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Physical properties of B,N,-I and B,N,-II: First-principles study
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The structural, mechanical, electronic, mechanical anisotropy, and thermal properties of boron nitride (BN) poly-
morphs, such as B4Ny-I and B4Ny-II, are investigated under ambient pressure utilizing first-principles generalized gradient
approximation calculations using an ultrasoft pseudopotential scheme. The phonon spectra and elastic constants reveal that
B4Ny-I is dynamically and mechanically stable at the pressure of 0 GPa and temperature of 0 K. Anisotropic calculations
indicate that both B4N4-I and B4Ny-II exhibit higher anisotropy of Young’s modulus than cubic BN (c-BN). B4N4-II and
B4Ny-I present indirect and wide band gaps of 5.32 eV and 4.86 eV, respectively. In addition, B4Ny-I is more brittle than
B4Ny-II. Moreover, the minimum thermal conductivity, Kpin, of B4Ny4-II at 300 K is 1.92 W/(cm-K), which is slightly
higher than those of B4Ny-I and c-BN (1.84 W/(cm-K) and 1.83 W/(cm-K), respectively. However, ki, of B4Ny-I is

slightly higher than that of c-BN.

Keywords: BN polymorphs, mechanical properties, electronic properties, mechanical anisotropic properties

PACS: 61.50.—f, 61.50.Ah, 71.20.Nr, 71.55.Cn

1. Introduction

Since cubic boron nitride (c-BN) was discovered in
1957, BN polymorphs>~'% and other superhard materi-
als that consist of light elements, such as C-N, =171 B_C—
0,!18-22] 3nd B-C-N compounds,m‘26J have been investi-
gated. The bulk moduli (B) or hardness (H) values of many
compounds are higher than those of c-BN. For example, the
B of P-BN that was calculated using the local-density approx-
imation (LDA) method was 403 GPa,!® which was slightly
higher than that of c-BN (397 GPa) calculated using the same
method.!®) The bulk (B) and shear (G) moduli (400 GPa
and 424 GPa, respectively) of Imm2-BCN!?>! calculated us-
ing LDA were both higher than those of c-BN (407 GPa).
Moreover, the B of P3m1-BCNP29 calculated using the LDA
and generalized gradient approximation (GGA) methods were
both slightly higher than the corresponding values of c-BN cal-
culated using the same methods.

Ma et al.'?) proposed an orthorhombic symmetry with the
Pnma space group for BN. The structure of Pnma-BN con-
sists of four N and four B atoms buckled in a conventional cell
through sp>-hybridized bonds. Furthermore, Ma et al.!?! de-
termined that Pnma-BN is an insulator with an indirect band
gap of 7.18 eV, and is brittle at ambient pressure. Hromadova
and Martoniak ! investigated the structural transitions of BN
in the 300-3000 K temperature range and 20-31 GPa pressure
range. Fan er al.! investigated an orthorhombic phase, Pbca-
BN, using first-principle calculations, and determined that the
H of Pbca-BN was 60.1 GPa. Therefore, Pbca-BN could be
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a potential superhard material. Based on a global structural
search and first-principles calculations, Dai ef al.!®! predicted
two types of porous BN polymorphs, and their networks could
be established with zigzag BN nanoribbons, denoted as dz2-
BN and dz4-BN (space groups Ima2 and Ama?2, respectively).
These structures were determined to be mechanically and dy-
namically stable as well as thermally stable at 1000 K. The
surface areas of dz2-BN and dz4-BN were large, and it has
been revealed that both dz2-BN and dz4-BN exhibit hydrogen
storage properties. Furthermore, dz4-BN was established to be
a direct band gap semiconductor material, and also exhibited
properties suited for optoelectronic and photonic applications.

