arrange-
ment of multiple bonds with its neighbors due to the valence
electron pair repulsion rule.'® This tendency suggests that
there should exist some other possible 2D structures consist-
ing of the combination of 4-, 5-, and/or 6-membered rings."®
Recently, a new 2D carbon allotrope, known as tetrahex-carbon
(th-C), has been theoretically proposed,® which is a direct
band gap semiconductor with an intrinsic band gap of 2.63 eV
(ref. 20 and 21) and has outstanding electronic and mechani-
cal properties such as high carrier mobility,>>** sign-tunable
Poisson’s ratio,”* and ultrahigh ideal strength outperforming

Nanoscale, 2021,13, 9303-9314 | 9303


www.rsc.li/nanoscale
http://orcid.org/0000-0003-1814-5104
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr00734c&domain=pdf&date_stamp=2021-05-20
https://doi.org/10.1039/d1nr00734c
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013020

Published on 19 april 2021. Downloaded by Fail Open on 23/07/2025 8:43:56.

Paper

graphene.”" A great effort has been devoted to improving the
mechanical, thermal, electronic, and optical properties of ¢4-C
via hydrogenation®" and fluorination.>® For instance, theore-
tical investigations have revealed that hydrogenation and fluor-
ination can effectively tune the phononic gap and electronic
band gap of th-C and induce direct-indirect-direct band gap
transitions.”™** The 2D tetrahexagonal compounds of group-IV
atoms (C, Si, Ge and Sn), known as tetrahex carbides, have
recently been proposed, possessing robust stability and
superior properties such as direct band gap, high anisotropic
carrier mobility, and good optical absorption in the visible
range, very promising for photocatalytic water splitting appli-
cations.?” Very recently, tetrahexagonal aluminum nitride (¢h-
AIN), having exotic mechanical behaviors such as good flexi-
bility, negative Poisson’s ratio, and ultrahigh ideal strength,
has been predicted as a promising candidate for photocatalytic
water splitting.>*

Inspired by the versatility of 2D tetrahexagonal semi-
conductors and their appealing properties for nano- and opto-
electronics, we design a stable tetrahexagonal sheet made of B
and N atoms, isostructural to th-AIN. Due to the large electro-
negativity difference between B and N, the tetrahexagonal
structured BN sheet (t2-BN) can offer modified electronic pro-
perties, different from that of ¢4-C. In this paper, first-prin-
ciples calculations have been used to predict the properties of
th-BN. In particular, we have investigated its energetic,
dynamic, thermal, and mechanical stability by performing the
total energy calculations, phonon calculations, ab initio mole-
cular dynamics (AIMD) simulations, and elastic constant cal-
culations, respectively. Next, we have investigated its mechani-
cal, electronic, and optical properties. We have further shown
that the hydrogenated derivatives of th-BN and its bilayer
counterparts show interesting electronic properties such as
band gap transition and modification. Finally, we have
revealed the superior electronic properties of the th-C/th-BN
heterostructure.

2. Computational methods

Density functional theory (DFT) calculations were carried out
within the projector-augmented-wave formalism>**® using a
plane-wave basis set, encoded in the Vienna Ab initio
Simulation Package (VASP).>” A plane wave with a cutoff energy
of 520 eV was used. The exchange and correlation energies
were calculated with the functional of Perdew, Burke, and
Ernzerhof (PBE) in the generalized gradient approximation
(GGA).*® A vacuum region of 20 A was added along the out-of-
plane direction to ensure that no appreciable interaction
occurs between the two adjacent layers. The k-points in the
reciprocal space were sampled using the I'-centered
Monkhorst-Pack scheme®® with a 24 x 24 x 1 grid. The atomic
relaxation was carried out until the change in the total energy
and atomic force components per one unit cell was smaller
than 107> eV and 10™* eV A™", respectively. The phonon pro-
perties were calculated using the PHONOPY code®® based on
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the density functional perturbation theory (DFPT) method
with a 4 x 4 x 1 super cell and a 2 x 2 x 1 k-mesh where the
convergence criterion of the total energy was set as 1 x 10™% eV
per unit cell. Moreover, AIMD simulations were performed
under the constant volume and temperature (NVT) ensemble,
where the temperature was controlled using a Nose-Hoover
thermostat.> ** The AIMD simulations ran for a total simu-
lation time of 6 ps with time steps of 1 fs at 900 K using a 4 x 3
x 1 supercell with a 2 x 2 x 1 k-mesh. For electronic properties,
since the PBE functional fails to capture correctly the elec-
tronic band gap of the tA-BN monolayer, we also employed the
Heyd-Scuseria-Ernzerhof hybrid functional (HSE06).**?°
Moreover, the optical response calculations were carried out
using the quasi-particle many-body GW,, approximation®® with
a cutoff energy of 480 eV. In order to achieve the numerical
accuracy in the GW,, approximation, virtual orbitals are chosen
3 times greater than the number of occupied bands. The
optical absorption spectra including electron(e)-hole(h) inter-
actions were calculated via the Bethe-Salpeter equation
(BSE).*”

