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We calculated the electronic and lattice properties of BN, SiC, and AIN polytypes. The caleulated
polytypes are 2H, 3C (= 3H), 4H, 5H, and 6H. These polytypes are sp*-bonded compounds. The 6H
polytype has two crystal structures as ABCACB and ABCBCB stacking sequences. The lattice propertics
were optimized  automatically by the first-principles molecular dynamics (FPMD) method. Most
calculated clectronic band structures of these polytypes are non-metallic and their band gaps are indirect.
The most stable BN, SiC and AIN polytypes are 3C-BN. 4H-SiC. and 2H-AIN. respectively. The
calculuted total energies of BN polytypes are in the order of 3C < 6H(ABCACB) < 5H < 4H <«
6H(ABCBCB) < 2H. The calculated total energics of SiC polytypes are in the order ol 4H <
O6H(ABCACB) < 3C < 5H < 6H{ABCBCB} < 2H. The calculated total energies of AIN polytypes
are in the order of 2H < 6H(ABCBCB) < 4H < 5H < 6H(ABCACB) < 3C. The total encrgies and
energetical stabilities of the BN and AIN polytypes arc related (0 hexagonality which corresponds to
the rutio of the number of third-neighbor cation—anion pairs and the number of cation—anion bilayers in
the unic cell. 6H-BN(ABCACB) and 6H-SIC(ABCACB) are encrgetically more lavorable than 6H-
BN(ABCBCRB) and 6H-SIC(ABCBCB). respectively. In contrast, 6H-AIN(ABCBCB) is more iavorable

than 6H-AINC(ABCACB).
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1. Introduction

SH-boron nitride (BN) is a new material that has been
synthesized by Komatsu ¢r al.'™" SH-BN is one of various
polytypes®™" which consists of hexagonal boron and nitro-
gen layers in a unit cell, It is an sp*-bonded BN compound
which is different from sp-bonded compounds such as
hexagonal- and rhombohedral-BN (/- and ~BN). Although
there are many theoretical™ > and experimental'" studies of
BN compounds, there are no theoretical studies of SH-BN
with the exception of our previous study in which we
investigated the electronic and lattice properties of SH-
BN."" The caiculated lattice properties of SH-BN agree well
with experimental results') and the electronic properties have
been definitively established. In the previous study,'®
we also calculated the electronic properties of 2H-, 3H-
(= 3C-). and 4H-BN. These are polytypes which are also
sp*-bonded hexagonal layered structures. 2H- and 3C-BN
are important sp*-bonded compounds with wide band gaps.
2H-BN is synthesized by compression or shock compres-
9 and its crystal structure is wurtzite. 3C-BN whose
crystal structure is zinc-blende is also synthesized by
compression.'" Energetically, 3C-BN was most stable in
the previous study." There arc a few studies of 4H-BN!71¢)
and a few of 6H-BN.!7 Their fattice and electronic
properties have not been described in detail. SH-BN is
energetically more favorable than other polytypes with the
exception of 3C-BN in the previous study."" We did not
treat 6H-BN in the previous study.!” The calculation of
6H-BN was done to compare the resuits with SH-BN.

Silicon-carbide (SiC) has various polytypes.”™™" Although
SiC polylypes have been intensively studied experimentally
and theoretically,"= there arc few studies of SH-SiC
available 9 SH-SiC was calculated using a tight-binding
method in a theoretical study. ™ Of the various polytypes.
2H-. 3C-. 4H-, and 6H-SiC have been studied extensively in

sion

theoretical studies.!? ' In theory, 4H-SiC is the most stable
although total encrgy differences among polytypes are quite
small, within approximately 10 meV.

2H- and 3C-aluminum nitride (AIN) are wide band gap
materials. 2H-AIN is a stable phase and 3C-AIN is a
metastable phase.”” Few experiments have been done on
AH-AINYD Very recently, 6H-AIN has been synthe-
sized. ™ The electronic properties of 4H- and 6H-AIN
have been calculated by Liu and Ni.*’ No experimental and
theoretical studies of SH-AIN have been done. Previous
studies have shown in the band gaps of the electronic band
structures of BN and SiC polytypes to be indirect. It is
expected that band gaps of 4H-. SH-, and 6H-AIN may be
direct because that of 2H-AIN is direct. ™=+ Therefore, we
have investigated their electronic band structures in this
study.

We calculated the electronic and lattice properties of
2H, 3C (= 3H), 4H, 5H, and 6H polytypes (BN, SiC, and
AIN) using the tirst-principles molecular dynamics (FPMD)
method in this study. We also calculated their energetical
stabilities. Hexagonality. which is defined at the end of §3. is
an important parameter 1o discuss the stabilities of poly-
types. We compared the electronic and lattice propertics
of BN polytypes with those of SiC and AIN polytypes aad
we calculated the electronic band structures of BN, SiC,
and AIN polytypes in order to obtain their valence band
maximum (VBM), conduction band minimum (CBM). and
minimum (direct) band gaps. In addition, ‘\'p:—bonded hex-
agonal phases of BN, SiC, and AIN (4-BN,*" 1-SiC, and
h-AIN) were treated to compare them with their sp*-bonded
polytypes.

The 6H polytype has two crystal structures.”” One hus a
P6-me symmetry, which is most commonly accepted, and
the other has a P3m1 symmetry. We found in this study that
the latter of two structures in AIN is more stable than the
more widely accepted 6H structure.
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2. Method of Calculation

The present calculation is based on the local density
approximation  (LDA) in density functional theory*+®
(DFTY with the von Barth and Hedin (BH) interpolation
formula*™ tor the exchange-correlation. For SiC polytype.
the Wigner interpolation formula®™ for the exchange-
corrclation was also used in order to compare with the
results using BH. The norm-conserving pseudopolential
(BHS-tvpe)™" was used for Si. The optimized pseudopolen-
tials by Troullier and Martins (TM)™" are used for Al
B. €. and N. Nonlocal parts ol the pseudopotentials are
transtormed o the Kleinman-Bylander separable forms™’
without ghost bands. A partial core correction (PCC)* is
considered for the Al pseudopotential.

Mesh sizes of sampling k-points in an irreducible
Brillouin zone (B7) for 2H-. 3H-. 4H-. SH-. 6H-, 3C-. and
BN ASIC AINY are 12 x 12 x 8 12 % 12 x4, 12 x 12 x
So125 12 x40 12 x 12 %20 8 x8x 8 and 12 x12x8
(I8~ 18 = 12 for A-BN*). respectively. A convergence
of lattice sulficient at the 12 x 12 x4
(12 % 12 % 2 Jor 6H) mesh because all caleulated polylypes
are non-meltallic. The wave function is expanded in plane
waves and the cutoll energy is 144 Ry in all caleulated

parimelers  is

phases. As for the cutoff energy. a sufficient convergence in
/-BN was oblained at 144 Ry in the previous study.™ A
structural optimization ol internal parameters was performed
using  Hellmann-Feynman forces in the unit cell. Our
criterion Tor optimizing the internal coordinates is that he
maximum force acting on cach atom should be less than
2.0 % 10 *Ry/bohr. and our criterion for optimizing the
unit cell surfaces is that the maximum stress™ acting on
each unit cell surface should be less than 0.03 GPa.

