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Abstract. Structural parameters, energy band gaps, electronic charge density, phonon modes and transport
properties of Alj_, B, N ternary alloys in the hypothetical zinc-blende structure are investigated using first-principles
total-energy calculations. The authors’ results show that by adding more B atoms into AIN, the material under focus
becomes less compressible, less ionic and its energy band gap still (I'-X) indirect for all alloy compositions x of
interest exhibiting a bowing parameter of 1.24 eV. The calculated phonon density of states indicates soft modes for
B contents in the interval 0.5 < x < 0.8 suggesting thus non-dynamical stability of the ground-state phase in this
composition range. The temperature dependence of structural and transport properties is examined and discussed.
The thermal conductivity of cubic BN at 300 K is recorded as 0.862 kW /m-K showing a very good accord with the

experimental values reported in the literature.
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1. Introduction

Wide band-gap binary nitride materials are of great
interest and are intensively used for the fabrication
of optical and electronic devices. This mainly origi-
nates from their tremendous optoelectronic and thermal
properties [1-12]. These materials adopt cubic zinc-
blende (ZB) as well as hexagonal wurtzite structures.
Alloying these materials makes it possible to tune the
band-gap energy accurately, which permits the con-
struction of novel materials with desirable fundamental
properties by adjusting the alloy composition. This is
because many physical properties of these alloys change
continuously between the values of the corresponding
parent compounds [13,14]. Consequently, by alloying
BN with AIN, we obtain Al;_,B,N ternary semicon-
ductor alloys. These alloys may offer many possibilities
for device engineering and can cover a wide range of
wavelength acting in the ultraviolet range [15-17]. A
possible merge of high resistivity and excellent chemi-
cal and thermal stabilities makes AIN and BN suitable
materials to be used as passivation layers for semicon-
ductor devices.
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Current activities in optoelectronic devices have led
to significant interest in studies of electronic, dynamical
and thermal properties of materials. Thermal expansion
is connected with thermal properties. It also influences
many other fundamental properties, such as the variation
of the energy band gap with temperature, internal elec-
tric field and device lifetime. Moreover, the knowledge
of the thermal expansion coefficient is especially impor-
tant for epitaxial growth [18-22]. Regarding ternary
nitride semiconductors, different studies were dedicated
to the calculation of the structural and electronic proper-
ties of these materials [8]. The present work deals with
various fundamental properties of Al;_,B,N ternary
alloys with emphasis on their dependences on composi-
tion and temperature. These include elastic, piezoelec-
tric, vibrational and transport properties. The objective
of this work is to show how these properties change
when varying the alloy composition x in the zinc-blende
Alj_ BN with different compositions, ranging from 0
to 1 and the temperature in the interval 0-600 K. The
calculations were carried out within the virtual crystal
approximation (VCA) using ab-initio pseudopotential
calculations in the generalised gradient approximation
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(GGA) based on density functional theory (DFT) and
density functional perturbation theory (DFPT) which
may impart considerable information related to the prop-
erties of these alloys. Wherever possible, our findings
are compared with the previous theoretical calculations
and experimental results. The rest of the manuscript is
arranged as follows. In §2 we report in brief the com-
putational details of our calculations. In §3 the results
regarding the structural, electronic, vibrational, thermo-
dynamic and thermoelectric properties of zinc-blende
Al;_,B,N alloys are analysed and compared with other
theoretical calculations and experimental findings. Con-
cluding remarks are summarised in §4.

