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ABSTRACT: In recent findings, a new classification of 1D and 2D tetrahexagonal ] -~ 1
boron nitrides (th-BN) consisting of square and hexagonal rings has been documented.
These materials exhibit impressive properties such as the tunable band gap, strong
optical absorption, suitable sign-tunable Poisson’s ratio, and high ideal strength, making
them promising for applications in nano- and opto-electronic industries. Stimulated by
these studies, we have designed a cage-based three-dimensional tetrahexagonal boron
nitride (3D th-BgNg) structure, which demonstrates excellent thermal, dynamic, and
mechanical stability, including exceptional cohesive and formation energies of 6.66 and
—0.93 eV per atom. Unlike direct band gap 1D and 2D tetrahexagonal boron nitride
semiconductors, the proposed 3D tetrahexagonal boron nitride exhibits an insulating
nature, with a wide indirect band gap of 6.175 eV at the HSE06 level. Moreover, in
contrast to the unequal chemical bonding and ultraviolet optical absorption observed in
the 2D th-BN sheet, all B and N atoms form a fully sp>-hybridized bonded 3D th-B;Nj
structure, with excellent terahertz light absorption in the range of 0.3—10 THz. Notably, it also exhibits a Debye temperature of
1304.55 K and substantial phonon inelastic scattering. Our study introduces the BN family with novel properties and potential
applications.

1. INTRODUCTION B—C cages composed of squares and hexagons. When Sr
atoms are removed, the resulting tetrahexagonal BC structure
(3D-B4Cg) is found to be metallic with Pugh’s ratio of 2.24,
low Vickers hardness of 8.66 GPa, and universal anisotropy
index of 2.62.° When B is further replaced with C, the 3D
tetrahexcarbon is formed, which is found to be brittle with a
high Vickers hardness of 53.28 GPa, and it carries a
semiconducting nature with an indirect band gap of 3.92 eV
at the HSEO6 level and exhibits anisotropic elasticity, suitable
UV—Vis light absorption, and notable phonon inelastic
scattering.” Here, we replace C in 3D-B¢C4 with N to form a
3D tetrahexagonal BN solid and carry out its systematic study.

Similar to tetrahexagonal BN cages,l a 2D tetrahexagonal BN
(th-BN) sheet has been reported recently,” showing sizable
indirect band gap and sign-tunable Poisson ratio, which is
different from the conventional hexagonal BN (h-BN) sheet
consisting of hexagons. Moreover, under hydrogenation and
strain, the tetrahexagonal BN sheet shows some unique
properties of auxetic nature, band gap transition, exotic
electronic behavior, high career mobility, high ideal strength,
and highly direction-dependent and tunable optical absorption
spectrum, suggesting its applications in optoelectronic
devices.” However, there is a scarcity of studies reporting the
Terahertz (THz) optical properties of the 1D and 2D 2. COMPUTATIONAL DETAILS
tetrahexagonal boron nitride materials.

It is also encouraging that the THz optical properties of
several grades of h-BN have been investigated, so we can
benefit from their technological applications.” More specifi-
cally, at 2 THz, the PBN grade can show an absorption
coeflicient of 0.85 cm™ and a refractive index of 2.11,
indicating its applications in many walks of life.* Therefore, it is

In this study, the calculations are based on the density
functional theory” executed in the Vienna ab initio simulation
package (VASP).” The projector-augmented wave scheme'? is
implemented to study the interactions between ion cores and
valance electrons with an energy cutoff of 500 eV. The
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Figure 1. (a) Schematic views of the porous 3D th-B4Nj crystal, (b) phonon spectrum, and (c) energy fluctuation with time in AIMD simulations

at 700 K.

Table 1. Space Group (S.G.), Lattice Constant (L.C.) (in A), Electronic Band Gap with PBE (EgBE) and HSE06 (E?SEOG)
Functionals (in eV), Bond Type, Bond Distance dy_y (in A), and Cohesive Energy E,,, (in eV per atom) of the 3D th-B(N, in
Comparison with 2D Tetrahexagonal BN (th-BN), 2D 4H-th-BN-4H, and 3D Monoclinic B{N (m-BsN;), Hexagonal BN (h-
BN), Wurtzite (wz-BN), and Zinc-Blende (zb-BN), Respectively”

Structure S.G. L.C.
3D th-BgNg Pm3n a = 4442, a = 90°
2D th-BN Pcem a =4.560, b = 6.203
2D 4H-th-BN-4H - a=4503,b=6178
3D m-BsNg Pm a=6.143, b = 2.562, c = 4.145, ff = 74.74°
3D h-BN Bulk a=2511, ¢/a = 2.66
3D wz-BN Bulk a=2542,c/a =163
3D zb-BN Bulk a = 2.561

“The results with * are calculated with GGA-PW91.