3. Crystal Structure

In this study. we consider the 2H. 3H (= 3C), 4H. 5H.
and 6H polytypes which are all hexagonal except for the
3C structure. The 3C structure is cubic (zine-blende). 3H-
BN(ABC) and one SH-BN(ABCBC) stacking sequence are
shown in Fig. 1. A hexagonal layer is occupied by B (N)
atoms and B- and N-layvers stack alternately. Three alomic
positions. (x. 1)V of (0. as P, (1/3.2/3) as Q. and (2/3.1/3)
as R, can be placed by a B or N atom on the (x. v)-plane. It is
delined as successive B- and N-fayers (B=N bilayer) at (0, 0)
as AL (1/3.2/3) as Boand (2/3,1/3) as C (Fig. 1). (0.0) is
the original point. 3H-BN is structurally equal to 3C-BN.
The direction ol the | 111 ]-axis in 3C-BN corresponds (o that
of the ¢-axis in 3H-BN. Although it is possible to consider a
smaller primitive unit cell in 3H-BN. we (reat a larger unit
cell with the ABC stacking sequence., as in the 3H polytype.
in this study. These features are the same for SiC and AIN.
Two OH structures are shown below in Fig. 2. The number
ol atoms/layers (Nyam/Niayer) and structural symmetries for
the 2H. 3C. 3H. 4H. SH. and 6H polylypes are tabulated in
Table 1. The numbers (Nyq. p2) of the third-neighbor cation—
anion pairs and cation—anion bilayers, and hexagonality,
which are mentioned later in detail. are also tabulated in

Tabic 1. In polviypes. a tetrahedral structure is formed by
cation and anton atoms in the unit cell. The numbers of the
first-neighbor  and  sccond-neighbor atoms are four and
twelve per one atom in the ideal tetrahedral structure. The

Top view

SH-BN structure
(ABCBCQC)

3H-BN structure
(ABC)

Fig. 1. Crystal structures tunit cells) ol 3H-BN and SH-BN. and top view.

P. Q. and R are possible atomic positions. The cubic and hexagonal

characters of the BN bilayers are indicaled by ¢ and /1.

B

B =g y
6H-BN structure 6H-BN stﬁtcture
(ABCACB) (ABCBCB)

Fig. 2. Crystal structures  (unit cells) ot 6H-BN as ABCACB and
ABCBCB. The cubic and hexagonal characters of the BN bilayers are
indicated by ¢ and /i The third-neighbor B-N atoms are indicated by
arrows, 11 20730 and T4 indicate the third-neighbor B=N pairs in
Table V.

hrst-neighbor atoms ure a cation-anion pair and the second-
neighbor atoms are (he cation—cation or aniou-anion pair.
Although polytypes have similar (etrahedral bonds up to the
second-neighbor in the ideal tetrahedral structure. it is
possible to consider different bonds in the third-neighbor
which arc a cation—anion pair. We treat the shortest third-
neighbov cation—anion pair in this study. 2H. 3H, 4H.
S5H, and 6H structures have internal parameters along the
c-axis in the unit cell as indicated by “C7 in Table [. In
this study, polylypes include the 3C cubic structure and do
not include sp>-bonded hexagonal structures such as 7-BN.
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Table 1. Symumctries of 6H-BN(ABCACB)., 0H-BN{ABCBCB). 5H-
BNIABCBC). 4H-BN(ABCB). 3H-BN(ABC), 21I-BN(AB}. 3C-BN. and
f-BN. Nyon and Ny, are the numbers of atoms and bexagonal fayers in
the unit cell, respeciively. Ny 1s the number of third-neighbor B-N pairs
paratlel 1o the ¢-axis in the unit cell. p s the number of B-N bilavers in
the upit cell. ™ indicates an extstence ot internal parameters. H indicates
hexagomality. These properties are the same for SiC and AN phases.

Symmetry  Nyon/Maer - Noiwa 0 Internal

i)
OH-BN(ABCACB)  P6ame 12712 2 6 33
OH-BN(ABCBCB)  P3mi 12,12 4 6 67
SH-BN(ABCBO) P3mt 1010 2 5 40
1H-BN(ABCB) Posme 8/8 2 4 50
3H-BN(ABC) P3| 6/06 0 3 8]
JH-BN(AB) PO 4/4 2 2 100
2(-BN Fa3m 2/~ I — 0
/-BN PO/ mme d/2 — — — —

1-SiC, and /i-AIN. Rhombohedral lattice structures, impuri-
ties. defects. stacking faults and intercalation are not
considercd in this study.

The 2H. 3H. and 4H polytypes are determined unigue-
ly. ™ The SH polytype consisis of 10 hexagonal layers
{= five cation—anion bilayers) in the unit cell. We have
demonstrated the existence of rhis structure in the previous
study."™ More specifically it is possible to consider 30
stacking sequences in the SH-BN structure. This sequence
was obtained using circular permutation of AABBC.
AACCB. and ABBCC as starting sequences. ABBCC s
equal 10 ACCBB. The successive letters as AA, BB, and CC
are forbidden in the stacking sequences. Other starting
sequences are impassible because the double fetter AA (BB,
CC) cannut be excluded from them. In AABBC, four
stacking sequences are possibic: A-BCAB. A-BACB. A-
BABC. and A-CBAB. In the same way. four stacking
sequences are possible in AACCB. In ABBCC. two stacking
sequences are possible (A-BCBC and A-CBCB). Conse-
guently, there are 30 possible total stacking sequences from
the above 10 stacking sequences and their cyclic shitt of
letters is A — B — C. We have shown that possible 30
stacking sequences are the same structure relocating o
periodic houndary or original point in the unit celt.'” The
same can be done for SH-SiC and SH-AIN.

The 6H polytype has 54 possible stacking scqueuces.
This number was obtained using the circular permutation of
AABBCC. AAABBC, AAACCB. AABBBC, AACCCB,
ABBBCC. and ACCCBB as starting sequences. AABBCC
15 equal to AACCBRB. The double tetters AA, BB, and CC
are also itmpossible in these stacking sequences. Other
starting scquences are vnpossible because the double letter
AA (BB, CC) can not be excluded from them. AAABBB
and AAACCC have no possible stacking sequences with the
exception of the 2H structures such as ABABAB and
ACACAC. The numbers of possible stacking sequences
from above starting sequences are 6, 3, 3, 2. 2. 1, and |1,
respectively. Therefore, the possible total number of stack-
ng sequences 1s 54 from above 18 stacking sequences and
thetr cyclic shift of letters 1s A — B — C. 1t is possible 10
consider two crystal structures in the 6H polytype.” These
34 stacking sequences can be classified into two groups: One

is 18 stacking sequences from AABBCC and the other is 36
stacking sequences from AAABBC. AAACCB, AABBBC.
AACCCB, ABBBCC. and ACCCBB. The former I8 stack-
g sequences from AABBCC are the same structure crealed
by relocating the periodic boundary or original point in the
unit cell. We use the stacking sequence "ABCACB” to refer
to (his structure. Moreover. the latier 36 stacking scquences
are the same structure created by refocating the periodic
boundary, A — C and C -~ A, or original point in the unit
cell. We use the stacking scquence "ABCBCB™ to refer
to this structure. Crystal symmetrics of ABCACB and
ABCBCB wre Pozmc and P, respectively. Their crystal
structures are shown in Fig. 2. ABCACB is the most
commonly accepted stacking sequence. Most experimental
and theoretical studies of the 6H polytype treated basically
the most accepted 6H structure as ABCACB with the
excepiion of a few works,”!"