3. Results and discussion
3.1. Atomic structure and bonding

The optimized atomic structure and possible formation
mechanism of the proposed th-BN sheet are presented in
Fig. 1. With the aim of deriving the structure of th-BN, we use
2D tetragonal BN (z-BN) obtained from cubic zinc blende bulk
phase as an initial structure. The th-BN structure is locally
formed from #BN upon shifting atoms along the zigzag direc-
tion, as shown in Fig. 1(a). Moreover, the structure of th-BN
can be perfectly formed by applying the Stone-Wales trans-
formation to the Cairo pentagonal BN (p-BN)*® as depicted in
Fig. 1(b). Thus, th-BN can be formed from either #BN or p-BN.
The optimized atomic structure of th-BN is presented in
Fig. 1(c). The orthorhombic lattice, composed of tetra- and
hexa-rings of B and N atoms, creates a Pccm symmetry (space
group no. 49). The unit cell contains 3-fold and 4-fold co-
ordinated atoms (denoted as X® and X%, X = B, N). We define
two buckling thicknesses as /; = 0.988 A and h, = 1.361 A,
where h, defines the difference of the vertical coordinates
between the B® atoms and #, specifies this distance between
the N* atoms in the top and bottom layers. Due to the unique
atomic structure of ¢th-BN, we compare the properties of tetra-
hexagonal (th-) BN to those of tetragonal (¢-) and hexagonal (4-)
BN. As a benchmark, we determined the optimized atomic
structure, phonon band dispersions, and electronic and
mechanical properties of BN (Fig. S1}) and investigated the
structural parameters and lattice dynamics of 4-BN (Fig. S27).
The obtained results agree well with the literature.>® We then
turn our attention to the structure of ¢h-BN. The optimized
lattice constants are found to be a = 4.560 A and b = 6.203 A.
The calculated bond length for B*-N° is about d; = 1.355 A,
which is 0.01 A shorter than that of 2-BN. Moreover, the bond
lengths of B*-N* and B*-N° are d, = 1.533 A and d; = 1.583 A,
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Fig. 1 Deriving the structure of th-BN from (a) the tetragonal lattice and (b) the Cairo pentagonal lattice. (c) Top and side views of the optimized
atomic structure of th-BN. The unit cell is marked by a black solid rectangle, as shown in the inset. (d) Total charge density distribution, where the
value for the isosurface is 0.08 e A~3. (e) Electron localization function (ELF) contour plot of th-BN, where the color scale for the ELF values is given
at the bottom of the figure. The ELF is dimensionless and ranges from O (represents a lack of electrons) to 1 (represents highly localized and bound
electrons). (f) Area (volume) dependence of total energy per atom for some 2D (3D) BN compounds along with their different forms having the

same stoichiometry.

respectively, which are slightly larger than the B-N bond
length in #BN (1.578 A). The obtained structural parameters of
2D th-BN are given in Table 1.

To gain insight into the nature of bonding in tA-BN, the
Bader charge analysis was performed.’” We found that there
are certain electronic charge transfers from the less electrone-
gative boron atoms to more electronegative nitrogen atoms.

The charge transfer on the B®, B*, N°, and N* atoms are
—2.35e, —2.45e, 2.32e, and 2.51e, respectively, indicating that
there are different charge transfers from the B* and B* atoms
to the nitrogen atoms. The B* atoms are losing more electrons
than the B® atoms, revealing that the B*-N* bond is more ionic
and weaker than the B’>-N? bond. This behavior is confirmed
by the total charge density distributions of ¢th-BN where the

Table 1 Calculated lattice parameters a and b in A, buckling thicknesses h; and h,, bond lengths d;, d,, and ds in A, and the electronic band gap

energy by the PBE functional (E555) and HSEO6 hybrid functional (EH5E%€) methods in eV, and the band gap type for th-C, th-BN, 4H-th-BN-4H, bill-

th-BN, bil2-th-BN, and th-C/th-BN

a b I Iy d d, ds P EHSE0e Type
th-c* 4.533 6.107 1.160 1.160 1.340 1.540 1.540 1.62 2.63 Direct
th-BN 4.560 6.203 0.988 1.361 1.355 1.533 1.583 3.24 4.49 Indirect
4H-th-BN-4H 4.503 6.178 1.646 1.602 1.616 1.549 1.597 3.99 5.15 Direct
bil1-th-BN 4.558 6.193 2.314 1.351 1.529 1.577 2.64 3.79 Direct
bil2-th-BN 4.487 6.178 1.547 1.376 1.569 1.597 4.18 5.55 Indirect
th-C/th-BN 4.538 6.118 2.262 1.342/1.353 1.537/1.524 1.537/1.575 1.27 2.22 Direct

¢ Ref. 21.
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charges are mainly localized around both N atoms and the
center of B-N bonds (Fig. 1(d)). To achieve a better insight into
the bonding nature of th2-BN, we analyzed the electron localiz-
ation function (ELF)*" for the B*>-N®, B*-N*, and B*-N? bonds
(Fig. S31). The ELF bonding analysis depicted in Fig. 1(e)
clearly indicates the ¢ and “half-i” bonds between the B and
N® atoms, suggesting that the bonds are in a covalent regime.
However, the low electron density around the B® atoms in the
B*>-N® bond can be considered as a feature of partially ionic
bonding. Thus, the chemical bonding for the B>-N° bond is of
mixed ionic-covalent nature. Likewise, the B*-N* and B*-N°
bonds can also be considered to be of ionic-covalent nature.