Li et al”! analyzed the structure and properties of
primitive-centered tetragonal BN (pct-BN) and determined
that pct-BN was more energetically favorable than hexagonal
BN (h-BN) when the pressure P exceeded 8.8 GPa, and was
still dynamically stable when P was lower than 120 GPa. The
calculated H (51 GPa) indicated that pct-BN was also a poten-
tial superhard material. Kuzubov ez al.!* proposed a novel BN
structure, hP3-BN, which consisted of sp3 -bonded atoms. The
novel hP3-BN exhibited superhard and superdense properties,
as well as a higher B than c-BN. In addition, Kuzubov et al. 4
also established that hP3-BN was an insulator. Recently, Ger-
maneau et al. ! applied first-principles simulations to investi-
gate three proposed types of BN polymorphs: B4Ny-I, B4Ny-
II, and B4Ny-III. They determined the H of B4Ny4-1, B4Ny-II
(space group P1), and B4Ny-III to be 46.5 GPa, 66.8 GPa, and
41.7 GPa, respectively, suggesting that these three types of BN

*Project supported by the National Natural Science Foundation of China (Grant No. 61601468), the Fundamental Research Funds for the Central Universities,
China (Grant No. 3122014C024), and the Fund for Scholars of Civil Aviation of the University of China (Grant No. 2013QD06X).
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polymorphs are all potential superhard materials. In addition,
B4Ny-I, B4Ny-1II, and B4N4-III were revealed to be dynami-
cally and mechanically stable. While the structural, mechan-
ical, and electronic properties of B4Ny4-I, B4Ny4-II, and B4Ny-
IIT have been previously investigated, the elastic anisotropy of
B4N4-II has not been studied yet. We systemically investi-
gated the structural, mechanical, mechanical anisotropy, and
electronic properties, as well as the minimum thermal con-
ductivity, Kpin, of B4Ny-II and B4Ny-I under pressure. The
electronic properties of B4Ny-II and B4Ny-I were estimated
using the HSE06 hybrid functional.!?’! B4N4-II and B4Ny-I
presented indirect and wide band gaps of 5.32 eV and 4.86 eV,
respectively. Moreover, the Ky, values of B4N4-IT and B4Ny-
1(1.92 W/(cm-K) and 1.84 W/(cm-K), respectively, were both
slightly higher than that of c-BN (1.83 W/(cm-K)).

2. Computational details and theory

We investigated the structural, mechanical, mechanical
anisotropy, and electronic properties of B4Ny-I and B4Ny-1II in
detail by utilizing first-principles calculations based on density
functional theory (DFT).[?8! We predicted the physical proper-
ties of B4Ny-I and B4N4-II using DFT based on the Cambridge

1291 combined with

serial total energy package (CASTEP) code
the Vanderbilt ultrasoft pseudopotential.’®! The Broyden—
Fletcher—Goldfarb—Shanno 3! minimization scheme was used
for geometry optimizations. The maximum ionic displace-
ment was within 5 x 10™* A, the maximum stress was within
0.02 GPa, the self-consistent convergence of the total energy
was 5 x 107° eV/atom, and the maximum force on the atom
was 0.01 eV/A. The exchange and correlation were approxi-
mated using GGA parameterized by Perdew, Burkeand, and
Ernzerrof (PBE)!*?! and LDA, based on Ceperley—Alder data,
as parameterized by Perdew and Zunger (CA-PZ).[33] The
plane-wave basis was set for the prediction of the physical
properties and structure calculations, and its energy cutoff was
500 eV. Proper k-point grids of 16 x10x 8 and 14 x4x 10
were used in the Brillouin zones for B4Ny4-I and B4Ny-II, re-

spectively, utilizing the Monkhorst—Pack method. [34]

3. Results and discussion

The crystal structures of B4N4-I and B4Ny-II are illus-
trated in Figs. 1(a) and 1(b), respectively. Figures 1(c) and
1(d) depict the crystal structures of B4Ny4-I and B4Ny-II along
the [001] direction, respectively. The red and blue spheres
represent B and N atoms, respectively. Both B4N4-II and
B4N4-I consist of six-membered B and N rings, while the ten-
membered rings in the structure of B4N4-I are normal to the
[001] direction (see Fig. 1(c)).
crystal densities of B4Ny-II and B4Ny-I, together with those

The lattice parameters and

of other BN polymorphs, are listed in Table 1. In the present

study, the crystal structures of B4Ny-II and B4Ny-I were op-
timized using the PBE and CA-PZ functionals, and the calcu-
lation results are all listed in Table 1. As seen in Table 1, the
GGA-PBE functional calculation results of c-BN are much

closer to the corresponding experimental results.[2>-33-36]

(f) ¢-BN

(e) Pbca-BN

Fig. 1. Crystal structures of (a) B4Ny-II, (b) B4Ny-I, (c) B4N4-II along
the [001] direction, (d) B4Ny-I along the [001] direction, (e) Pbca-BN,
and (f) c-BN.