The cubic (¢) and hexagonal (/1) characters of the BN
{SiC, AIN) bilayers are shown in Figs. | and 2 as indi-
cated by ¢ and k. Hexagonality (H)™73 is the ratio of
the number of A character and the total number of’ ¢ and
/i characters in the unit cell. The hexagonalitics (%) of
2H. 3H (= 3C), 4H. and 5H polytypes are 100, 0, 50, and 40,
respectively, The hexagonalities (%) of ABCACB and
ABCBCB in the 6H polytype are 33 and 67%, edited
respectively.

4. Results and Discussion

4.1 Lattice properiies

The optimized lattice properties and hexagonalities (%) of
BN. SiC, and AIN polytypes are tabulaled in Tables U-1V.
respectively. Their total energies per BoN, (§12Ca, ALN-)
are also tabulated. Comparable Jattice constants a and ¢
agree well with the experimental results in Tables H-1V.
Lattice constants « and ¢ of 6H-BN in experiment'” are
1244 and 2.530 A, respectively. the crystal symmetry of
which has not been determined. These values agrec with
the calculated values of 6H-BN(ABCACB) and OH-
BN(ABCBCB). Calculated lattice constants ¢ of BN poly-
types are always slightly underestimated in comparison with
experimental values. Therefore, lattice constant ¢ (12.4 11 A)
of 6H-BN(ABCACB) is closer to the experimental value
than that of 6H-BN(ABCBCB). Lattice constants o and ¢
of SiC polytypes using the BH formula ave shghty smaller
than those using the Wigner interpolation formula and
experimental values from Table HI. Although the agreement
of theoretical and experimental lattice constants is better
using Wigner than using BH. the electronic properties
and order of the total energies are qualitatively invariant
in both LDA types (BH, Wigner) as mentioned in the next
subsection. The latice constants of 2H-, 3H-, 4H-, and
6H(ABCACB)-AIN agree well with the theoretical results™
with DFT-GGA calculations. Lattice constants ¢ and ¢/p of
BN, SiC, and AIN are almost invariant in each polytype. p is
the number of cation-anion bilayers in the unit cell. Lattice
constants a and ¢/p of BN are smaller than those of SiC
and AIN. Values of lattice constants « and ¢/ p for SiC and
AIN are ncarly equal to each other within approximately
0.1-0.2 A. Bulk moduli B of 5H-BN, 5H-SiC, and SH-AIN
and their pressure derivatives B’ are 403 GPa. 213 GPa,
207 GPa, and 3.47, 3.74, 3.78. vespectively. These values are
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Tuble 11 Optimized lattice constants ¢ and ¢, ¢/ p. and the ¢/« ratios of 6H-BN(ABCACB), 6H-BN(ABCBCB), SH-BN(ABCBC)." 4H-BN(ABCB). 3H-
BN(ABC). 2H-BN(AB), 3C-BN. and /-BN.*" p is the number of B-N bilayers in the unit cell. Experimental results of 6H-. 5H-, 2H-. 3C-. and /--BN wre
also tahulated. £,y is the total energy per BaNa. A indicates the total encrgy difference (meV) from 3C-BN. BH indicates the LDA type.*” /1 indicates

hexagonality.

B (;\') ://\I; (X» c/a (ﬁl{}[) (n?cb\/) (‘I;'é )
O6H-BN(ABCACB) 12411 2,069 2.522 4.921 —710.59556 20 33
OH-BN(ABCBCB) 12451 2.075 2.519 4,943 —710.57003 46 67
SH-BN(ABCBC)'™ 10.349 2.070 2522 4104 —710.58917 26 40
HH-BN(ABCB) 8.287 2.072 2521 3.288 —~710.58435 31 50
3H-BN(ABC) 6.187 2.062 2.526 2449 —710.61563 — 0
JH-BN(AB) +.164 2.082 2516 1.655 —710.54040 75 100
3C-BN 3572 — 3.572 1.000 —710.61563 0 0
h-BNH! 6.568 — 2478 2.651 —710.48931 126 —
611-BN(Eap'™) 12.44 — 2.500 4.976 — —
SH-BN(Exp'') 10.407 — 2528 4117 — — —
2H-BN(Exp!'™) 420 — 2.553 1.653 — —
3C-BN(kxp' 3.616 — 3.616 1.000 — —
H-BN(Exp'™) 6.656 — 2.504 2.658 - — —

Table 1. Optimized lattice constants « and ¢, ¢/p. and the ¢/a ratios ol 6H-SICCABCACB). 6H-SiC(ABCBCB). SH-SiC(ABCBC). 4H-SiC(ABCB). 3H-
SiC(ABC). 2H-SiC(AB). 3C-SiC. and 7-SiC. p is the number of Si—C hilayers in the unit cell. Experimental results of 6H-. 4H-. 2H-. and 3C-SiC are
also tabulated. B is the total energy per Si=Ca. AE indicates the total energy difference from 4H-SiC. BIY and Wigner indicate the LDA types 74
respectively. H indicates hexagonality.

¢ o/ p a

BH . cla Euon AE, H

(A) (A} (A) (cV) (meV) (%)

611-SiC(ABCACB) 14.948 2491 3.047 1,906 —~535.95822 0.31 33
OH-SiC(ABCBCB) 14.966 2.494 3.045 4914 —535.95352 5.0 67
SH-SIC(ABCBC) 12461 2.492 3.046 4.090 —535.95401 4.5 40
HH-SiC(ABCB) 9.971 2493 3.040 3273 —535.95853 0 50
3H-SiC(ABC) 7466 2489 3.04% 2449 —535.95450 — 0
2H-SICIAB) 4,995 2498 3.044 1.641 —535.94416 144 100
3C-SiC 4311 — 4311 1.000 —535.95452 4.0 0
h-SiC 4,602 — 3132 1.488 —534.15176 1807 —
y : ip AL H
Wigner (i\) 2;\/) (:) ¢/ (ilvl) (meV) (%)
6H-SIC(ABCACB) [15.115 2519 3.080 4.908 —526.19838 0.14 33
GH-SIC(ABCBCB) 15.136 2,523 3.078 1917 —526.19297 5.6 67
SH-SIC(ABCBQ) 12.602 2.520 3.080 4.092 —526.19423 43 40
4H-SIC(ABCB) 10,084 2.52) 3.079 3275 —526.19852 0 50
IH-SIC(ABC) 7.548 2516 3.082 2.449 —526.19530 — 0
2H-SIC(AB) 5.053 2.527 2,077 1.642 —526.18294 15.6 100
3C-SiC 4.358 — 4.358 1.000 —526.19533 3.2 0
1-8iC 4.890 — 3147 1.554 —524.40233 1796 —
OH-SIC(Lxp™)y 15.12 — 3.081 4907 — —
AH-SIC(Exp™) 10.0517 — 3.073 3.271 — — —
3C-SICUEp™) 4.360 — 4.360 1.000 — —
2H-SIC(Exp™) 5.052 — 3.079 |.64] — —