3.2. Energetic stability

To evaluate the energetic stability of tA-BN, we performed the
total energy calculations and compared the results with other
BN materials having the same stoichiometry. Fig. 1(d) shows
that ¢h-BN is energetically stable in between 4-BN and #BN, in a
way that, the calculated total energy of ¢th-BN (—8.130 eV per
atom) is relatively higher than that of A-BN (—8.800 eV per
atom), but lower than that of the 2D BN-yne** (-=7.926 eV per
atom) and tetragonal BN (¢-BN) (—7.691 eV per atom). Thus, th-
BN is energetically favorable. We further computed the cohesive
energy of th-BN with reference to the spin-polarized B and N
atoms. The cohesive energy is defined as E.on = (Egn — NpEp —
nnEn)/(ng + ny), where Egy, Eg, and Ey are the total energy of th-
BN, and the total energies of the free B and N atoms, respect-
ively, and ng and ny represent the total number of B and N
atoms in the unit cell, respectively. The calculated negative
cohesive energy of —6.13 eV per atom for th-BN indicates the
strong bonding between the B and N atoms in t2-BN. We then
discuss the possibility of experimental realization of ¢4-BN by
evaluating its formation energy. We define the formation energy
as the total energy difference between ¢4-BN and its reference
bulk forms as follows: AE”" = E,;, — Eg/Dh , where E,p, E5,, and
E" are per atom energies of the th-BN sheet, and cubic zinc-
blende (c¢-) and hexagonal () BN as bulk reference materials,
respectively. The low energy of AE° and AE" enables easy fabri-
cation of the 2D tA-BN from its reference bulk counterparts of
¢-BN(3D) and h-BN(3D), respectively. The calculated AE® and
AE" are 596 meV per atom and 672 meV per atom, respectively,
which are lower than that of some experimentally synthesized
2D compounds such as graphdiyne (823 meV per atom)** and
silicene (750-800 meV per atom),**** indicating the possibility
of experimental realization of t4-BN on a suitable substrate.*®
3.2.1. Dynamic stability. To further examine the dynamic
stability of th-BN, we calculated the phonon dispersion curves
using ab initio lattice dynamics. The phonon band structure
and atom-resolved phonon density of states (PhDOS) are pre-
sented in Fig. 2(a). It can be seen that thA-BN is dynamically
stable as there are no imaginary frequencies throughout the
BZ. The PhDOS results show that the high-frequency modes
are mainly characterized by the motion of 3-fold coordinated
atoms (B*> and N°). Remarkably, the highest phonon frequency
of th-BN (1629 cm™') is higher than that of BN (1218 cm™)
(Fig. S11), A-BN (1521 cm™") (Fig. S27), z-BN (1100 cm™"),*” sili-
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Fig. 2 (a) Calculated phonon dispersions and phonon density of states
(PhDOS) of th-BN and (b) phonon band dispersions of 10% tensile
strained th-BN. The band dispersions are plotted along the path I'(0, 0,
0) — X(1/2, 0, 0) - M(1/2, 1/2, 0) - Y(0, 1/2, 0) — I'(0, O, 0). (c) Variation
of the total energy calculated by AIMD simulations at 900 K with respect
to time. In the inset is shown the snapshot of the atomic configuration
after 6 ps. (d) Calculated strain energy with respect to uniaxial strains
along the zigzag and armchair directions, biaxial strain, and various in-
plane shear strains (shear-x, shear-y, and shear-xy), as shown in the
inset.

cene (580 cm™'),*®* MoS, (470 em™")," and phosphorene
(440 cm™).>° Thus, this high phonon frequency indicates the
robustness of the B-N bonds in the t4-BN structure. Next, we
investigate the dynamic stability of ¢tA-BN when subjected to
external strain (10% biaxial tensile strain), which is important
for practical applications as 2D materials are extremely sensi-
tive to the environment due to their inherent large surface to
volume ratios. Fig. 2(b) shows the calculated phonon band dis-
persions of the strained ¢4-BN, where all the vibration modes
are still positive. Therefore, tA-BN maintains its dynamic stabi-
lity even under strain.

3.2.2. Thermal stability. A 2D material needs to be stable
under ambient conditions to become applicable in convention-
al devices. To make sure that ¢4-BN is stable under these con-
ditions, we performed AIMD simulations at a high temperature
(900 K) for 6 ps. As the energy is sensitive to the bond length
and bond angle changes, we monitor and analyze the total
energy of the system. Fig. 2(c) shows that the total energy of ¢h-
BN fluctuates around a certain energy value during the simu-
lation time, indicating a structural equilibrium at 900 K.
Moreover, the atomic structure in the AIMD snapshot at the
end of the simulation time verifies no bond breaking or bond
reforming. Therefore, even at high temperatures, the structural

This journal is © The Royal Society of Chemistry 2021
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integrity is well maintained as the initial structure, confirming
the thermal stability of th-BN.

