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First principles total energy calculations were carried out to investigate structural and electronic
properties of zinc blende-type AIN, BN and B, Al;_,N solid solutions. We have calculated the lattice
parameters, bulk modulus, pressure derivative, and B,Al;_,N band-gap energy for zinc blende-type
crystals of the compositions x = 0, 0.25, 0.5, 0.75, 1. The results show that the direct energy gap
I75 — I shows a strong nonlinear dependence on the concentration x. For high boron contents
(x > 0.71), these materials have a phase transition from direct-gap semiconductors to indirect-gap
semiconductors (I75 — X¢). This essential feature indicates that these materials should have very
good optical properties at high concentrations of boron compared to those of AIN. Further discus-
sions concern a comparison of our results with results obtained with other available theoretical and

experimental methods.

Key words: DFT, Wide-gap Semiconductors, FP-LAPW

Introduction

Semiconductors of binary nitrides such as AIN,
GaN, InN, or BN are of great interest and are widely
used for the fabrication of optical and electronic de-
vices. In the last decade many investigations were de-
voted to the study of structural and electronic prop-
erties of wide-gap semiconductors [1,2]. Regarding
ternary nitride semiconductors, different studies were
dedicated to the calculation of the structural and elec-
tronic properties of these materials [3 —12]. The elec-
tronic behavior such as the band-gap width can be
tuned by substitution. The purpose of this paper is to
illustrate such modifications by providing original ab
initio data on the structural and electronic properties of
zinc blende-type ByAl;_N solid solutions with differ-
ent compositions, x = 0, 0.25, 0.50, 0.75, and 1, and
compare them with zinc blende-type AIN and BN. The
calculations were carried out within the density func-
tional theory (DFT) [13, 14].

Method of Calculation

Self-consistent calculations of total energies and
the electronic structure based on the scalar relativistic
full-potential (FP) “linearized augmented plane wave”
(LAPW) method were carried out using the WIEN2K
code [15]. This is a very accurate and efficient scheme

to solve the Kohn-Sham equations of density func-
tional theory (DFT). While this method can use dif-
ferent schemes for the treatment of the effects of ex-
change and correlation, we here use, like in former
work [1, 2], the local density approximation (LDA) fol-
lowing the Perdew-Wang implementation [16]. Basis
functions, electron densities and potentials were ex-
panded inside the muffin-tin (MT) spheres in combi-
nation with spherical harmonic functions with a cut-
off Inax = 10, and in Fourier series in the interstitial
region. Within this method a parameter which deter-
mines the matrix size, Ryt Kmax, Was used with a value
of 7, where Ryt denotes the atomic sphere radius, and
K gives the magnitude of the K¢ vector in the plane
wave expansion.

For AIN we adopted the values of 1.75 and 1.6 Bohr
(1 Bohr = 0.529 A) for aluminum and nitrogen, re-
spectively, as the MT radii. In the case of BN we
used 1.32 and 1.45 Bohr for boron and nitrogen, re-
spectively.

For modelling the B,Al;_,N solid solutions, we
have chosen the MT radii values of 1.7, 1.5 and
1.4 Bohr for aluminum, nitrogen, and boron, respec-
tively. In the calculations, we have distinguished the
Al (1s225%2p%), N (15%) and B (1s%) inner-shell elec-
trons from the valence electrons of Al (3s23pl),
N (2522p3) and B (25*2p") shells. For the irreducible
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Table 1. Lattice constants a, bulk modulus B, and pressure
derivative of bulk modulus B’ for zinc blende-type AIN, BN
and B, Al _N solid solutions.

Composition This  Other Experi-
work theoretical mental
LDA studies data
AIN a, A 434 4.349%; 435> 4.38°
B,GPa 209  211.78%; 209"
B',GPa 338 3.90%;3.89
BoasAlp7sN  a, A 4.20
B,GPa 235
B,GPa 4.3
BosAlgsN  a, A 4.04
B,GPa 266
B',GPa 3.56
BosAlpasN  a, A 3.84
B,GPa 318
B',GPa 295
BN a, A 3.58  3.354%;3.6234;3.66° 3.615
B,GPa 404  401.7%; 3684; 353¢ 382; 400¢
B/,GPa 342 3.66% 3.324 3.0; 4.0¢

a Ref. [2]; © ref. [19]; © ref. [20]; 9 ref. [21]; © ref. [22];  ref. [23];
& ref. [24].

wedge of the Brillouin zone, a mesh of 10 spe-
cial k-points for the binary cases, and eight spe-
cial k-points were used for the supercell calcula-
tions.

Calculations and Results

Structural properties

First calculations were carried out to determine the
structural properties of zinc blende-type AIN and BN
and of B,Al;_,N solid solutions.