consistent with other BN. SiC, and AIN polytypes. Atomic  from their ideal positions without DFT-LDA calculation

displacements of internal parameters from the ideal positions
for the 3H. 4H. 5H. and 6H polytypes are quite small, within
approximately 0.1% of lattice constant ¢. Those of 2H
polytypes are small within approximately 1.0% of lattice
constant ¢. 1t is possible to neglect the influence of
displacements of internal atoms on the tetrahedral latlice
properties with the exception of AIN polytypes. In 3H
polytypes for BN, SiC, and AIN, no internal atoms move

errors although they can move along the ¢-axis in the P3m!
symmelry.

4.2 Total energies and srability

From Tables II-1V, the order of the calculated total
energies of the BN, SiC, and AIN polytypes are as follows.
The total energies of the BN polytypes are in the order of 3C
(0%) < 6HIABCACB) (33%) < 5H (40%) < 4H (50%) <
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Table 1V.

Optimized lattice constants ¢ and ¢, ¢/p. and the ¢/a ratios of 6H-AIN(ABCACB). 6H-AINIABCBCB). SH-AIN(ABCBCO). 4H-AINIABCB).

IH-AINCABC). ZH-AIN(AB), 3C-AIN. and /#-AIN. p is the number of AI-N bilayers in the unit eell. Experimental results of 4H-. 2H-_ and 3C-AIN ure
also tabulated. As for lattice constunts @ of dH-AIN 2d. 1, 15 3105 A and (2/3/3)d, 140, i 3.079 A in parentheses. Theoretical resithis (Thy of 6F-,
4H-. 3H-. and ZH-AIN are also tabulirted. Eyy s the total encrey per ALN,. AL indicates the otal energy ditterence from 2H-AIN. BH indicates the

LDA type. 7" # indicates hexagonality.

El AL H

. cip o

BH {A) (;\/,J (A) wla eV meV) 1%)
6H-AIN(ABCACB) 15.120 2520 3102 4875 —671.66201 3s a3
6H-AINIABCBUB) 13.059 2510 3108 4.846 —671.687%83 29 67
SH-AIN(ABCBC) 12,590 2518 3103 1058 —671.66653 50 40
4H-AIN(ABCB) 10.061 2515 3105 3.241 —671.67513 41 50
3H-AIN(ABC) 7.586 2,529 3.097 2,449 —671.63793 — 0
2H-AIN(AB) 1994 2497 2115 LO03 —671.71654 0 100
3C-AIN 4.380 — 4.380 1000 ~(71.63794 79 0
i-AIN 4159 — 3,305 1.258 ~G71.30916 407 —
6H-AIN(Th™) 15,1330 — 042 4875 — — -
JH-AINCTR™) 10.0697 — 3.1067 3.241 — — —
IH-AINITh™) 7.3913 — 31001 2449 — — —
JH-AINCI™ ) 49956 — 31165 1.603 - - —
JH-AINExp) 10.032 — 3105 (3079 3.231 (3.238) — — —
AC-AINE™) 4.37 - +.37 1.000 — -- —
JH-AIN(Exp” ) 4.9%0 — 3110 160 — — —

6H(ABCBCB) (67%) < 2H (100%). The total
of SiC polytypes are in the order of 4t (50%) < 6H-
{ABCACB) (33%) < 3C (0%) < SH (40%) < 6H(ABCBCB)
{(67%) < 2H (100%). The (otal energies of AIN polytypes
are in the order of 2H (100%) <~ 6H(ABCBCB) (67%) <
AH (50%) < SH (40%) < 6H(ABCACB) (33%) < 3C (0%).
Values in parentheses are hexagonalities (% ). The (oal en-
ergy of the BN polytype increases with increasing hexago-
nality. In contrast, the total energy of the AIN polylype
decreases with increasing hexagonality. ¢/p corresponds
to a height of one 1etrahedron in the unit ceil. The ¢/p values
for the BN and SiC polytypes increase with increasing
hexagonality and that of the AIN polytype decreases with
increasing hexagonality from Tables 11-1V. For the BN
and AIN polytypes. ¢/p is smaller at lower tolal energies.
There seems 1o be little correlation among the total energy.
hexagonatity, and ¢/ p in SiC polytypes. Energetically, 3C-
BN (= 3H-BN), 4H-SiC. and 2H-AIN are most stable in
each calculated BN, SiC. and AIN phase, respectively. Total
energies ol 1-BN, 4-SiC. and 4-AIN, which are sp?-bonded
compounds. are highest in each BN, SiC, and AIN phase.
Total encrgy differences. which are denoted by AE. are
also tabulated in Tables 11 -1V, The total energy differences
between the 3C and 3H polytypes are quite small, within
0.03 meV since the 3C sirucuare is equal to the 3H siructure.
These small differences originate from the errors of the DFT-
LDA calculations. The largest total energy differences of SiC
polytypes are 14.4meV (BH) and 15.6 meV (Wigner) and
those of BN and AIN polytypes are 73 meV (BH) and 79 meV
(BH). respectively. Although the total energies of 2H-BN and
3C-AIN are highest in cach polytype, they are synthesized
in experiment.'**” The total energy differences beiween
I-SiC and 2H-SiC are 1.79eV (BH) and 1.78 ¢V (Wigner).
respectively. which are quite larger than those between 2H-
BN-/-BN and 3C-AIN~/i-AIN. The total encrgy dilferences
of 4H-SiC and 6H-SiC(ABCACB) are 0.14 meV (Wigner)
and 0.31 meV (BH). respectively. These values are guite

energies

small and are within the errors of DFT-LDA calculations.
This trend is quantitatively similar 0 other theoretical
results. ™ The total energy order of SiC polytypes is invari-
ant in two LDA types (BH*" and Wigner*™) despite the
energy differences among polylypes (within approximately
10meV). This energy order agrees with other theoreticul
results™ with the exception of SH-SiC. The total energy of
5H-SiC obtained by the tight-binding method* is lower by
0.7 meV/SiC (= 1.4 meV/Si>C,) than that of 3C-SIiC. In this
study, the total energy of SH-SiC is higher by 1.1 meV/Si-C»
than that of 3C-SiC. 6H-BN(ABCACB) is more favorable
than SH-BN (Table 11). In 6H-BN and 0H-SIC. the ABCACB
stacking sequence is energetically more favorable than
the ABCBCB stacking sequence. but 6H-AIN(ABCBCB) is
nmore favorable than 6H-AIN(ABCACB). Lattice constanis
¢ and ¢/ p of 6H-BN(ABCACB) aund 6H-SiC(ABCACB) are
slightly smaller than those of 6H-BN(ABCBCB) and 6H-
SiC(ABCBCB). respectively. Laitice constant ¢ and ¢/p of
O6H-AIN{ABCACB) are slightly larger than those of 6H-
AIN(ABCBCB). Thesc differences in lattice constants ¢
between ABCACB and ABCBCB are within | %.