Thus, the physical properties of B4Ny-II and B4Ng4-
I were used to determine their crystal structures from
the optimized function of GGA-PBE. For Pbca-BN and
Pnma-BN, the calculated lattice parameters were in agree-
ment with the theoretical values. B4N4-I presented mon-
oclinic symmetry and the Cc space group. The B and N
atoms in B4Ny-II both presented two inequivalent positions:
the B atoms occupied the B1 (—1.3796,—1.7475,—0.9918)
and B2 (—0.8858,—0.9986,—0.5003) positions, and the N
atoms occupied the N1 (—0.3723,—1.0042,—0.1710) and N2
(—0.7512,—0.8586,—0.1513) positions in the conventional
cell. In addition, B4N4-IT and B4N4-I only contained sp2 hy-
bridized atoms. Twelve and six different bonds were iden-
tified in P1-B4N4-II and B4Ng4-I, respectively. The bond
lengths of B4Ny-II were 1.3768 A, 1.4755 A, 1.4805 A,
1.4851 A, 1.4960 A, 1.5587 A, 1.5753 A, 1.5782 A, 1.5795 A,
1.5800 A, 1.5834 A, and 1.6073 A, and the average bond
length was 1.5313 A. Meanwhile, the bond lengths of B4Ny-
I were 1.4372 A, 1.4521 A, 1.4538 A, 1.4695 A, 1.4701 A,
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and 1.4848 A, and they were all shorter than those of c-BN
(1.5653 A). In addition, the polymorphs of the Cc phases of
BN were named Cc B4N4-IP! and Ce (ICSD# 162882).1371
Furthermore, the crystal structures of Pbca-BN and c-BN
were compared, and the corresponding images are shown in
Figs. 1(e) and I(f), respectively. The calculated B-N bond
distance of Pbca-BN was 1.5878 A at ambient pressure, [®! the

B-N bond lengths of Pnma-BN?! were 1.6518 A, 1.5098 A,
and 1.5554 A, and the mean bond length was 1.5568 A. The
B-N bond lengths of B4Ny-I and B4Ny-II were 1.4565 A and
1.5313 A, respectively, which were both shorter than those of
Pbca-BN, Pnma-BN, and c-BN. This was mainly attributed
to the sp” and sp’ hybridizations of the atoms of B4Ny-I and
B4Ny-II, respectively.

Table 1. Lattice parameters and crystal densities of B4Ny-I, B4Ny-II, and other BN polymorphs.

Material Method alA bIA c/A BI(®) plg-cm™3
B4Ny-II GGA 2.622 4.043 4.935 81.81 3.323
GGA? 2.609 4.025 4.921 81.85 3.274
By4Ny-1 GGA 3.294 9.421 4.675 116.67 2.543
LDA 3.121 9.379 4.591 115.44 2.716
LDA® 3.129 9.470 4.616 115.16 2.662
Pnma-BN GGA 4.890 2.589 4.284 3.040
LDA 4.795 2.557 4.243 3.169
LDAP 4.760 2.580 4.290 3.129
Pbca-BN GGA 5.099 4.422 4.398 3.325
GGA® 5.110 4.434 4.399 3.308
LDA 5.041 4.379 4.332 3.448
LDA® 5.046 4.380 4.339 3.438
c-BN GGA 3.626 3.458
LDA 3.569 3.626
Exp.d 3.620 3.475

aRef. [5], PRef. [2], °Ref. [6], IRefs. [25], [35], [36].
Table 2. Elastic constants (in GPa) of B4Ny4-I, B4Ny4-II, and other BN polymorphs.