To model the B, Al; _,N zinc blende solid solutions,
we applied a 32-atom B, Alj4_,N¢ supercell, which
corresponds to 2 x 2 x 1 single cells. For the consid-
ered structures and at different boron concentrations x
(x =0, 0.25, 0.50, 0.75, 1), the structural properties
were obtained by a minimization of the total energy as
a function of the volume for AIN, BN and B,Al;, _,N
in the zinc blende structure. The bulk moduli and their
pressure derivatives were obtained by a non-linear fit
of the total energy versus volume according to the
Birch-Murnaghan equation of state [17]. In Table 1,
we summarize the calculated structural properties (lat-
tice parameters, bulk moduli and their pressure deriva-
tives) of AIN, BN and B,Al;_,N solid solutions to-
gether with available theoretical and experimental data
from the literature. The analysis of our computed quan-
tities shows a good agreement with published results
[2,19-24].

—a—LDA
Polynomial fit

4.4+

4.3
4.2
4.1+
4.0+
3.9+
3.8+

Lattice constant (A)

3.7
3.6 1

35 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Boron composition x

Fig. 1. The lattice parameter of ByAl;_,N as a function of
the boron composition.

Assuming that Vegard’s law is valid, the lattice pa-
rameters of the B,yAl; _,N solid solutions are generally
expressed as a linear relation of the boron concentra-
tion x [18], as given in Eq. 1:

a(x) = xagn + (1 —x)aaNn €))

Then we tested the validity of Vegard’s law for the
ternary B;Al; N compounds with a zinc blende struc-
ture with different boron concentrations, x = 0, 0.25,
0.5, 0.75 and 1. The results are plotted in Fig. 1. To
analyze the degree of deviation from Vegard’s law, the
lattice parameter of the B,Al;_,N solid solutions as a
function of the boron composition x can be approxi-
mated using the following formula (Eq. 2):

a(x) =xagn + (1 — x)aan —x(1 —x)b, (2)

where a(x) is the composition-dependent lattice pa-
rameter of the B,Al;_,N solutions, agn and aaN the
lattices parameters of BN and AIN, respectively, and b
the deviation parameter of the lattice parameter. With
the best fit of the results shown in Fig. 1 using Eq. 2, we
found the deviation parameter of the lattice parameter
b =—0.32. For AIN and BN, we found an underestima-
tion of the lattice parameters when we compare these
results to the available experimental data [20, 23]. This
can be interpreted by the use of the LDA in the calcu-
lations which is known to be overbinding. In Fig. 2 we
plot the results of the bulk moduli versus composition
for B,Al;_,N. Between the different values of the bulk
modulus of the pristine extreme binary nitrides, AIN
and BN, we observed a nonlinear increase with x of
the bulk modulus within the B,Al;_,N solid solution.
This could be due to the approximation made to sim-
ulate the ternary B,Al;_,N system within an ordered
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Fig. 2. Composition dependence of the calculated modulus
for the solid solutions.

supercell. Solid solution calculations assuming disor-
der can be better carried out using a coherent potential
approximation (CPA) [25].

Electronic structures

The calculations of the electronic band structures,
the magnitude of the band gap and the density of
states were carried out for AIN, BN and B,Al;_,N
zinc blende structures at the equilibrium-calculated lat-
tice parameters. The energies calculated using the FP-
LAPW method for zinc blende-type AIN and BN are
listed in Table 2 for the high-symmetry points I", X
and L in the Brillouin zone. The results are in agree-
ment with previous reports [19—26]. All energies are
with reference to the top of the valence band I'3. The

ZB AIN LDA

50 N
4 7/'

5 :
> 0.0 :
- - s \\
— ] N
._). 1T . / \\k_
g S0 1

100

50 g
L A I & XZWEK

Fig. 3. Electronic band structures of zinc blende-type AIN.

Table. 2. Zinc blende-type AIN and BN: Energies in eV at
high symmetry points in the Brillouin zone. All values refer
to the top of the valence band.

High symmetry points AIN BN
nY —14.9 —20.38
IisY 0.02 0.00
Li¢ 432 8.77
I3s¢ 12.47 10.81
XY —12.10 —14.56
X3V —5.00 —9.07
X5V —1.80 —5.06
X 3.19 434
X3¢ 8.47 9.26
Xs¢ 14.00 18.10
LY —12.79 —16.04
LY —6.02 —10.96
L3V —0.50 —2.00
L 7.39 10.50
L3¢ 9.87 10.68
L€ 11.04 15.27

ZB-BN LDA
15.0 — ——
10.0 3
] IS \.
50

= 0.0 Er
] n /
= 4
=0 0 d /Y ) A
D e I Ay /
= ! /
K B "‘, \ \\.» S
J / RN
. . / -
10,0+ ~_ |/
504 T AT
_ \ /..*
. ‘\ S/
. ., -
20.0 - . -

L A T A XZ WK

Fig. 4. Electronic band structures of zinc blende-type BN.

electronic structures of AIN and BN along the sym-
metry lines are shown in Figs. 3 and 4, respectively.
The results show that zinc blende-type AIN and BN
are indirect-gap semiconductors with the minimum of
the conduction band at the X{ point. The calculated
energy gaps of AIN and BN, E;*, 3.21 and 4.35 eV, re-
spectively, are in good agreement with the theoretical
values as listed in Table 3 [19-26].