3.2.3. Mechanical stability. To discuss the mechanical
stability of ¢th-BN, we calculated the in-plane elastic constants.
The orthorhombic structure of ¢thA-BN possesses nine indepen-
dent second-order elastic constants (Cy1, C12, C13, C2, Ca3, C33,
Cy4, Css, and Cge). The mechanical stability is evaluated by
Born’s stability criteria as®® C;;C,,~Cy,> > 0 and Cgg > 0. We
calculate the corresponding elastic constants by fitting the
curve of the energy-strain relationship. The equation is given
below:

E(e) —Ey 1 2, 1 2 2
= —Cri&xx” + 7 Congyy” + CroExxyy + 2C66€xy
Ao 2 2
(1)

where Uy(e) is the strain energy per area (4,), E(¢) and E, are
the system’s total energies with and without strain (g;), respect-
ively. The variation of the strain energy of th-BN with respect to
zigzag, armchair, biaxial, and shear strains is presented in
Fig. 2(d). The obtained elastic constants Cy; = 232.46 N m™},
Cy, = 19549 Nm™}, C1, = 4.17 Nm™}, and Cg = 73.41 Nm™*
meet the elastic stability criteria for ¢th-BN.

Us(e) =

3.3. Mechanical properties

To verify the robust stability of ¢h-BN, we investigated its
mechanical properties including the type of mechanical
response (either isotropic or anisotropic), Young’s modulus,
Poisson’s ratio, and ultimate tensile strength. Taking into
account a non-uniform bond distribution in t4-BN (i.e. all the
B’-N° bonds only lie in the armchair direction), its symmetry
will yield an anisotropic mechanical behavior. To ensure the
presence of an anisotropic mechanical response in t4-BN, we
calculated the direction-dependent Young’s modulus and
Poisson’s ratio, which can be derived from the calculated
elastic constants by the following equations:*

Cll CZZ - 0122

Y*P(0) = (2)
C11Cy — G152
Curst 4 Coyct + ((n#w) , chz)szcz
66
C12(S4 + 64) - (C11 + Cyp — ((jllczczﬁz(ZHZ))szc2
v(0) = - (3)

z
Ciist + Cpct + (—(C“C“ —Cu’)
Ces

- 2012)32c2

where s = sin(d) and ¢ = cos(d), and Y*P(0) and () are the
angle dependent Young’s modulus and Poisson’s ratio,
respectively. The 2D polar representation curve in Fig. 3(a)
clearly shows that Young’s modulus and Poisson’s ratio of th-
BN are highly anisotropic. As a benchmark, we calculated
Young’s modulus of 4-BN, which was about 267 N m™*, agree-
ing well with the previous report (271 N m™').>® Moreover,
Young’s modulus of #BN is found to be 218.29 N m™". For th-
BN, the maximum in-plane Young’s modulus emerges in the
zigzag direction as 232.39 N m™', whereas the minimum value
of ~175 N m™" lies in the diagonal direction (or 45°). For the
armchair direction, this value is 195.40 N m™'. Thus, the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) The direction dependence of Young's modulus and Poisson'’s
ratio of th-BN. (b) The variation of response strain in the transverse
direction (eyans) With respect to the applied axial strain (eaxial). The
Poisson ratio is embedded to (b), where +PR and —PR represent the
positive and negative Poisson ratio regimes, shaded by pink and blue,
respectively. The movement direction of atoms in th-BN within the +PR
and —PR regions when the structure is subjected to axial strain along the
armchair direction. (c) Stress—strain curve of th-BN for zigzag, armchair,
and biaxial strains, where the UTS values are depicted in the inset.

maximum Young’s modulus value of ¢7-BN is lower than that
of h-BN, however higher than that of #-BN, penta-BN, (218 N
m™"),>* and a-BN-yne (89 N m™').*> The results indicate that
th-BN exhibits a high Young’s modulus and strong B*-N°
bonds, and a highly anisotropic mechanical response.

Next, we analyze the Poisson’s ratio (PR) of ¢th-BN. The PR is
defined as the ratio of transverse strain (¢yans) to applied longi-

tudinal strain (eaxja1) (v = — ifr—anf) When a positive PR material
axial
is stretched along one direction, the material will become
thinner along another direction which is perpendicular to the
stretching direction. The PR of ¢4-BN is found to be a near-
zero positive value of about 0.02 for the zigzag and armchair
directions (Fig. 3(a)). The variation of eq.ns Wwith respect to
€axial for the zigzag and armchair strains is presented in
Fig. 3(b). It is clear that, around the equilibrium state of ¢4-BN,
the eyans value decreases with increasing the eua for the
zigzag and armchair directions, where it behaves as a positive
PR material (non-auxetic). With further strains, however, the
variation of &..ns becomes zero at 3% zigzag strain and 1.5%
armchair strain, and then simultaneously increases where ¢h-
BN behaves as a negative PR material (auxetic). Therefore, the
negative PR in ¢4-BN emerges at 3% zigzag and 1.5% armchair
strains, respectively. These different threshold values offer the

Nanoscale, 2021,13, 9303-9314 | 9307


https://doi.org/10.1039/d1nr00734c

Published on 19 april 2021. Downloaded by Fail Open on 23/07/2025 8:43:56.