Eg™F Egs0e Type G Eeon Ref.
4.545 6.175 Indirect 1.570 6.66 This work
3.24 4.49 Indirect 1.583 6.13 2
3.99 S.15 Direct 1.597 6.13 2

4.629 - - 20
4.47% - Indirect 1.450 8.825 16
5.726* - Indirect 1.561 8.725 16
4.50% - Indirect 1.568 8.745 16

Perdew—Burke—Ernzerhof (PBE) functional estimates the
exchange-correlation energy.'' The hybrid Heyd—Scuseria—
Ernzerhof (HSE06) functional is also applied to get more
accurate electronic band structure calculations.'” The geom-
etry is fully optimized with the convergence criterion of total
energy (107 eV) and force (107* eV/A). The mesh size of 11
X 11 X 11 is adopted for sampling the k-points in the first
Brillouin zone (BZ) using the Monkhorst—Pack scheme.'’
Also, the dynamic and thermal stabilities are checked using the
phonon calculations'* and ab initio molecular dynamics
(AIMD) simulations."

3. RESULTS AND DISCUSSION

3.1. Geometry. By substituting C with N atoms in the 3D-
BCs’ we design the structure of the 3D th-B¢Ny, and the
resulting optimized structure is a caged-based tetrahexagonal
boron nitride (similar to the 3D tetrahexcarbon’), as shown in
Figure 1(a), unfolding the presence of sp’-hybridized B—N
bonds in the 3D th-B¢N. Its unit cell contains 6 atoms of each
boron and nitrogen, along with cubic (03};,) symmetry (space
group: Pm3n), lattice constants of a = b = ¢ = 4.442 A, angles
ofa=f=y=90° volume of V = 87.63 A% and mass density

of p = 2.821 g cm™. Also, the B—N bond length in the porous
3D th-B¢N is 1.570 A smaller than the 2D th-BN (1.583 A),”
as given in Table 1, confirming that 3D th-B¢Ng is stronger.
3.2. Stability. We confirm the energetic stability of the 3D
th-B¢N, by calculating the cohesive energy per atom (E_;,) as:”

E(B¢N,) — 6E(B) — 6E(N)
12 (1)

Ecoh = -

where E(B), E(N), and E(B¢Ny) represent the total energy of
an isolated B atom, N atom, and the optimized 3D th-B¢Ng
compound, respectively. The computed results of E_, are
presented in Table 1, and the cohesive energy of porous 3D th-
B¢N, (6.66 €V per atom) is found to be comparable with that
of 2D tetrahexagonal BN (6.13 eV per atom);” however, it is
lower than that of 3D wurtzite BN (8.725 eV per atom) and
zinc-blende BN (8.745 €V per atom),'® indicating its energetic
stability.

Based on the following eq 2, we further calculate the
formation energy (E) of the 3D th-B¢N4 material by using the
total energies of the optimized 3D th-B(N4 compound, one B
atom in the bulk alpha-B;, and one N atom in the alpha-N,.

7,18
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Figure 2. (a,b) Electronic band structure and density of state (PDOS and TDOS) of the 3D th-B¢N based on the HSE06 hybrid functional. The
Fermi energy level is set at 0 eV. (c) The ELF slices of the 3D th-B4Nj along the ab-plane estimated with GGA-PBE
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Figure 3. Computed results of the 3D th-B(Ng with HSE06 hybrid functional: (a) real and (b) imaginary parts of the dielectric function, (c)
energy-loss spectrum, (d) refractive index, (e) absorption coeficient (in m™), and (f) reflectivity.

_ E(BgN,) — 6E(B) — 6E(N)
£ 12 )

Therefore, the calculated value of E; for the 3D th-B¢Ny (—0.93
eV per atom) is comparable to those of the 2D h-BN sheet
(—1.65 eV per atom) and 3D zb-BN (—1.50 eV per atom),"’
suggesting its synthesizability with high stability.

Furthermore, we calculate the phonon spectrum of 3D
porous tetrahexagonal boron nitride to confirm the dynamic
stability, and the associated result is shown in Figure 1(b). The
absence of an imaginary frequency mode over the whole BZ
ensures the dynamic stability of 3D th-B¢Ng. Also, we checked
the thermal stability by conducting the AIMD simulation, and
its result is presented in Figure 1(c). The total energy shows a
slight variation around a constant value, and the 3D th-B¢Ng
structure does not show any apparent distortion simulated in
the range of 300 to 700 K for S ps with a time step of 1 fs,
indicating its thermal stability.