2. Computational details

The calculations were performed using DFT [23,24]
within the plane-wave basis set and pseudopotentials
implemented in the abinit package [25]. Exchange cor-
relation of GGA is used to describe the interaction
energy of the electrons [26]. The interactions between
electrons and core ions are simulated with Troullier—
Martins norm-conserving pseudopotentials [27]. The
electron states considered in valence states are B-
2s22p!, Al-3s?3p! and N-2s?2p>. The energy cut-off
of the plane-wave expansions was chosen as 160 Ry.
The special points sampling integration over the Bril-
louin zone was employed with 6 x6x6 mesh using the
Monkhorst—Pack method [28]. The equilibrium struc-
tural parameters, namely lattice constants () and bulk
modulus (B), were derived from total energy against
the unit cell volume plot, then by fitting to the Birch—
Murnaghan equation of state [29]. The elastic constants
(Cij) were obtained using DFPT [30-33] from the
second derivatives of the total energy concerning the
strain perturbation [34]. The piezoelectric tensor com-
ponents ¢;; were consecutively calculated from the
second derivatives of the total energy concerning strain
and electric field. Phonon calculations have been exe-
cuted by using the DFPT within the linear response
approach [35-37]. The dynamical matrices have been
computed, then Fourier-transformed to real space and
hence force constants are established and employed to
determine phonon frequencies at different k& points of
the Brillouin zone [35-37]. The alloy is simulated for
the compositions x (0 < x < 1) by applying the VCA
[38]. The VCA is a docile way of studying configura-
tionally disordered systems. In the VCA approach, the
atoms A and B are replaced by a single kind of pseu-
doatom C, which linearly averaged the crystal potential
of those of A and B. The thermodynamic properties
of Alj_,BxN ternary alloys at various compositions
X, are obtained using the quasi-harmonic Debye model
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approach included in Gibbs code [39]. Seebeck coeffi-
cient and thermal conductivity are obtained using the
Boltztrap code [40]. The thermal transport properties
were computed using a dense mesh of 40x40x40 k-
points in the BZ. The transport parameters calculated
in the BoltzTraP code use constant relaxation time
approximation. Thus, the electronic part of the thermal
conductivity appears with relaxation time. To extract the
real values of these quantities, we need to evaluate car-
rier relaxation time. The carrier relaxation time can be
calculated by using the following expression as reported
in ref. [41]:

2\t
N (m*kBT> 3D?

where the direction-dependent elastic constants (Cj;) of
a cubic crystal can be defined as follows [41]:

= A, T2, (1)

Cii = Cy1in (100), ()
1 .

Cii = > (C11 4 C12 +2C44) in (110), 3)
1

Cii = 3 (C11 +2C12 +4C4qyq) in (111), 4)

(cii) the average value of C;; for three different direc-
tions of propagation.

D is the deformation potential defined as
D = aoaﬂ.

da

Here, Ej is the change of band energy with the change
of lattice parameters (a). Precise effective masses m*
tensor eigenvalues of the lowest conduction band struc-
ture at the X point, obtained from DFPT [42] for BN are
0.3015, 0.3015 and 0.9164 in units of electron mass and
thus the average effective massis 1/(1/ mgy) = 0.3883.
As for AIN effective mass tensor eigenvalues, they are
0.3272,0.3272 and 0.5281 and 1/(1/ m};\) = 0.3747.
Note that the average effective mass for BN and AIN is
almost the same. The effective mass of the Al{_,B,N
ternary alloys is assumed to follow Vegard’s law.

3. Results and discussion

The equilibrium structural parameters are determined
by fitting the curves that represent the variation in the
total energy vs. the volume for Al;_, BN ternary alloys
(0 < x <1) in the hypothetical zinc-blende structure to
the Birch-Murnaghan equation of state. The procedure
is similar to that used in refs [43—45]. Our results regard-
ing the equilibrium lattice parameter ag, bulk modulus
By and its first-pressure derivative By, for zinc-blende
Alj_,ByNat various alloy compositions x in the interval
0-1 are given in table 1. For comparison, we show also
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Table 1. Equilibrium lattice parameter a, bulk
modulus By and its pressure-derivative B for
Alj_BN (0 < x < 1) ternary alloys.