Materials Cyy Cio Ci3 Cis Cn C3 Cs C33 Css Cay Cae Css Ces
B4Ny-1I 565 129 21 49 763 152 -38 892 -29 371 -32 196 252
B4Ny-1 204 148 171 123 716 158 35 483 183 124 71 174 166

Pnma-BN 392 99 256 770 116 675 299 272 187
Pbca-BN 769 145 133 870 105 716 307 255 340

7722 135 139 885 92 716 312 257 357
c-BN 788 160 443
779° 165 446

aRef. [6], PRef. [25].

The calculated elastic constants of B4Ny4-I and B4Ny-1I,
together with those of other BN polymorphs Pnma-BN, c-BN,
and Pbca-BN are illustrated in Table 2. B4Ny-II belongs to
the P1 space group, which presents the most independent elas-
tic constants of 230 space groups. We only provide some of
the main elastic constants for the P1 space group in Table 2.
The remaining independent elastic constants of B4Ny-II Ci4,
Cis, Coa, Crg, Csa, Cs6, Cs5, and Csg are 6 GPa, —65 GPa,
—40 GPa, —162 GPa, —5 GPa, —18 GPa, —32 GPa, and
6 GPa, respectively. B4Ny-I presents monoclinic symmetry.
This includes only 13 independent elastic constants, and they
meet the mechanical stability criteria. The mechanical stabil-
ity criteria of monoclinic symmetry are given by the following

formulas: 3839

Ci>0 (iz 1—6),
C11+Can +C33 +2(C12 +C13 +Ca3) > 0,
C33Css —C35 >0, CuaCe6 — Cig > 0,

Can+C33 —2Cy3 > 0,
C22(C33Cs5 — C35) +2C23Co5C35 — C33Css — C35C33 > 0,
2[C15C25(C33C12 — C13C23) + C15C35(CnC13 — C12Ca3)
+C25C35(C11Co3 — C12C13)] — [Cis(CoaCa3 — C33)
+C35(C1iCs3 —Cy) +C35(CiiCan — Chy))
+(C11C0C33 — C11Ca3 — CnCy
—C33C}, +2C12C13C23)Css > 0.
The calculated results indicated that Cc-BN was mechanically
stable.

The calculated elastic moduli of B4Ny-I, B4Ny-II, Pbca-
BN, Pnma-BN, and c-BN are listed in Table 3. The elastic
moduli (B and G) were estimated using the Voigt—Reuss—Hill

approximation. [40] The By, Br, Gr, and Gy values could be
calculated using the following expressions: 38411

By = [C11 +C+C33+2(Cia +Ci3+C23)]/9;
Br = Q(a+b+ct+d+e+f) ",
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Q = 2[C15C35(C33C12 — C13Cx3) 4 C15C35(C2C13 — C12Ca3)
+C25C35(C11Ca3 — C12C13)] — [Cls (CoaCa3 — C33)
+C35(C11C33 — Cf3) + 35 (C1i G — €1y )]
+Cs5(C11C0C33 — C11C3 — CinCy
—C33Ch +2C12C13C03),

C33Cs5 — C35)(Cr1 +Cra —2C12),

a=(
b = (C3Cs5 — Cy5C35)(2C12 — 2C1y — Ca3),
¢ = (C13C35 — C15C33) (C1s — 20as),
d = (C13Cs5 — C15C35)(2C12 +2Cp3 — C13 — 2C),
e = (C13Cy5 — C15C23)(Cas — Ci5),
f = C11(CxaCss — C35) — C12(C12Cs5 — Cy5Cas)
+C15(C12Ca5 — C15Cx2) + Ca5(Cr3C35 — C5C33);
Gy = [C11+Ca+C33+3(Ca4 4 Cs5 + Cep)
—(Cia+Ci13+Cn)]/15,
Gr = 15[4(f+h+i+j+k+l)/.(2
+<3g/£2+c44+c66 . ﬂl
Caa+Cos — Cig
h = (C33Css — C35)(Ci1 +Cn +Cha),
= (C23Cs5 — C25C35) (Cr1 — Ci2 — C3)),
J = (C13C35 — C15C33)(Ci5 + Cas),
k = (C13Css — C15C35)(Ca2 — Co3 — C12 — C13),
I = (C13Cys5 — C15C3)(Ci5 — Cos),

g = C11CnC33 — C11Cy;3 — CiChy

—C33C}, +2C15C13Ca3.