Paper

ability to design non-auxetic, auxetic, and partially auxetic
(non-auxetic in one direction and auxetic in others) boron
nitride. Thus, th-BN exhibits a sign-tunable PR under axial
strain. Recently, there has been growing research interest to
explore 2D materials exhibiting a tunable Poisson’s ratio be-
havior. Qin et al. have reported the emergence of the negative
PR in /-BN at 18% strain.>® Likewise, in our very recent study,
we have observed that 2D tetrahex carbon and tetrahex car-
bides exhibit a sign-tunable PR nature under a very small
strain of ~3%.>* Thus, the emergence of auxetic nature in th-
BN under very small strain makes it exceptionally promising
for nanomechanical device applications.

To unveil the underlying mechanism of the sign-tunable PR
in th-BN, we systematically investigated the variation of the
lattice constants governed by bond length, bond angle, and
thickness. Such that, as a consequence of response strain, the
lattice constants of ¢h-BN in the transverse direction decrease
with increasing applied axial strain along the zigzag and arm-
chair directions within the range of positive PR, and then sud-
denly increases for further strain where the negative PR
emerges. The variation of bond length, bond angle, and thick-
ness with respect to zigzag and armchair strains in the range
from 0 to 10% is presented in Fig. S4.7 With the increase of
uniaxial strain, the B>-N®, B3>-N*, and B*-N® bonds show an
increasing trend in their lengths, which exhibits the auxetic
nature of th-BN. On the other hand, the lattice elongation in
both directions decreases the thickness of the material, which
shows that the out-of-plane PR is positive. The deformation
mechanism under uniaxial strain can be explained by the
mutual competition between bond lengths, bond angles, and
buckling thicknesses. The elongated B-N bond lengths
weaken the strength of the bonds, resulting in the decreasing
of the C;,/Cy; ratio. The bond realignment with further strain
can be seen with the change of the movement direction of
atoms in ¢th-BN within positive PR and negative PR (Fig. 3(b)
and Fig. S51). We observed that under a tensile strain applied
along the armchair (or zigzag) direction, the major atomic
motions are the out-of-plane movement (upward and inward
movements) of the B> and N® atoms. It can be noted that the
movement direction of the B® atoms suddenly changes to the
opposite direction when the strain is larger than 2% along the
armchair direction where the negative PR emerges. Therefore,
the increase of bond lengths, decrease of thicknesses and
especially the variation of dihedral angles, combined together
act as the primary factors for the emergence of negative PR.

Ideal strength as an important intrinsic mechanical prop-
erty is the highest value of stress that a material can withstand
without the breaking of atomic bonds. To evaluate the ideal
strength of th-BN, we determined the strain-stress relation
using a 2 x 2 x 1 supercell. The strain-stress curve for zigzag,
armchair, and biaxial tensile strain induced deformations is
plotted in Fig. 3(c), where the stress increases linearly with
increasing corresponding strains in the harmonic region.
Under larger strain, the stress of the material increases non-
linearly and ultimately the structure fails. The ultimate
strength of th-BN is calculated as 12.47 GPa nm, 15.16 GPa
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nm, and 15.50 GPa nm with the corresponding to ultimate
tensile strain (UTS) limits of 32%, 36%, and 27% along the
zigzag, armchair, and biaxial directions, respectively. The cal-
culated UTS values of th-BN are higher than those of A-BN
(18%, 26%, and 30% along the zigzag, armchair, and biaxial
directions, respectively).”® We attribute this superior strength
to the presence of three atomic layers in the tA-BN structure.
Remarkably, the UTS of ¢h-BN for biaxial strain is also higher
than that of #BN (23%) (Fig. S11) and p-BN (12%)® even when
they have the same atomic layers. Thus, ¢th-BN has ultrahigh
ideal strength, outperforming even graphene.>” The extraordi-
nary mechanical properties of ¢t4-BN are promising for appli-
cation in the design of 2D nanomechanical devices.

3.4. Electronic properties

Fig. 4(a) shows the electronic band structure of th2-BN obtained
from the HSE06 hybrid functional. The results indicate that ¢4-
BN is a wide band gap semiconductor with a band gap energy
of 4.49 eV at the HSE06 level, which is lower than the band
gap of h-BN (4.71 eV)'* and BN (6.72 eV) (Fig. S11). The con-
duction band minimum (CBM) of ¢4-BN is located at the Y
point of the BZ, while the valence band maximum (VBM) is
located between the I' and X points (slightly offset from the X
point), creating an indirect band gap feature. To gain deeper
insight into the electronic structure, we plotted the atom- and
orbital-projected partial density of states (PDOS) of th-BN, as
shown in Fig. 4(b). From the PDOS results, the VBM is mostly
determined by the 2p, electrons of the N* atoms with a minor
contribution from 2p, of the B®> atoms, while the CBM orig-
inates from the 2p, electrons of the B*> atoms with a minor con-
tribution from 2p, of N°. Thus, the band edges come from the
2p, electrons of the B> and N* atoms, which is consistent with
the band decomposed charge density of th4-BN near the Fermi
level (Fig. 4(c)), in a way that, the band decomposed charge
density of the VBM is more localized around the N° atoms,
while the charge density of the CBM is mainly localized
around the B® atoms. To illustrate the CBM and VBM energies
of th-BN, we aligned the band edge positions (obtained from
the HSEO06 functional) with respect to the redox potentials of
water, as shown in Fig. 4(d). We reveal that the band edge posi-
tions of th-BN straddle the water redox potentials, which is just
one of the fundamental requirements for a photocatalytic
semiconductor. Nevertheless, having a large band gap and the
lack of optical absorption in the visible region may limit its
application in photocatalytic water-splitting reactions.