Material ap (A) By (GPa) B
AIN 4396 190.172 3.87%

4.37b-c

4.594

4.34¢
AlpoBo N 43622 194.00? 3.88%
AlpgBooN 4.3222 198.872 3.872
Alp7Bo 3N 42752 204.822 3.90?
Alp 6Bo 4N 42222 212.332 3.86%
Al 5sBosN 4,158 222.032 3.86%

4.144

4.04¢
Alp 4By gN 4.084? 234.96% 3.86%
Alp3Bo 7N 3.9962 253.732 3.828
Alp2Bo N 3.8912 279.222 3.77°
Al 1BooN 3.765% 316.022 3.70%
BN 3.6122 372.492 3.65%

3.61°

3.59¢

3.174

3.42¢
4This work.
PExp. [46].
“Exp. [47].

dTheor. [48].
®Theor. [49].

the data available in the present literature. We remark
from table 1 that our results regarding ag agree very
well with those of experiment [46] for both parent com-
pounds of the alloy system of interest. Moreover, they
are closer to the experiment [46] than the theoretical
results reported in ref. [48]. For x = 0.50, our result
agrees very well with that reported by Kumar ef al [48].
For other alloy concentrations x (0 < x < 1), ourresults
are predictions. As far as By and B, are concerned, our
findings are for reference. Note that By of AIN is much
smaller than that of BN. This indicates that BN is less
compressible than AIN.

Our obtained equilibrium lattice parameters a(x) and
bulk modulus B (x) for zinc-blende Al;_,B,N at var-
ious alloy compositions x in the interval 0—1 can be
fitted to a least-squares procedure giving the following
expressions:

a(x) =4.383 —0.138x — 0.617 x> (5)
B (x) = 198.856 — 75.874 x + 235.981 x°. (6)

The quadratic terms in eqs (5) and (6) are the bowings of
the lattice constant and the bulk modulus respectively.
The magnitude of the quadratic term in eq. (5) confirms
the non-linear behaviour of the lattice constant a as a
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Figure 1. Relative lattice parameter (a/ap) against tempera-
ture for Alj_,B,N ternary alloys.
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Figure 2. Relative bulk modulus (B/By) against tempera-
ture for Alj_,B,N ternary alloys.

function of x. The deviation of the structural parame-
ters from linearity (non-obedience to the Vegard’s Law)
in ternary semiconductor alloys is due principally to
the lattice mismatch between the lattice constants of
AIN and BN. However, one can notice that for other
alloys like Zn;_,Cd,S [50], Si;—,C,, Sij_,Ge, and
Si1—2,:CxGey [51] (0 < x < 1) the investigation has
been done based on first-principles calculations where
lattice parameters have taken a linear dependence with
the composition and follow the Vegard’s law.

Figure 1 shows the variation of the relative lattice
parameter (a/ag) with temperature for Alj_,B,N for
various concentrations of B from O to 1. We remark that
for a given alloy concentration x, a/apremains almost
constant up to the temperature 100-150 K (depending on
x) and augments rapidly thereafter. This indicates that
by increasing temperature up to 600 K, the lattice param-
eter increases as well, especially in the temperature
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Table 2. Elastic constants (C; j) and T73/2 relaxation time coefficients A, of Al;_,B,N (0 < x < 1) ternary alloys.

Material C11(GPa) C12 (GPa) Cy4 (GPa) Ay
AIN 279.95% 145.343 180.76% 7.03-10798
298P 165° 187°
294¢ 160°¢ 189¢
2984 1644 1874
304¢ 160° 193¢
3048 1528 1998
Alp.9Bo. 1N 289.86% 146.172 187.052 7.81-1078
AlggBpoN 301.992 147.232 197.05% 8.79-10~8
Alg7Bo 3N 317.65% 148.812 204.10% 1.00-10~7
Aly6BoaN 337.73% 149.80? 215.18% 1.10-10~7
Alg5Bg 5N 363.60% 151.602 230.35% 1.31-1077
555° 176.50° 320P
Aly4BosN 398.944 154.00? 249.942 1.22:1077
Aly 3By 7N 447.832 157.00% 276.73% 1.11-1077
Alg,BogN 517.76* 160.372 313.172 9.03-10~%
Alp.1BooN 622.60* 163.602 366.502 6.97-1077
BN 788.182 164.562 449.302 4.73-1078
812° 188" 471°
812¢ 190 480f