From Table 3, one can determine that the B value of B4Ny-
II is slightly lower than that of Pnma-BN, while the G value
of B4Ny-II is higher than that of Pnma-BN. The G and B
values of Cc-BN are the smallest among all these BN poly-
morphs. Furthermore, E and Poisson’s ratio v can be esti-
mated using the following equations: E = 9BG/(3B+ G) and

= (3B —2G)/[2(3B + G)].1494243] The E values of B4Ny-
II and B4Ny-I are similar to the G and B values. In addition,
the equation H = 2(G>/B?)?385 — 3144 was used to estimate
the hardness of B4Ny-II and B4Ny4-I. We calculated the H val-
ues of B4Ny-1II, B4Ny-I, Pnma-BN, Pbca-BN, and c-BN us-
ing Chen’s*#! and Lyakhov and Oganov’s (L-O’s) models. 4!
The H values calculated using Chen’s and L-O’s models are
also listed in Table 3. In addition, the H values of B4Ny4-I and
B4Ny-II were calculated using Gao’s model. [*0] Many differ-
ences can be observed between the H values calculated using
Chen’s and L-O’s models. Similar results have also been re-
ported by Xing et al.'*’! and Bu et al.*®¥! The main reason
for these differences was attributed to the empirical formulas
either overestimating or underestimating the H values of the
materials. According to Germaneau et al.,B! the H value of
B4Ny-II was 66.821 GPa. Some studies**% have demon-
strated that Gao’s model overestimated the hardness of ex-
tremely anisotropic compounds. According to Chen’s model,
the H of B4Ny-1 was 43.64 GPa, which suggested that B4Ny-1
was a potential superhard material.

Table 3. Calculated elastic moduli (the bulk (B), shear (G), and Young’s (E) moduli, in GPa) and hardness (H in GPa) of B4Ny-II,

B4Ny-1, Pnma-BN, Pbca-BN, and c-BN.

Material B G B/G E v Hchen HGao Hi_o

B4Ny-1I 294 266 1.11 613 0.152 17.65 66.82 38.68

B4Ny-1 181 121 1.50 297 0.227 43.64 46.51 7.74

Pnma-BN 298 227 1.31 543 0.196 31.76 - 33.32

Pbca-BN 340 312 1.09 717 0.148 49.05 - 38.88
3442 316 1.09 718 0.140 49.51 - -

c-BN 369 386 0.96 859 0.112 65.72 - 50.38
370 384 0.96 856 0.120 64.88 - -

aRef. [6], "Ref. [25].

Hence, both the Pugh (B/G) ratio and v can define the
quantitative index to assess the brittle or ductile behavior of
crystal materials. A high B/G value (> 1.75) of a solid would
indicate its ductile behavior, while a low B/G value (< 1.75)
would usually indicate its brittle behavior.!>!! Moreover, high
v values (> 0.26) usually indicate ductile materials.>>) The
values of v and B/G of B4Ny-II, Pnma-BN, B4Ny-1, Pbca-
BN, and c-BN are listed in Table 3. The values of B/G and
v for B4Ny-II were 1.11 and 0.152 at the pressure of 0 GPa,
and the corresponding values for B4Ny-I were 1.50 and 0.227
at the pressure of 0 GPa, respectively. Among these BN poly-
morphs, c-BN was the most brittle and B4Ny-I was the least

brittle. The Debye temperature Op has been frequently used in
semiempirical and phase diagrams studies. The Debye model
provides a simple but very effective Gibbs energy method for
describing the crystal phase of phonons. [/

The Op and mean sound velocity vy, can be approxi-

mately estimated using the following relationships: 3341

Op = (h/ks)[(3n/47) (NaP /M)] v,
= [/ +1)/37'7,
vi=[(B+4G/3)/p]'?, w=(G/p)"?,

where £ is Planck’s constant, kg is Boltzmann’s constant, p is
the crystal density, Np is Avogadro’s number, n is the num-