Focusing on the electronic properties of the
B;Al;_N ternary system, we obtained direct band
gaps for the transition from the valence-band maxi-
mum (I} point) to the conduction band I}° points.
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Fig. 5. The band structure of zinc blende-type B,Al;_,N: a) x = 0.25, b) x = 0.5, ¢) x = 0.75. EF refers here to the top of the

valence band.

Table 3. Summary of the band gaps and total valence band
widths of compounds BN and AIN and zinc blende-type
B Al;_,N solid solutions (energies in eV).

Composition This  Other Experi-
work  theoretical mental
LDA  studies data
AIN Eo(Iis' — ¢ 437 4.32442°
Eo(Lis' — X% 321 3.21%;32° 5.34¢
Total valence 1492 14.92; 14.8°
bandwidth
Bo2sAlp7sN - Eg(Iis¥ —Ii€) 348
E;(IisY — X¢) 416
Total valence 18.30
bandwidth
By.5AlpsN Ey(Iis" — I;°) 3.63
Eg(I]5V i X]c) 4.35
Total valence 16.64
bandwidth
Bo.7sAlp.osN  Eg(Is¥ —I1¢)  4.04
Eg(I]5V i X]c) 4.69
Total valence 17.98
BN Ey(Iis" — Ii°) 8.78 8.79¢ 14.50¢
E(Iis' —Xi¢) 435 435 6.00°
Total valence 20.38  20.35¢ 22.00f

bandwidth
a Ref. [19]; © ref. [26]; © ref. [27]; 9 ref. [21]; © ref. [28]; f ref. [29].

The electronic band structure of zinc blende-type
B,Al;_,N is shown in Fig. 5. The total bowing pa-
rameter is calculated by fitting the nonlinear vari-
ation of the calculated direct and indirect band
gaps in terms of concentration with a polynomial
function.

The results are shown in Fig. 6 and obey the follow-
ing variations (Egs. 3,4):

—m— direct
—e— indirect

Gap energy (eV)

0 T T
0.0 0.2

T T
0.4 0.6 0.8 1.0

Composition x
Fig. 6. Composition dependence of the direct (7§ — I7%)
and indirect (I7§ — X{) band gaps in zinc blende-type
B.Al;_,N.

Direct gap
Er_.r =4.629 — 9.413x+ 13x° 3)
Indirect gap
Er_x =3.242+3.901x — 2.777x* 4)

The values of E, deviate from linear behavior. This de-
viation is characterized by the bowing parameter b. We
found b = 13.16 and —2.77 eV for the (I§ — I}°) and
(I75 — X{) transitions, respectively. Because the shift
between the lattice parameters of BN and AIN is larger
than 10 %, one must expect an important disorder in
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] AIN TOT
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1.0
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0.504

Al
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0.00-

Energy (eV)

the electronic and structural properties. Hence it is ad-
visable to work in constrained mode and not in pseu-
domorphic mode. Then, the bowing for the (I§ — I')
point transition is larger than for the (I7§ — X{) point
transition. The indirect to direct band gap transition
is predicted to occur at two points, namely x = 0.12
and x = 0.71. We found that the fluctuations of the en-
ergy gap are pronounced for the (I7§ — I°) transition,
while for the FIV5 — X§ point they are small. Also, the
band gap energy widths for the ByAl;_,N solid solu-
tions are larger than those of AIN and increase mono-
tonically.

Density of states (DOS)

An essential ingredient in determining the electronic
properties of solids is the energy distribution of the
valence- and conduction-band electrons.

Theoretical quantities such as the total electronic en-
ergy of a solid, the position of the Fermi level, and
the tunnelling probabilities of electrons call for de-
tailed calculations of the electronic density of state
(DOS). Calculations of the DOS require a very high
degree of precision with the use of a fine k-point mesh

b)
9- —— AINTOT

0.8 Fhr——r

0.2+

DOS (eV)

0.1+

ool

Energy (eV)

Fig. 7. Calculated density of states of AIN: a) total and partial density and b) angular momentum decomposition of the
atom-project densities of states. From top to bottom: Al 3s, 3p states, and N 2s, 2p states.