Atomic radii and electronegativity of B, N, Si. C. and A}
are 0.88, 0.70, 1.17. 0.77. and 1.26 A, and 2.0, 3.0, 1.8, 2.5,
and 1.5,°" respectively. A difference of atomic radii between
Al and N is Jarger thun that between B and N since the
atomie radivs o' Al is larger than that of B. The difference of
atomic radii between B and N is smallest in BN, SiC, and
AIN. The sums of atomic radit as B+ N. Si + C,and Al + N
are 1.58,1.94, and 1.96 A, respectively. which agree with the
bond lengths of BN, SiC. and AIN bilayers (1.56, 1.88, and
1.0 A. respectively) in the 2H polytype. The bond length of
the BN bilayer is smallest and implics a strong covalent
binding. This is consistent with the large bulk modulus of
BN (403 GPa for 3H-BN). An ionicity of AIN is larger than
those of BN and SiC because the difference of electro-
negativity bctween Al and N is largest. Polytypes have
internal parameters with the exception of 3C. Optimized
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Table V.

T

K. KOBAYASHI and S. KOMATSU

Internal parameters of B (Al) and N atoms along the c¢-axis for 2H-BN(AB). 2H-AIN(AB). 6H-BN(ABCACB). 6H-BN(ABCBCB). 6H-

AINCABCACE). and 6H-AIN(ABCBCB). These parameters are normalized as for lattice constant ¢. Aw and Az are differences between optimized and
ideal internal parameters. ABCACB (ABCBCB) is AuBbCeAaCcBb (AaBbCcBLCeBb) which is indicated in parentheses as capital (small) letters for B
and AL (N). (1.0) and (1.5) in 2H-BN and 2H-AIN mecans the internal paramcters of the upper next unit cell and they arc indicated by (-2 1) and (-2 2),
respectively. "3rd™ indicates the third-neighbor cation—anion pair parailel to the c-axis as * 31 (O )=, D2 (02—

2H-BN(AB)

indicates 1deal values of internal parameters. 7/24 is 0.291667. 11/24 is 0.458333. 19/24 15 0.791667. and 23/24

o2

:3— 3 and (o404 tldeal”
is ().958333.

Au 3rd 2H-AIN(AB) Al 3rd Idcal
B(AI(A) 0.0 (1.0) 0 1) 0.0 (1.0) 0 (<1 0.0
B(AIB) 0.5(1.3) 0 32) 0.5 (1.5) 0 (2 0.0
Nia) 0.3744 —6 x 107" -1 0.3814 64 x 10 4 o 0.375
N(b) 0.8744 -6 x 1074 2 0.8814 64 % 1077 2 0.875
6H-BN(ABCACB) Az 3rd 6H-BN(ABCBCB) Az 3rd Ideal
B(A) 0.0 0 — 0.0 0 — 0.0
B(B) 0.1674 7 x 1074 vl 0.1669 2x 104 1 1/6
B(C) .3333 2% 1074 — 0.3328 —5 % 1071 — 1/3
B(A)(B) 0.5 0 — 0.5001 tx {07t 2 12
B(C) 0.6674 7x 104 2 0.6673 6 x 1071 3 2/3
B(B) ().8333 210 — 0.8341 8 x 104 o4 5/6
Na) 0.1257 7x 107 — 0.1253 3x 1074 — 1/8
N(b) 0.2920 3x 107 — 0.2911 —6 x 1074 2 7/24
Nic) 0.4581 —2x 107 N2 0.4581 —2x 107 3 11/24
Ntajb) 0.6257 7 x 10+ — 0.6253 3x 107 o4 5/8
Nic) 0.7920 Ixi10? — 0.7925 8 x 10 — 19/24
N(b) 0.9581 —2x 107 ol 0.958265 0.7 x 107" 1 23724
6H-AIN(ABCACB) Az 3rd 6H-AIN(ABCBCB) Az 3rd Ideal
Al(A) 0.0 0 — 0.0 0 — 0.0
Al(B) 0.1658 —9x 10+ | 0.1662 —5x10* 1 1/6
AlC) 0.3329 —4x 10 — 0.3338 5x 104 — 1/3
ANA)NB) 0.5 0 — 0.49995 —0.5 x 107 2 172
AlO) 0).6658 —9 % 107 2 0.6662 —5x 107 13 2/3
Al(B)y 0.8329 —4 % 107 — 0.8324 —9 % 107 O 5/6
N(a) (.1252 2x 10 — 0.12605 105 %10 ¢ — 1/8
N(b) 0.291643 —0.24 % 107 — 0.2929 12 x 107 2 7724
Nee 0.4587 4x 107 02 0.4598 15 % 107 3 11/24
N(u)(h) 0.6252 2 % (o~ — 0.6260 10 % 1074 <ad 5/8
N(¢e) 0.791643 —0.24 x 1074 — 0.7923 6 x 1077 19/24
Ntb) 0.9587 4 1o~ ! 0.959155 R.2 % 104 o1 23/24

internal parameters of 2H-BN, 2H-AIN, 6H-BN(ABCACB),
6H-BN(ABCBCB). 6H-AIN(ABCACB), and 6H-AIN-
(ABCBCB) are tabulated in Table V. The internal param-
cters are normalized as for lattice constant c. It is defined
that the atomic displacements (Au, Az) represent the
differences of the optimized and ideal internal parameters
in the 2H and 6H polytypes. Stability of SiC polytypes has
been discussed in the previous study.”?’ Third-neighbor
cation—anion atoms play a important role in the total energy
lowering and stabilities in the SiC polytypes.® The third-
neighbor cation—anion paivs of the 2H and two 6H structures
which are placed in the adjacent cation and anion atoms
parallel to the c-axis in the unit cell are also tabulated
by O (O1H-O10 G2 (O2)-02, O3-C3, and 04-04 in
Table V. The third-neighbor cation—anion pairs indicated by
Cl, G2, C3. and O4 in the 6H structures are shown in
Fig. 2. From Fig. 2, the third-neighbor cation—anion pair is
at the hexagonal character (/) of the cation—anion bilayer in
the unit cell. We do not consider other types of third-
neighbor atoms in this study. The third-neighbor cation—
anion pair treated in this study is the shortest of the possible