3.3. Electronic Properties. The reported studies show
that porous boron nitrides contain wide-band-gap values.

44489

Based on the HSE06 hybrid function, we have found that 3D
th-BeNj is an excellent electrical insulator with an indirect band
gap of 6.175 €V, higher than that of the 2D th-BN (4.49 eV)”
(a comparison is provided in Table 1) but slightly lower than
the experimental value (6.4 eV) of the 3D zb-BN.”' We plot
the electronic band structure and the projected and total
density of states (PDOS and TDOS) in Figure 2(a,b),
describing that N-p orbital electrons contribute more to the
conduction band, while B-p orbital electrons share more
contributions in the valence band. As the electron localization
function (ELF) plays an important role in studying chemical
bonding and electron distribution, we calculate the ELF in the
range of 0.0—1.0, and the related results are shown in Figure
2(c). The fully localized (delocalized) electrons are stated with
1.0 (0.5), and the lowest charge density is represented with 0.0,
respectively. As explained in Figure 2(c), the electrons are
transferred from B to N atoms due to the electronegativity
difference on the Pauling scale between the B (2.04) and N
(3.04) atoms, forming strong polar covalent B—N bonds.

https://doi.org/10.1021/acsomega.4c06119
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3.4. Optical Properties. Based on the calculations of the
frequency-dependent dielectric function of the 3D th-B¢N, we
study its optical properties (such as refractive index n(w),
energy-loss spectrum L(w), absorption coefficient a(w) (in
m™'), and reflectivity R(w)). The dielectric function e(w)
states:

£() = &(w) + iey(w) ®)

where the real part &(w) is associated with electronic
polarizability and the imaginary part &,(w) with electronic
absorption, and further, they are related to the electronic band
structure.”” The Krammer—Krong relation defines the real part
as:™?
© (1)/82(60/) ’
12 2 dew
0 W -w (4)

where P defines the principal value. The imaginary part is given
as:

2
6'1((1)) =1+ ;P

2
2e’m

> Kyla x rlyPS(E; — EY — E)
€o k,v,c (5)

& (w) =

where u and e denote the incident electric field and electronic
charge, and y; and | represent the conduction band and
valence band wave functions at wave vector k. The calculated
real and imaginary parts of the dielectric function estimated
with the HSE06 level are plotted in Figure 3(a,b), where the
first peak of the real part occurs at 7.60 eV and specifies the
excitation from the valence band maximum (VBM) to the
conduction band minimum (CBM). Using the dielectric
function, we also investigate n(w), L(w), a(®w) (in m™"),
and R(w):**

_|le(o)l + &(w)
n(w) =, — 5 ©

-1 ] &(w)

e(w) & Hw) + & S (@) (7)

alw) = %\/Z(Ie(w)l — & (w))

Llw) = Im[

(8)
Rw) = (Y2 =1
e(w) + 1 )

The computed results for L(w), n(w), a(®), and R(w) are
displayed in Figure 3(c—f). The calculated refractive index of
3D-BgNg is 1.642, and it reaches the first peak (at 2.83) in the
ultraviolet (UV) region. The reflectivity value (0.072) is lower
than those of other B—N systems at the PBE level, as presented
in Table 2, suggesting that it can allow more light to absorb or
pass through it, as compared to other BN systems. Also, the
energy-loss spectrum shows a major peak in the UV region
without an edge in the reflection spectra. Upon analyzing the
optical absorption results of the 3D th-BNy, it is found that
absorption occurs mainly in both the visible (Vis) and UV
regions within the ranges of 2.0—3.4 eV and 3.3—10 eV.
Notably, this UV absorption in the 3D th-B¢Ng occurs at lower
energy levels when compared to BN (6.20—12.40 ev),”
proposing the potential applications of porous 3D th-B¢Nj as a
good UV absorber. Moreover, a comparison with other BN-
based systems is presented in Table 2, and these calculated

Table 2. Dielectric Function (@), Refractive Index n(w),
and Reflectivity R(w) of the Porous 3D th-B¢Nj as
Compared with 3D ¢-BN, h-BN, wz-BN, 2Dh-BN Sheet and
2D-BN4 Structures

Structure Functional e(w) n(w) R(w) Ref.
3D th-BgNg HSE06 2.696 1.642 0.059 This work
3D th-BgNg GGA-PBE 3.016 1.736 0.072 This work
3D¢-BN GGA-PBE 4.50 2.12 0.129 25
3D h-BN - 3.86 1.965 0.106 26
3D ¢-BN - 4.32 2.078 0.123 26
3Dwz-BN - 4.16 2.040 0.117 26
2D h-BN RPA 2.09 1.44 0.033 27
2D-BN4 RPA 2.14 1.46 0.035 27

results suggest that porous 3D th-B{Ny is an attractive
candidate for optoelectronic and electrochromic applications.