3.5. Band gap engineering via strain

Band gap engineering via mechanical strain is an efficient and
practical way to modulate the physical and chemical properties
of nanomaterials. Previous results have shown that mechanical
strain in the tetrahexagonal lattice offers new functionalities
such as the transition from a semiconductor to a metal, the
band gap transition from indirect to direct, and a pattern
change in conductivity.' >**® Using the HSE06 hybrid func-
tional, we examined the variation of band gap and band edge
positions of ¢t4-BN as a function of the zigzag, armchair, and
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Fig. 4 (a) Calculated electronic band structure of th-BN at the
HSEO06 hybrid functional, where the VBM and CBM are depicted by sky
blue lines, and the Fermi energy is set to 0 eV, indicated by the black
dashed line. The Brillouin zone is shown as an inset. (b) Calculated
atom- and orbital-projected density of states (PDOS) for 3- and 4-fold
coordinated boron (B* and B* and nitrogen (N* and N*) atoms at the
HSEO06 hybrid functional. (c) Band decomposed charge density distri-
butions of the VBM and CBM, where the value for the isosurface is 0.08
e A=3. (d) Band edge positions (VBM and CBM) of th-BN with respect to
the water reduction and oxidation potential levels where the vacuum
level is set to 0 eV.

biaxial strains. In the case of the zigzag strain, the position of
VBM monotonically increases with increasing strain, whereas
that of the CBM decreases, and thereby the band gap energy
(governed by the position of VBM and CBM) decreases linearly
with increasing strain (Fig. 5(a)). In the case of the armchair
strain, the position of VBM and CBM increases linearly with
increasing strain within the range from -2 to 10%. The band
gap increases linearly with increasing strain up to 4% and
then decreases for further tensile strains (Fig. 5(b)). For the
biaxial strain, the band gap slightly changes in a non-mono-
tonic manner with respect to isotropic strain (Fig. 5(c)). These
results indicate that the strain engineering can effectively
modulate the band gap energy and band edge positions of th-
BN. It is worth emphasising that although the band gap
energy and band edge positions of ¢4-BN are sensitive to the
lattice deformations (or strain), the overall electronic band
structure is preserved and uniformly (up/down) shifts toward
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Fig. 5 The variation of band edge positions (calculated by the HSE06
functional) of the VBM and CBM of th-BN with respect to the (a) zigzag,
(b) armchair, and (c) biaxial strains ranging from —4% (compressive) to
10% (tensile). The sky blue and pink dashed lines represent the water
redox potentials at pH = 0 and pH = 7, respectively, to serve as a con-
trast. The blue solid line and circles indicate the obtained band gaps for
the corresponding strains.

the Fermi level (see Fig. S61). We also note that the band edge
positions of th-BN can still straddle the water redox potentials
under the corresponding external strains.

3.6. Band gap engineering by hydrogenation with an
indirect-to-direct band gap transition

We now move to discuss the electronic properties of hydrogen-
ated th-BN as the chemical functionalization of nanomaterials
is another promising practical approach to modulate the band
gap energy. The hydrogenated derivatives of th-BN are pre-
sented in Fig. S7.1 First, we investigated the energetically favor-
able position of a single hydrogen atom on a 2 x 2 x 1 supercell
of th-BN. We found that the single H atom prefers to sit on top
of the B®> atom with the adsorption energy of 1.31 eV H™". The
second energetically favorable site for the single H atom is on
top of the N* atom with the adsorption energy of 1.27 eV per H
atom. The adsorption energy difference between these two
sites is about 0.037 eV per H atom. This small energy differ-
ence suggests that the H atom energetically favors adsorption
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on not only B* but also N* atoms of th-BN. Next, we determined
the interaction of two hydrogen atoms with tA-BN sheet. We
found that two hydrogen atoms prefer to bind two adjacent B
and N° atoms (lying in the armchair direction) with the adsorp-
tion energy of 3.02 eV per H atom rather than two adjacent B>~
B’ (1.30 eV per H atom) and N°>-N° (1.28 eV per H atom) bonds
(Fig. S71). We further studied the highest hydrogenation on a
single side of ¢h-BN, where there are four H atoms in the unit
cell, referred to as 4H-th-BN. The calculated adsorption energy
of the H atoms for 4H-th-BN is about 2.83 eV per H atom. We
finally investigated the fully hydrogenated ¢4-BN (labeled as 4H-
th-BN-4H). The H adsorption energy is calculated to be 2.64 eV
per H atom. The atomic configuration of 4H-th-BN-4H is pre-
sented in Fig. 6(a). The hydrogen atoms are adsorbed on the
site at the top of the B® and N* atoms, where the B*~H bond
length (1.218 A) is slightly larger than the N*-H bond length
(1.022 A) due to the difference in bonding (the bond lengths
depend on the size of the atoms). The phonon dispersion
curves of 4H-th-BN-4H are plotted in Fig. 6(b). The results reveal
that 4H-th-BN-4H is dynamically stable since all phonon fre-
quencies are positive. We further investigated the electronic pro-
perties of 4H-th-BN-4H, and the obtained HSE06 functional
electronic band structure is presented in Fig. 6(c). We found
that 4H-th-BN-4H has a wide direct band gap of 5.15 eV at the
HSEO06 level, where the VBM and CBM are both located at the I
point of the BZ. Unlike 4-BN where the hydrogenated BN has a
smaller band gap than 4-BN,>® 4H-th-BN-4H has a larger band
gap compared to the pristine ¢th-BN. Moreover, the band gap
energy of 4H-th-BN-4H is higher than that of the fully hydrogen-
ated th-C (3.87 eV at the HSE06 level)*! and graphane (4.5 eV at
the HSE06 level).®® Remarkably, the introduction of hydrogen
atoms can induce an indirect-to-direct band gap transform-
ation, leading to an increase in the band gap energy as the
hydrogenation changes the bond character of the B>-N’ bond
from sp*-like to sp®. Thus, the electronic properties of the th-BN
sheet can be well tuned by hydrogenation.