third-neighbor cation—anion pairs. In the 2H polytype, all
anion (cation) atoms have third-neighbor cation (anion)
atoms. The third-neighbor N atoms in the next upper unit
cell, which are denoted by (1.0) and (1.5), are on top of the B
(Al) atoms in the 2H polytype. There are no third-neighbor
cation—anion pairs in the 3C (= 3H) polytype. There are two
third-neighbor cation—anion pairs in 6H-BN(ABCACB) and
6H-AIN(ABCACB) and four in 6H-BN(ABCBCB) and 6H-
AIN(ABCBCB). There are two third-neighbor cation—anion
pairs in the 2H, 4H. and 5H polytypes. These numbers
(Nuira) are tabulated in Table I. It is found that a ratio of
Nuia/ p corresponds to hexagonality in each polytype. From
Table V, the anion (N) atoms in 2H-AIN are more closely
bonded to the third-neighbor cation (Al) atoms indicated
by (O1). In contrast, the anion (N) atoms in 2H-BN are
more distantly bonded to the third-neighbor cation (B)
atoms indicated by (C1) although the displacements of
anion atoms are approximately ten times smaller than those
of 2H-AIN. This indicates closer bonding of the first-
neighbor B-N pair which corresponds to the BN bilayer
although the contraction of the bond length is quite small.
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Table VI, The total encrgies with optimized internal parameters for BN,
SiC. and AIN polytypes. “Optimized™ means the structural optimization
using FPMD. AF is a total energy difference belween the polytypes with
the optimized and idcal atomic positions. BH indicates the LDA type.*”!
H indicates hexagonality.

Optimized AF H

BH i(CV] (meV) ()
2H-BN(AB) —710.54046 0.14 100
611-BN(ABCBCB) —710.57003 1.22 67
4H-BN(ABCB) --710.58435 1.22 50
SH-BN(ABCBC) —710.58917 1.38 40
6H-BN(ABCACB) —710.59556 1.17 33
3C-BN —710.61563 0.0 0
2H-SIC(AB) —535.94416 0.37 100
O6H-SIC(ABCBCRB) —535.95352 .44 67
JH-SIC(ABCB) —535.95853 0.45 50
SH-SIC(ABCBC) —535.95401 0.26 40
OH-SIC(ABCACRB) —~535.95822 0.28 33
3C-SiC --535.95452 0.0 0
2H-AIN(AB) —671.71654 14.2 100
O6H-AIN(ABCBCB) —671.68783 5.94 67
4H-AIN(ABCB) —~671.67513 351 S0
SH-AINCABCBC) —671.66655 229 40
OH-AIN(ABCACR) —671.66201 1.77 33
3C-AIN

~671.63794 0.0 0

This trend is invariant in the 6H structures. The anion atoms
and their third-neighbor cation atoms parallel to the c-axis
are more closely (distantly) bonded to each other in 6H-AIN
(6H-BN).

We have calculated the total energies of BN, SiC, and
AIN polytypes with ideal atomic positions using lattice
constants a and ¢ in Tables 11 to IV. The total energies with
the structural optimized atomic positions. which are tabu-
lated in Table V1. are lower than those with the ideal atomic
positions. The total energy differences between optimized
and ideal atomic positions in the SiC polytypes are small and
less than 1.0 meV, those in the BN polytypes are approx-
imately 1.0 meV with the exception of 2H-BN. and those in
the AIN polytypes are larger than 1.0meV. These values
which are also tabulated in Table VI are small because the
displacements of internal atoms are quite small. The toral
energy orders of the BN. SiC, and AIN polytypes with the
ideal atomic positions were found to be invariant in
comparison with those with the optimized atomic positions.
In the AIN polytypes. the third-neighbor cation—anion pair is
electrostatically attractive because of the larger ionicity. The
total energies with the optimized and ideal atomic positions
in the AIN polytypes decrease with increasing the ratio of
Nuia/p (= hexagonality). The total energy difference (AE)
of the AIN polytype increases with increasing hexagonality
in Table VL. Since the hexagonality of 6H-AIN(ABCBCB)
is larger than that of 6H-AIN(ABCACB), the total energy
of 6H-AIN(ABCBCB) is lower than that of 6H-AIN-
(ABCACB). The 3C structure has no third-neighbor cati-
on—anion pairs. Therefore. no third-neighbor Al-N bonds are
in 3C-AIN and its total energy is highest in the AIN
polytypes. On the other hand, 3C-BN is most stable due to
the strong first-neighbor B-N bonding. There is no advant-
age of bonding of the third-neighbor B-N atoms since the

K Kosavasul and S. KOMATSU
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Fig. 3. Hexagonal Brillouin zone and clectronic band  structures of
SH-BN(ABCBC) and 6H-BN(ABCACB). VBM-CBM of them are
I'-L. I'-M. respectively.
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Fig. 4. Electronic band structures of 5H-SiC(ABCBC) and 6H-SiC-
(ABCACB). VBM-CBM of them are T'-L. I'=U. respectively.

tonicity of BN is smaller than that of AIN and its covalency
is more significant. The bond length of the first-neighbor B-
N pair is smaller than those of the SiC and AIN polytypes.
This smaller bond length is energetically more favorable
in the covalent binding. ¢/p of the BN polylype, which
is related to the bond length, increases with increasing
hexagonality. Consequently, the total energy of the BN
polytype increases with increasing hexagonality.

4.3 Electronic band structures

All calculated phases are non-metallic with the exceplion
of £-SiC. The hexagonal Brillouin zone is shown in
Fig. 3(a). The electronic band structures of 5H-BN and
6H-BN(ABCACB) are shown in Figs. 3(b) and 3(c). those of
5H-SiC and 6H-SiC(ABCACB) are shown in Figs. 4(a) and
4(b). those of SH-AIN and 2H-AIN are shown in Figs. 5(a)
and 5(b). and those of 6H-AIN(ABCACB) and 6H-AIN-
(ABCBCB) are shown in Figs. 6(a) and 6(b). respectively.
The valence band maximum-—conduction band mintmum
(VBM-CBM) of 5H-BN and 6H-BN(ABCACB) are T'-L
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Fig. 5. Electronic band suwructures of SH-AIN(ABCBC) and 2H-AIN(AB).
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Iig. 6. Electronic band structures of 6H-AIN(ABCACB) and 6H-AIN-
(ABCBCB). VBM -CBM of them arc I"-M. T-L. respectively.

and I'-M. respectively. VBM-CBM of 5H-SiC and 6H-
SIC(ABCACB) are I'-L and I'-U. respectively. The U point
is one of the k-points on the M-L line. VBM-CBM of 5H-
AIN and 2H-AIN are I'-. and I'-1", respectively. The band
gap of 2H-AIN is direct. VBM-CBM of 6H-AIN(ABCACB)
and 6H-AIN(ABCBCB) are I'-M and T'-L. respectively.
The electronic band structures of SH- and 6H-AIN are less
dispersive than those of the BN and SiC polytypes. Since the
numbers of valence electrons in the polytypes are different
from each other. their electronic band structures broadly
resemble each other although dispersions of individual bands
differ slightly between them. Particularly from Figs. 3. 4,
and 6. the electronic band structures of 5H and 6H polytypes
resemble each other remarkably. In Fig. 6, differences of
dispersion, degeneracy and splitting in individual bands of
OH-AIN(ABCACB) and 6H-AIN(ABCBCB) are quite small
with the exception of a few cases as CBM. For this reason, it
is impossible to discuss the stabilities of 6H-AIN(ABCACB)
and 6H-AIN(ABCBCB) based on their clectronic band
structures.