036101-4



Chin. Phys. B Vol. 28, No. 3 (2019) 036101

ber of atoms in the molecule, M is the molecular weight, v, is  E were reported by Fan et al.?®! and Marmier ez al.,[>! re-
the transverse sound velocity, and vj is the longitudinal sound  spectively. The three-dimensional (3D) surface figures and the
velocity. The crystal density of B4Ny-IT is the smallest of all  {y_dimensional (2D) representations of G for B4Ny-II and

these BN polymorphs, while the crystal density of B4Ny-I is
close to that of Pbca-BN and slightly lower than that of c-BN.

B4Ny-I are plotted in Fig. 2. From Fig. 2, it can be observed
that the G values of B4Ny-II and B4N4-I exhibit varying de-

The @p values of B4Ny-II and B4Ny-I are 1601 K and 1131 K,

respectively, which are both slightly lower than those of Pbca-

grees of elastic anisotropy. We used the ratio of the maximal

BN (1734 K within the GGA—PBE level)!¢! and wurtzite-BN and minimal values of E to quantify the magnitude of the elas-

(space group: P63mc, 1905 K).
We then investigated the mechanical anisotropy of G and ~ The maximal and minimal values of G for B4Ny4-II, B4Ny-I,
E of B4Ny-II and B4Ny-I. The formulas for calculating G and and c-BN are listed in Table 4. From Table 4, it is obvious that

Z

tic anisotropy of each BN polymorph analyzed in this study.
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Fig. 2. Schematic 3D surface images of (a) B4Ny4-II and (b) B4Ny-I; 2D representation of the shear modulus (G) of (c) B4N4-II and (d) B4Ny-1.
The purple and green curved surfaces in the 3D surface images of B4N4-1I and B4Ny-I represent the maximum and minimum values of G. The
red, blue, and green lines in the 2D diagrams of G represent the (001), (010), and (100) planes, respectively. The dashed lines in panels (c) and
(d) represent the maximum G values, while the solid lines represent the minimum G values.

Shear modulus/GPa

Table 4. Elastic anisotropy ratios of shear (G in GPa) and Young’s (E in GPa) moduli of B4Ny-I, B4Ny-II, and c-BN.

Plane Material Grmax Gin Gmax/Gmin Plane Materials Enmax Emin Emax/Emin
B4Ny-II 405.7 138.9 2.92 B4Ny-1I 899.4 382.2 2.35
(001) B4Ny-1 122.4 50.7 2.41 (001) B4Ny-1 556.2 94.2 5.90
c-BN 433.0 314.0 1.38 c-BN 874.4 733.9 1.19
B4Ny-II 406.4 150.9 2.69 B4Ny-1I 862.6 377.7 2.28
(010) B4Ny-1 208.4 55.5 3.75 (010) B4Ny-I 704.2 74.3 9.48
c-BN 433.0 314.0 1.38 c-BN 874.4 733.9 1.19
B4Ny-II 400.7 148.7 2.69 B4Ny-1I 865.5 555.7 1.56
(100) B4Ny-1 218.4 71.2 3.07 (100) B4Ny-I 556.2 74.3 7.49
c-BN 433.0 314.0 1.38 c-BN 874.4 733.9 1.19
B4Ny-II 406.5 138.9 293 B4Ny-11 930.6 350.6 2.65
All B4Ny-1 271.2 50.3 5.39 All B4Ny-I 704.2 74.3 9.48
c-BN 433.0 314.0 1.38 c-BN 934.0 734.0 1.27
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the maximal and minimal values of G for c-BN are the same
in the primary planes, and they have the same shape in each
plane. Moreover, G of c-BN exhibits the lowest mechanical
anisotropy. In addition, the (001) plane of B4N4-II presents the
highest mechanical anisotropy for G, while the (010) and (001)
planes of B4Ny-I present the highest and lowest mechanical
anisotropies for G, respectively. The mechanical anisotropies
of G for B4Ny-II and B4Ny-I in the three primary planes are
all lower than those expressed for the materials as wholes (see
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Table 4). The 3D surface features of E for B4Ny-II and B4Ny-I
are illustrated in Figs. 3(a) and 3(b), respectively. For isotropic
systems, the 3D surface of E is spherical, and deviations from
the spherical shape reflect the degree of elastic anisotropy for
E.1%1 From Figs. 3(a) and 3(b), B4N4-I may exhibit higher
mechanical anisotropy for E. The 2D representations of E in
the (001), (010), and (100) planes of B4N4-II and B4Ny-I are
illustrated in Figs. 3(c) and 3(d), respectively, and were used
to analyze the anisotropies of B4Ny-II and B4Ny-I in detail.
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Fig. 3. Schematic 3D surface constructions of the Young’s modulus E of (a) B4Ny-II and (b) B4N4-1, and 2D representation of E of (c) B4Ny4-II
and (d) B4Ny-I. The black, red, and blue lines in panels (c) and (d) represent the (001), (010), and (100) planes, respectively.