in the first Brillouin zone (BZ). In our calculations
we considered a k-mesh = 3000 for AIN and BN,
and a k-mesh = 100 for the Bg5Alp75N solid so-
lutions. For zinc blende-type AIN and BN the total
DOS presents three regions. Two valence regions, VB1
and VB2, below the top of the valence band Ep, and
one conduction band CB above Ep (Figs. 7a and 8a).
The lower VB2 valence-band region is dominated by
N 2s states and the upper VB1 valence band by N 23
and Al 3p' states for AIN, and by N 2p3, 2p! states for
BN. The Al 3s and B 2s states contribute to the lowest
valence bands. The first conduction band is predomi-
nantly of Al 35> and B 2s? character. For the purpose
of providing a qualitative explanation of these contri-
butions, Figs. 7b and 8b show the angular momentum
decomposition of the atom-projected DOS of AIN and
BN, used to analyze the orbital character of different
states.

It is also desirable to determine the type of hy-
bridization of the states responsible for the bonding.

The shape of the DOS (Figs. 7 and 8) showing sim-
ilar skylines is due of the chemical bonding between
Al and N involving Al 3s and 3p and N 2s and 2p or-
bitals, and between B and N involving B 25 and 2p with
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Fig. 8. Calculated density of states of BN: a) total and partial density and b) angular momentum decomposition of the atom-
project densities of states. From top to bottom: B 2s, 2p states, and N 2s, 2p states.
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Fig. 9. Calculated density of states B p5Aly75N: a) total and partial density and b) angular momentum decomposition of the
atom-project densities of states. From top to bottom: B 2s, 2p, Al 3s, 3p states, and N 2s, 2p states.
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N

o

Fig. 10. (Color online). Total valence charge densities in zinc
blende-type BN: a) along the (111) direction and b) in the
plane (110).

N 2s and 2p orbitals. This interaction is especially pro-
nounced between the N 2p and Al 3p orbitals which
are more directional. The total and partial density of
states of By 5Alg.75N shown in Fig. 9a is an essential
feature to study the nature of chemical bonding in these
materials: the first peak at the bottom of the valence
band originates from the contribution of N s states, fol-
lowed at higher energy (~ —16 eV) by B s states. The
reason for this is the difference in electronegativity be-
tween N and B. This leads to a charge transfer from
boron to nitrogen and explains the occurrence of the
first peak in Bg25Alp75N. This feature is further con-
firmed by the electronic charge density of By »5Alg 75N
(Fig. 12), where the contours around N exhibit a higher
charge than at the boron site.

Total valence charge densities

To visualize the nature of the bond character, and to
explain the charge transfer and the bonding properties
of AIN, BN and their solid solutions Bg »5Alp 75N and
By.5AlpsN, we calculated the total valence charge den-

o
=

N
1

AIN

Electron charge density (e/a.u.3)
N

0 T T T T T T 1
0.0 05 10 15 2.0 25 3.0 35
Al - N bond (a.u.)
b)

— C — ) ——C )

F NG\~

= N\, ENN\\%7

NN\ NN\

Fig. 11. (Color online). Total valence charge densities in
AIN: a) along the (111) direction and b) in the plane (110).

Fig. 12. (Color online). Total valence charge densities in zinc
blende-type B 25Alp75N in the plane (110).

sity. We show in Figs. 10— 12 the total valence charge
densities along the [111] direction and in the (110)
plane for each material. The calculated electronic
charge distribution indicates that there is a strong ionic
character of the AI-N and B—N bonds. The nitrogen
ions are larger than the aluminum (boron) ions in both
cases. The driving force behind the displacement of the
charge is the greater ability of N to attract electrons
due to the difference in the electronegativity of Al and
N and of B and N. Because of the large mixing of the
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wave functions for By »5Alp 75N and B 5Alg 5N, these
compounds have the same charge densities whose
characteristics are intermediate between those of AIN
and BN.

Conclusion

In this paper we report on a computational study of
structural and electronic properties of zinc blende-type
AIN and BN and of B,Al;_,N solid solutions. The cal-
culated lattice parameters, bulk moduli and band gaps
E of the binary compounds agree well with results of
other theoretical calculations. The calculated structural
and electronic properties of the B,Al;_,N solid solu-
tions for different boron compositions x show that E,

for (I''5 — I7°) has a strong nonlinear dependence on
the concentration x. For high concentrations of boron,
x > 0.71, these materials have a phase transition from
a direct-gap (I — I°) semiconductor to an indirect-
gap semiconductor at the (I'§ — X{) point, and this es-
sential feature indicates that these materials have very
good optical properties at high concentrations of boron
compared to those of AIN. According to our calcula-
tions materials with x = 0.5 and x = 1 have the same
energy Er_y = 4.35 eV so that the optical properties
can be expected to be the same. Also for Aly 5B 75N,
the bulk modulus B is large, and the lattice parameter a
is relatively small compared to that of AIN, which sup-
ports the use of these materials in thin layer electronic
devices.
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