Electronic properties (VBM, CBM) of BN, SiC. and AIN
polytypes are tabulated in Table VII. 3C-BN (3C-AIN), 2H-
AIN (2H-BN), 3C-AIN (4.498 A). and 3C-AIN (4.763 A) are
hypothetical cases in Table VII. The minimum band gap
(A1) and minimum direct band gap (A») are also tabulated in

Table VII. 1t should be noted that these values are under-
estimated in the DFT-LDA calculations. Totally, the band
gap values (A}, As) of BN are larger than those of SiC and
AIN. The band gap values of SiC are smaller than those
of BN and AIN. VBM of all polytypes are at the I" point.
This is a typical feature of p-states in sp*-bonded I11-V and
VI-VI compounds. CBM of most polytypes are close Lo
the M—L line. VBM and CBM of 3C (= 3H), 4H, SH. and
6H(ABCBCB) polytypes are invariant in BN, SiC, and
AIN. CBM of the 3C polytypes are at the X point which
corresponds to the M point>" in BZ of the 3H polytypes.
Most band gaps of BN, SiC, and AIN polytypes are indirect.
The band gaps of 2H-AIN and /i-AIN are direct. /-SiC is
semi-metal. The minimum (direct) band gaps (A;. As) of
2H-, 3C-, and h-BN agree well with the theoretical results. "
Although A, and A- values (BH) of 2H-, 3C-, 4H-. and
6H-SiIC(ABCACB) are smaller by approximately 0.2 to
0.3¢V compared to the theoretical results.>” their minimum
band gaps (A)) agree with theoretical results®'>*% (within
approximately 0.1¢V). The cnergy difference between BH
and Wigner is approximately 0.1eV in the SiC polytypes.
Although the band gap values of 3C- and 2H-AIN at the I’
point are smaller by approximately 0.4eV than theoretical
results.*” they agree with other theoretical results?* -+
(within approximately 0.1eV). Since the calculated bhand
gap values are underestimated and smaller by >leV than
those observed in experiments, disagreement of 0.4 eV with
theory is not significant. The A, values of 4H-AIN and
6H-AIN(ABCACB) agrce with the theoretical results.”” The
Ay values of the 3C-BN, 3C-SiC. and 3C-AIN polytypes
arc smallest in each polytype with the exception of hypo-
thetical cases. Regarding the BN phases, A; of /-BN is
smaller than that of 3C-BN. [n SiC polytypes. the largest A
value (BH) is 2.30eV for 6H-SiC(ABCBCB). The largest
Ay value in AIN polytypes is 4.31ceV for 2H-AIN with
the exception of hypothetical cases. The A; value of 6H-
BN(ABCBCB) is 5.6eV and is largest in the calculated
phases in this study. Although this value is inaccurate
and 6H-BN(ABCBCB) is energetically more unfavorable
than 6H-BN(ABCACB), a wide band gap (>6eV) may
be recalized actually. The A, value of 4H-BN is second
largest with 5.52eV. A difference between the largest and
smallest A values arc more than t eV in each phase. 6H-
BN(ABCBCB) is not synthesized and there are no exper-
imental and theoretical reports. There seems no correlation
between the A; value and hexagonality.

The band gaps of 4H-, 5H-, and 6H-AIN are indirect
although that of 2H-AIN is direct. As for SH-BN, 5H-SiC,
and SH-AIN, energy differences of the lowest unoccupied
conduction bands between the I" and L points are 3.67, 3.34,
and 0.67 eV, respectively. The value (0.67eV) of SH-AIN is
the smallest of the calculated SH polytypes. Although the
electronic band structures of 6H-AIN(ABCACB) and 6H-
AIN(ABCBCB) resemble each other, their CBM are differ
at the M and L points, respectively as shown in Table VIL
The energy difference of the lowest unoccupied conduction
bands between the I' and L points in 6H-AIN(ABCBCB)
is 0.23eV and is smaller than that of 6H-AIN(ABCACB)
(0.56eV between ' and M). Since this value (0.23eV) is
small, the direct band gap may be realized in polytypes with
a larger number of stacking sequences.
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Electronic propertics of BN, SiC. and AIN polytypes. BH indicates the LDA type*” A and A» indicate the minimum band gap and minimum

direct band gap (¢V), respectively. They are underestimated in the DFT-LDA calculation. Values of SiC polytypes in the parentheses were obtained
using the Wigner interpolation formula,* 3C-BN (3C-AIN) and 2H-AIN (2H-BN) indicale that equilibrium lattice constants ¢ and ¢ of 3C-AIN and 2H-
BN are used. respectively. 3C-AIN (4,498 A) and 3C-AIN (4.763 A} indicate the expansion of lattice constants « as 4.498 and 4.763 A (Equilibrium
lattice constant a = 4.380 A). respectively. Parentheses in the A> column indicate the k-point of the minimum direct band gap. ™ indicates that the
k-point of the minimum direct band gap does not coincide with high symmetry k-points. H indicates hexagonality.

A

BH (CVI)
6H-BN(ABCACB) Indirect 5.18
OH-BN(ABCBCB) Indirect 5.60
SH-BN(ABCBC) Indirect 4.93
4H-BN(ABCB) Indirect 5.32
3H-BN(ABC) Indirect 4.43
2H-BN(AB) Indirect 4.94
3C-BN Indircct 443
3C-BN (3C-AIN) Direct 275
h-BNH Indirect 4.00
6H-SIC(ABCACB) Tadirect 202(1.93)
O0H-SIC(ABCBCB) Indirect 2.30 (2.19)
SH-SIC(ABCBC) Indircet 1.74 (1.65)
+H-SiC(ABCB) Indirect 2.23(2.13)
3H-SIC(ABC) Indirect 1.34¢1.27)
2H-SIC(AB) Indirect 2,16 (2.10)
3C-SiC Indircct 1.34 (1.27)
f1-S1C Semi metal -
OH-AINC(ABCACB) Indirect 374
GH-AIN(ABCBCB) Indirect 4.060
SH-AIN(ABCBC) Indirect 3.62
JH-AIN(ABCB) Indirect 3.95
3H-AIN(ABC) Indireet 3.24
2H-AIN(AB) Direct 4.31
2H-AIN (2H-BN) Indirect 4.95
3C-AIN Indirect 3.24
3C-AIN (4498 A) Indirect 3.20
3C-AIN (4763 A) Direct 218
-AIN Direct 3.40