The mechanical anisotropy of E in the (010) plane of
B4Ny-1 is the highest. Similar to the method used to analyze
G, we used the ratio of the maximum to minimum values of
E to quantify the magnitude of elastic anisotropy. As can be
seen, c-BN presented the same Epax /Emin ratio for the (010),
(100), and (001) planes. Unsurprisingly, B4Ny4-I exhibited a
much higher elastic anisotropy in the (001), (010), and (100)
planes than B4Ny-II. The mechanical anisotropies of E in the
(001) and (100) primary planes of B4N4-II and B4Ny-I were
also lower than those expressed for the materials as wholes
(see Table 4).

It is known that the band gap for the GGA-PBE func-
tional is usually excessively underestimated, and therefore the
experimental band gap should be greater than the calculated
results (B4N4-II: 1.33 eV from the GGA-PBE functionall!
and 5.32 eV from the HSEO6 hybrid functional). The re-

sults of many studies/>>7-931 support this conclusion. In the
present study, the band structures of B4Ny-1I, B4Ny-1, Pbca-
BN, and c-BN were investigated using the HSE06 hybrid func-
tional, and the results for B4Ny4-II and B4Ny-I are illustrated in
Figs. 4(a) and 4(b), respectively. From Fig. 4, the band gaps
of B4Ny-II and B4Ny-I are indirect and wide, and their values
are 5.32 eV and 4.86 eV, respectively. The Brillouin zones of
B4Ny4-1I and B4Ny-I are depicted in Figs. 4(c) and 4(d), re-
spectively. The valence band maximum and conduction band
minimum of B4Ny-II are located at the F and G points, while
those of B4Ny-I are located at the L and G points, respectively.
The coordinates of the high-symmetry points in the Brillouin
zone for B4Ny-I are L (—0.5,0.0,0.5), M (—0.5,0.5,0.5), A
(—0.5,0.0,0.0), G (0.0,0.0,0.0), Z (0.0,—0.5,0.5), and V
(0.0,0.0,0.5); and those for B4Ny-II are G (0.0,0.0,0.0), O
(0.0,0.5,0.5),Z (0.0,0.0,0.5), and F (0.0,0.5,0.0). The band
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structures of Pbca-BN and c-BN are illustrated in Figs. 4(e)
and 4(f), respectively. The band gap of Pbca-BN was 5.387 eV
for the PBE functional, which was much closer to that reported
by Fan ef al.!%! (5.399 eV). The band-gap of Pbca-BN was
6.79 eV for the HSEO6 hybrid functional, which was much
greater than that of the PBE functional. The band gap of c-
BN was 5.71 eV, which was close to the result of the HSEO03
hybrid functional (5.99 eV).[%* The band gap of Pnma-BN
was 7.18 eV!?! for the HSE06 hybrid functional, and was the
largest among all BN polymorphs in this study. It is worth
noting that Pbca-BN is a direct band gap material, while c-
BN, Pnma-BN, B4Ny-I, and B4Ny-II are all indirect band gap
materials.
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Fig. 4. Band structures of (a) B4Ny-II and (b) B4Ny-I. The dashed lines
represent the Fermi level (Eg). Brillouin zones of (c) B4Ny-II and (d)
B4Ny-1. Band structures of (e) Pbca-BN and (f) c-BN.