3.7. Optical properties

To examine the nature of the optical response in ¢t4-BN, we cal-
culated the optical absorption coefficient with in-plane light

(a) 4H-th-BN-4 ' (b) 80 (©)
o > ¢ g 60 ] &
h b T z
. . - ) Qo
o0t g
& 20
oB
SESUREINN =~
oH

I
r xXM Y T

Fig. 6 (a) Optimized atomic structure, (b) phonon band dispersions,
and (c) the electronic band structure of 4H-th-BN-4H calculated by the
HSEO6 hybrid functional method. The blue, pink, and orange spheres in
(a) represent the boron, nitrogen, and hydrogen atoms, respectively. In
(b), the VBM and CBM are depicted by sky blue lines, and the sky blue-
shaded area denotes the obtained band gap. The Fermi energy is set to
0 eV indicated by the black dashed line.
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polarization by solving the Bethe-Salpeter equation (BSE)
where the quasi-particle (QP) energies and screened inter-
actions W are obtained by GW, approximation. The optical
absorption coefficient a(w) at an arbitrary frequency o can be
expressed by the following equation:

1/2

a(w) = \/Ea){ &2(0) + &%(w) — 81((,0)} (4)

where &;(w) and &,(w) are the real and imaginary parts of the
dielectric function, respectively. Fig. 7 shows the optical
absorption coefficient of th-BN as a function of photon energy.
We observed that ¢h-BN exhibits strong optical absorption
(~10° em™) in the ultraviolet region of the light spectrum.
Moreover, the optical response differs significantly for light
polarized along the zigzag (x) and armchair (y) directions (i.e.
the optical absorption along the armchair direction is much
more higher than that along the zigzag direction). The first
optical absorption peak in th-BN appears along the zigzag
direction at an energy of 5.35 eV, which is in the middle of the
ultraviolet range (4.13-6.20 eV). These high optical absorption
coefficients and anisotropic optical response features make ¢h-
BN very promising for optoelectronic device applications. We
further investigated the effect of strain on the optical absorp-
tion of ¢th-BN. As shown in Fig. 7, the optical absorption of ¢h-
BN exhibits some changes depending on the type of strain. For
the zigzag strain, the first absorption peak shifts toward the
high energy region under tensile strain, whereas it shifts

zigzag strain armchair strain

1.0 r T 1.0, T T
0.8 [GWorBSE 08|GWorBSE
0.6 —X 0.6
o,
0.4 -4% — 04
0.2 )

LO[GW+BSE] ' T

0'0 1 I 1
GW+BSE

Absorbance (x10° cm™)
Absorbance (x10° cm™)

0 2 4 6 8 0 2 4 6 8

Photon energy (eV) Photon energy (eV)

Fig. 7 Optical absorption coefficients of th-BN under zigzag and arm-
chair strains from —4% (compressive) to 4% (tensile), where the cyan and
pink colors represent the optical absorption for light polarized along the
zigzag (x) and armchair (y) directions, respectively.
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toward the low energy region under compressive strain. For
armchair strain, the prominent peaks slightly shift towards the
low energy region under both tension and compression.
Hence, the absorption of light with an energy in the middle
ultraviolet range can be improved by in-plane strain
engineering.

3.8. Bilayer structures

In addition to the t2-BN sheet, we also investigated the struc-
tural and electronic properties of its bilayer. The bilayer of ¢h-
BN can be stacked along the direction perpendicular to its
plane in two different configurations, bil1-tA-BN and bil2-th-
BN, as shown in Fig. 8(a) and (d), respectively. The optimized
lattice parameters of bil1-tA-BN and bil2-tA-BN are listed in
Table 1. The calculated interlayer distance of bil1-tA-BN and
bil2-th-BN structures is 2.31 A and 1.53 A, respectively, indicat-
ing that the layers in bil1-tA-BN are bound to each other by
weak van der Waals forces, whereas the layers in bil2-t42-BN are
covalently bonded. The total energy calculations revealed that
bil2-th-BN is more energetically favorable than bil1-tZ-BN by
an energy difference of 0.025 eV per atom. We further exam-
ined their dynamic stability by calculating the phonon dis-
persion curves (Fig. 8(b) and (e)). It can be seen that there are
no imaginary phonon modes for bill-tA-BN and bil2-tA-BN,
confirming their dynamic stability. After verifying their stabi-
lity, we calculated the electronic band structures and PDOS
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(Fig. 8(c) and (d)), where bil1-th-BN exhibits a quasi-direct
band gap of 3.79 eV, making it promising for optoelectronic
device applications. Based on the PDOS results, we found that
the main contributions to the band edges come from the p,
orbital of the B®> and N® atoms. Moreover, bil2-t4-BN has a
large indirect band gap (5.55 eV). The removal of B* and N°
atoms results in widening of the band gap. Accordingly, it can
be seen that in 4H-th-BN-4H, the 3-fold coordinated atoms
change to sp’-like ones, leading to the increase of band gap.