Moreover, as shown in Figure 4, we replotted Figure 3 by
scaling photon energy down to the range of 0—50 meV to
comprehend the property of Terahertz light absorption. It is
interesting to note that a strong Terahertz light absorption can
be seen in the range of 0.3—10 THz or 1.2—41.4 meV, which is
comparable with the h-BN sheet.” Due to the unique cage-
based configurations, chemical bonding, and wide band gap,
this 3D th-B4Ng allotrope shows strong THz optical
absorption. More specifically, based on the HSE06 level, the
3D th-B¢Ng shows the dielectric function of 12.646, refractive
index of 2.770, energy-loss spectrum of 0.977, absorption
coefficient of 0.00084 (in mm™), and reflectivity of 0.3148 at
8.96 THz (37.065 meV), respectively.

3.5. Thermodynamic Properties. Furthermore, we study
the thermodynamic properties such as the Debye temperature
(®p) and acoustic Griineisen constant (y,) by using the
calculated elastic constants (C;; = 707.76 GPa, C;, = 89.61
GPa, and C, = 19598 GPa), which satisfy Born—Huang
criteria of the mechanical structural stability for proposed cubic
symmetry of the 3D th-BgNg:**

Cy—Cup>0, Cy+2Cyp>0 Cu>0 (10)

To calculate thermodynamic properties, we have carried out
calculations for mechanical properties, such as Young’s
modulus (E) of 558.09 GPa, shear modulus (G) of 235.40
GPa, bulk modulus (K) of 295.66 GPa, and Poisson’s ratio (v)
of 0.185 based on the Voigt—Reuss—Hill approximation.””*’
The Debye temperature describes the strength of the covalent
bonds in a solid, and it can be calculated as:*'

h [ 3nN,p }1/3
L -

P kgl 4nM (11)
-1/3
1(2 L]
W=135 13
3 VS VP (12)
1/2
(3K + 4G)
VP =
3p (13)
[Gjll/z
y=|—
4 (14)

where h, n, kg, M, N,, and p denote Planck’s constant, number
of atoms per unit cell, Boltzmann’s constant, molecular weight,

https://doi.org/10.1021/acsomega.4c06119
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Figure 4. Computed results of the 3D th-B(N with HSE06 hybrid functional: (a) real and (b) imaginary parts of dielectric function, (c) refractive
index, (d) energy-loss spectrum, (e) absorption coefficient (in mm™), and (f) reflectivity.

Table 3. Calculated Density p (in g cm™), Shear v,, Longitudinal v,, Mean v, Elastic Wave Velocities (in m s!), Debye

Temperature @, (in K), and Acoustic Griineisen Constant ¥, of the 3D th-BN, in Comparison with 3D m-B;N; and

Experimental Study of 3D Cubic BN (¢-BN)

Structure P Vg vp
3D th-BgNg 2.821 9134.06 14697.96
3D m-B¢N 3277 10005 15293
3D ¢-BN (Exp.) 3.450

Vi (O Ya Ref.
10068.26 1304.55 1.232 This work
10963 1764 1.041 20

1625, 1700 - 32

Avogadro’s number, and density, while v,, v,, and v, represent
the mean, longitudinal, and transverse wave velocities. The
computed results for sound velocities and Debye temperature
are presented in Table 3, suggesting that the Debye
temperature (1304.55 K) of the 3D th-B(N; is in good
agreement with 3D m-BsN; (1764 K)* and experimental
values of the 3D ¢-BN (1625 K, 1700 K),*” specifying that this
structure has stronger strength of bonding.

The acoustic Griineisen constant ¥, which characterizes the
anharmonicity between molecules or atoms in a solid, can be
calculated as:*

3 3v§ — 4us2

=712 2
2 v, + 2u; (15)

where v, and v, denote longitudinal and transverse sound
velocities, respectively. The calculated value of y, is 1.232,
higher than the 3D m-BsN; (1.041),”" as presented in Table 3,
describing its higher temperature or pressure dependence on

this crystal’s volume.

4. CONCLUSIONS

In summary, substituting C with N in the 3D-B4Cq results in a
cage-based 3D th-B4Ny structure consisting of an excellent
dynamic, thermal, and mechanical stability, along with fully
sp>-hybrid bonding. Unlike its 1D and 2D counterparts, the 3D
tetrahexagonal boron nitride shows a wide band gap of 6.175
eV, exceptional Terahertz optical absorption in the range of
0.3—10 THz, Griineisen constant of 1.232, Debye temperature
of 1304.55 K, and significant phonon inelastic scattering.

These exciting features, coupled with rich resources and light
masses of B and N atoms, suggest that this cage-based 3D th-
B¢N; is distinct from its 1D and 2D structures. Therefore,
these distinctions will potentially offer promising applications
in industry and technology.
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