Thermal conductivity k is one of the most important
physical quantities that determines the efficiency of the semi-
conductors used in thermoelectric energy conversion pro-
cesses. Cahill et al.®! deduced the relationship between the

minimum X, Kpin, and temperature as follows:

1/3 2 ,@)T 3
(™ a3y, (L / _xe
"““‘“‘(6) o Z(@) o TeEtt

where the sum is obtained from the three sound wave veloci-
ties (two v; and one v; values), ©; = v; [h/(27th)](67r2n)1/3 is
the cutoff frequency for each polarization, expressed in K, and
n is the number density of atoms. This method of predicting K
has been applied in many studies.[*?667] The calculated i,
values of B4Ny-II, B4Ny4-I, and c-BN as a function of temper-
ature are illustrated in Fig. 5. From Fig. 5, it can be seen that
Kmin iNCreases as the temperature increases. From 0 to 270 K,
B4N4-I exhibits the highest ki, of all three BN polymorphs il-
lustrated in the figure; meanwhile, from 270 to 400 K, B4Ny4-II
exhibits the highest xy,;,. Furthermore, when the temperature
is higher than 400 K, c-BN exhibits the highest k. In addi-
tion, Kmin of B4Ny4-II at 300 K was 1.92 W/(cm-K), and it was
slightly higher than that of B4Ny4-I and ¢-BN (1.84 W/(cm-K
and 1.83 W/(cm-K, respectively). Moreover, Kpi, of B4Ny-I at
300 K was much closer to that of c-BN, but slightly higher than
that of c-BN. As a wide band gap semiconductor material, c-
BN presents high resistivity, high thermal conductivity, a low
dielectric constant, a high breakdown electric field, high mo-
bility, and double-type doping. Together with diamond, SiC,
and GaN, which also exhibit wide band gaps, c-BN enables the
use of electronic devices under extreme conditions. Moreover,
c-BN and diamond feature other excellent properties, such as a
wider band gap, higher breakdown electric field, higher mobil-
ity, lower dielectric constant, and higher thermal conductivity
compared to SiC and GaN. Notably, as an extreme electronic
material, c-BN is superior to diamond. The Ky, values of
B4Ny-II and B4Ny4-1I were both slightly greater than that of c-
BN, and therefore B4Ny-1I and B4N4-I may be more suitable
than c-BN for electronic devices applications under extreme

conditions.
S =BiNT
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‘ i
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£ 3t
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< 2f N 1.84
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Fig. 5. Calculated minimum thermal conductivity (Kmpin) of B4Ngy-I,
B4Ny4-II, and c-BN as a function of temperature.

4. Conclusion

The structural, mechanical, electronic, and mechanical
anisotropy properties, elastic anisotropies, and minimum ther-
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mal conductivities of B4Ny-I and B4Ny4-1I were systemically
investigated in the present study. The dynamical and me-
chanical stabilities of B4N4-I were demonstrated using phonon
spectra and elastic constants, respectively, which revealed that
B4Ny-I was dynamically and mechanically stable. In addition,
B4Ny4-I was brittle. The Debye temperatures of B4Ny4-1I and
B4Ny-I were 1601 K and 1131 K, respectively. Anisotropy
calculations indicated that the mechanical anisotropies of G
and E of B4Ny-II and B4Ny4-I were higher. The mechanical
anisotropy of G in the (001) plane of B4Ny-II was the highest
of all three primary planes, while the elastic anisotropy of £
in the (010) plane of B4Ny4-I was the highest of all three pri-
mary planes. Unsurprisingly, B4Ny4-I exhibited much higher
E values in the (100), (010), and (001) planes than B4N4-II.
Furthermore, B4Ny-1I and B4Ny-I presented indirect and wide
band gaps of 5.32 eV and 4.86 eV within HSE06 levels, re-
spectively. At 300 K, the Ky, values of B4Ny-II and B4Ny-I
were both slightly higher than that of c-BN.
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