We shall discuss how to rcalize the direct band gap
in polytypes. It is important to secarch wide band gap

materials with the ultraviolet region (~6eV). Particularly,
the direct band gap is required because it is expected a
higher efficiency of lJuminescence than the indirect band gap.
In Table VII. 3C-BN (3C-AIN), ZH-AIN (2H-BN), 3C-AIN
(4.498 A). and 3C-AIN (4.763 /&) are the hypothetical cases
which we calculated in order to discuss the feature of the
band gap properties of BN and AIN polytypes because their
band gaps are wider than those of SiC. Lattice constant « of
3C-BN (3C-AIN) is used for that of 3C-AIN. This means
that the lattice of 3C-BN expands, and this expanded lattice
constaut corresponds to the negative pressure P = —76.3
GPa. The band gap ol 3C-BN using this expansion is direct.
In the same way. the band gap of 3C-AIN using expanded
lattice constant « could be direct. In equilibrium and
with cxpanded lattice constants (¢ = 4.380, P = 0GPa
and ¢ = 4.498 A, P = —14.] GPa), their band gaps are stll
indirect. In « = 4.763 A (P = —31.3GPa). the band gap ol
3C-AIN 1s direct. In contrast. the band gap of 2H-AIN (2H-
BN). whose lattice constants @ and ¢ are used for those
of 2H-BN. becomes indirect. This contraction of lattice
constants « and ¢ corresponds to the anisotropic positive

As . H
(V) VBMECBM (%)
7.26 (M) --M 33
7.89 (U) r-f 67
7.02 (L) -L 40
7.603 (M) r-m 50
6.94 (%) I-M 0
8.30 (%) K 100
8.83(I") r-x 0
275 r-r —
4.57 (My Near K-M —
312 (3.04) (M) - 33
3.55 (343 (M) I-L 67
2.86 (2.77) (1) r-r 40
3.36 (3.25) (M) r-mM 50
2.96 (2.88) (%) r-m 0
3.97 (3.82) (M) 'K 100
458 (4.47) (X) r-x 0
427 (M) I'-v 33
4.30 (1) I'-L 67
4.17 (L) "L 40
430 r-m 50
4.06 (M) r-m 0
4304 r-rr 100
7.09 (L) Near '-K —
4.29(IN) -x 0
357 () r-x —-
2,18 r-r -—
3.40(IM) r-1 —

pressures P, = 424.6 GPa and P- = 337.2 GPa, although
these values are quite large and unusual. The hybridization
of s and p-states in the conduction bands becomes weaker by
the lattice expansion and s- (p-)states in hybridized con-
duction bands shift lower (higher). Since the I' point is the
typical minimum of bands originated from s-states, the direct
band gap at -0 is realized. On the other hand., the s—p
hybridization becomes stronger by the lattice contraction
and the dispersions of s- and p-states in the conduction
bands are more complicated. The indirect (direct) band gap
changes into the direct (indirect) band gap by the expansion
(contraction) of the lattice constant in BN and AIN.
Therefore, using ternary compounds as ALXN to expand
the lattice constants could be useful to realize the direct band
gap. X is a chemical element whose atomic radius is larger
than that of Al or N.

On the other hand, VBM of all polytypes are at the I" point
and CBM of most polytypes are at around the M-L line. It
could be possible to realize the direct band gap at I'-I" or
A-A with folding energy bands at the I'-M or L-A line. For
example, we focus on the lowest unoccupied conduction
bands of 2H-AIN and 6H-AIN at the M-1.. A-T", and K-H
lines whose lengths correspond to 1/¢ (¢: lattice constant) in
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real space. The relative positions of the lowest unoccupied
conduction bands at the M. L. A. ", K, and H points vary
with folding cach k-line {from 2H to 6H as shown in Fig. 5(b)
and Figs. 6(a) and 6(b). In the same way, it is nccessary (0
expand the « and/or b lattices [for example: ¢ — 2a in real
space and 1 /¢ — 1/(2a) in reciprocal space| in order to fold
the encrgy bands at the '-M and/or L--A lincs. Impurity or
defect doping in polytypes is usetul to expand the periodicity
of « and b lattices on the a.b-planc. The direct band gap
may be realized due to the cnergy band foldings at the T-M
and/or L-A lines by impurity or defect doping.

5. Summary

We have calculated the clectronic and lattice propertics
of BN, SiC and AIN polytypes (2H. 3C, 3H, 4H. 5H, and
6H) using FPMD. Hexagonal sp~-bonded compounds such
as 1-BN.7 1-SiC. and #-AIN have been also calculated.
Their comparable lattice constants @ and ¢ agree well
between the experimental and theorctical results. As a result,
the order of the calculated total energies of BN, SiC,
and AIN polytypes are 3C < 6H(ABCACB) < 5H < 4H <
6H(ABCBCB) < 2H. 4H < 6H(ABCACB) < 3C < 5H <
6H(ABCBCB) < 2H, and 2H < 6H(ABCBCB) < 4H <
5H < 6H(ABCACB) < 3C, respectively. The total energies
of the BN and AIN polytypes ave related to hexagonality (H)
(= Nuira/p) and ¢/p. The total cnergy of the AIN polytype
decreases with increasing Muia/p (= H) due to the larger
ionicity. This leads to stabilizing the AIN polytypes with
larger hexagonality. In the BN polytypes, covalency is
dominant and the 3C structure is most stable. The BN
polytype becomes more stable with decreasing hexagonality.
In the SiC polytypes. it could not be determined clearly
whether or not the total energy is related to hexagonality in
this study. The 6H polytype has two crystal structures the
ABCACB and ABCBCB stacking sequences, which were
also investigated in this study. Their crystal symmetries and
hexagonalitics (%) are P6zmc and 33% tor ABCACB and
P3| and 67% for ABCBCB. respectively. In 6H-BN and
6H-8iC. the ABCACB stacking sequence is energetically
morc favorable than the ABCBCB stacking sequence. In
contrast, 6H-AINC(ABCBCB) s more tavorable than 6H-
AIN(ABCACB). Therctore, experimentally synthesized 6H-
AIN could have a P3m! crystal symmetry.

We have obtained the electronic band structures. the band
gap values, and VBM-CBM of the BN, SiC, and AIN
polytypes. The detailed electronic band structures of 4H-BN.
6H-BN. SH-SiC. 4H-AIN. SH-AIN. and 6H-AIN which were
not investigated previously in detail have been clarified in
this study. The electronic band structures ol BN, SiC, and
AIN polytypes are similar to each other. Most electronic
band structures of the BN, SiC, and AIN phases are non-
metallic and their band gaps are indirect although those of
2H-AIN and #-AIN are direct (I'-TI") and h-SiC is semi-
metal. VBM of all calculated polytypes are I'. CBM of most
polytypes are around the M—L line. The minimum band gaps
(Ay) of the 3C-BN, 3C-SiC. and 3C-AIN are smallest in
each polytype and those of 2H-AIN, 6H-BN(ABCBCB), and
6H-SiC(ABCBCB) are largest in cach polytype. The largest
minimum band gap (A) is 5.6eV tor 6H-BN(ABCBCB)
although the calculated band gap value is underestimated
in the DFT-LLDA calculation. Since the energy difference

between A and A, for 6H-AIN(ABCBCB) is smallest with
0.23eV in the calculated indirect band gap compounds.
the direct band gap may be realized in the larger stacked
polytypes. The indirect band gaps of 3C-BN and 3C-AIN
change into direct band gaps using hypothetical lattice
expansion. Our next task is to investigate lattice and
electronic properties of impurity (defect)-doped or ternary
polytypes in order to search direct band gap materials.
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