3.9. Suitable substrate for tetrahex carbon

The proposed th-BN sheet has a similar lattice structure to th-
C, with lattice mismatch less than 0.5%, indicating that th-BN
is ideally suited for heterostructuring with ¢4-C, maintaining
its geometrical structure. Therefore, we further examined the
structural and electronic properties of the th-C/th-BN hetero-
structure. The optimized atomic structure of ¢4-C/th-BN is pre-
sented in Fig. 9(a). To verify its dynamic stability, we calculated
the phonon band dispersions, as shown in Fig. 9(b), where the
absence of imaginary frequencies in the phonon dispersions
confirms the dynamically stability of the ¢h-C/th-BN hetero-
structure. We further explore the electronic properties by per-
forming the electronic band structure and PDOS calculations
using the HSE06 functional shown in Fig. 9(c). We found that
th-C/th-BN exhibits a direct band gap of about 2.22 eV located
at the I" point of the BZ. The main contribution to the PDOS
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Fig. 8 Optimized atomic structures ((a) and (d)), phonon band dispersions ((b) and (e)), and electronic band structures alongside PDOS calculated at
the HSEO06 hybrid functional level ( (c) and (f)) of bill-th-BN and bil2-th-BN structures. The blue and pink spheres in (a) and (d) represent the boron
and nitrogen atoms, respectively. In (c) and (f), the VBM and CBM are depicted by sky blue lines, and the sky blue-shaded area denotes the obtained
band gap. The Fermi energy is set to 0 eV and indicated by the black dashed line.
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near the Fermi level arises from the sp>-hybridized carbons
(C®). Based on the calculated electronic results, we further
determined the effective mass of the charge carriers (electrons
and holes). The effective mass (m*) is calculated by the para-
2
k2
the band-edge energy in the vicinity of the CBM and VBM as a
function of wave vector (k). The calculated effective mass of
electron (m;) along the I'-X and I'-Y edges is about 0.12m, and
0.58m,, while the hole effective mass is about 3.46m, and
0.31m,, respectively. We further illustrate the angle depen-
dence of electron and hole effective masses of ¢th-C/th-BN in
Fig. 9(d), where it can be seen that tA-BN has a highly direc-
tion-dependent carrier transport. We further compared the
obtained results of the ¢th-C/th-BN heterostructure with those
of th-C. We observed that both structural and electronic pro-
perties of ¢th-C/th-BN are similar to those of ¢h-C (Fig. 9(e)-(h)).
As the interaction between th-C and th-BN in their hetero-
structures is weak, the ¢t4-BN layer in the heterostructure acts
as a template with a small lattice mismatch (0.6%), and thus
preserves the symmetry and intrinsic electronic properties of
th-C. Similar to #-BN as a supporting substrate of graphene
(h-C),”'® th-BN can be used as an insulating substrate
material for th-C.

e . O°E .
bolic fitting of the E-k curve using m* = h?/ ( ), where E is
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4. Conclusion

Based on the first-principles density functional calculations,
we successfully predicted a novel 2D boron nitride structure
and proved its energetic, dynamic, thermal, and mechanical
stability. The intrinsic structural anisotropy of tZ-BN induces
strongly anisotropic mechanical, electronic, and optical beha-
viors. We found that ¢th-BN has a high in-plane Young'’s
modulus and ultrahigh ideal strength outperforming gra-
phene. Moreover, negative PR in ¢th-BN emerges at very small
axial strains (<3%). Thus, th-BN exhibits a sign-tunable
Poisson’s ratio, offering the ability to become non-auxetic,
auxetic, and partially auxetic boron nitride structures. The cal-
culated results indicate that t2-BN is a semiconductor with an
indirect wide band gap of 4.49 eV. The band gap can be effec-
tively tuned by external strains. Furthermore, the electronic
properties of th-BN can be enhanced by hydrogenation. The
fully hydrogenated th-BN exhibits an indirect-to-direct band
gap transition. th-BN shows high optical absorption in the
ultraviolet region. The optical absorption spectrum is strongly
direction dependent and tunable by strain, suitable for high
performance optoelectronic device applications. th-BN can be
stacked into two different configurations, exhibiting exotic
electronic properties. The remarkable electronic properties,
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such as direct band gap and anisotropic effective masses of
the th-C/th-BN heterostructure, suggest that ¢t2-BN can be used
as an insulating substrate for ¢A-C.
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