8201, 837¢ 1828 4932
2This work.
PTheor. Ref. [17].
¢Theor. Ref. [52].
dTheor. Ref. [57].
®Theor. Ref. [54].
fExpt. Ref. [55].
€Theor. Ref. [58].
1 21 Note that by raising the temperature to 100 K, B/By
+Er-|. | . _ . _
10] ——E.. vBW 1. remains almost constant (B/By = 1, i.e. B = By),
——E,, 3 then it decreases quickly by enhancing the temperature
° /.é'- 19 % beyond 100 K up to 600 K. The decrease of B/Bg by
s 8 _/ / 18 E enhancing the temperature in the interval 100-600 K
< 4] — L § means that the bulk modulus B decreases. The decrease
g . ./. F17 g of B by increasing the temperature in the range 100-
a ./ P % 600 K suggests that the stiffness of the material under
5 /./'/ - = focus becomes lower when the temperature is enhanced
sl T L1s beyond 100 K up to 600 K. This statement is true for all
#—a—a——\’A’A/‘\/ I alloy compositions with x ranging from 0 to 1. Never-
34 . . . . 14 .
0.0 02 04 06 08 1.0 theless, one should note that B becomes less important
B concentration when the temperature is increased. Therefore, we can

Figure 3. Direct (I'-I") and indirect (I"-X) and (I"-L) band-
gap energies along with the valence bandwidth against
composition x for Al;_B;N ternary alloys.

interval 150-600 K. This is true for all alloy compo-
sitions with x ranging from O to 1.

The evolution of the relative bulk modulus (B/By)
as a function of temperature in Alj_,B,N ternary sys-
tem for x ranging from O to 1 is plotted in figure 2.

conclude that one can combine x and the temperature to
obtain the desired bulk modulus of the material under
focus.

The elastic properties of semiconducting materials
are interesting quantities that are linked to several fun-
damental properties of these materials which include
inter-atomic potentials and phonon spectra, to name a
few [52-56]. For that, the elastic constants of Al;_,B,N
have been computed using GGA approach. Our findings
regarding the elastic constants of Alj_,B,N for differ-
ent B contents are collected in table 2. Data existing
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in the present literature are also presented for compari-
son. The accord between our results and those of the
literature is generally reasonable. Note that the Cj;s
obtained using the LDA approach [17] are closer to
the experiment [55] than those obtained using the GGA
approach (present work).

The knowledge of the electronic properties of semi-
conducting materials is a piece of important information
that can allow a precious synthesis of these materials
and the fabrication of devices based on them [59-64].
In this work, the electronic band structure of Al;_,B,N,
assuming zinc-blende structure has been computed for
x ranging from O to 1 using the GGA approach.

The variation of the conduction band edges at T,
X and L with respect to the top of the valence band
as a function of B content for the Al;_,B,N ternary
alloy system is shown in figure 3. Also shown in the
same figure is the evolution of the valence bandwidth
(VBW) as a function of x. Note that all direct and indi-
rect energy band gaps increase monotonically and in
a non-linear way with an increase in the concentration
of B in Alj_,BN. The same conclusion can be drawn
for the VBW vs. B content. The alloy system under
focus seems to be an indirect band-gap (I"-X) semicon-
ductor for all B concentrations in the interval 0—1. Our
results yielded values of 3.35 and 4.52 eV for I'-X of
AIN and BN, respectively. The (I'-X) band-gap bowing
parameter is found to be 1.24 eV, whereas that of (I"-I")
band gap is estimated to be 5.73 eV. These parame-
ters are induced by composition disorder. The trend in
the VBW is generally related to the ionicity character
of the crystal [65]. In general, as the VBW becomes
wider, the semiconductor material becomes less ionic.
In our case (figure 3), the VBW increases by enhancing
B in Alj_,B,N. This suggests that the crystal of interest
becomes less ionic when going from AIN to BN. This
is consistent with the Phillips ionicity scale [66] which
shows that the ionicity of BN (with an ionicity factor
of 0.221) is smaller than that of AIN (with an ionicity
factor of 0.449).

In their study of the elastic modulus, optical phonon
modes and polaron properties in Al;_ BN ternary
alloys, Bouarissa and Saib [17] have reported that the
Frohlich coupling parameter in Alj_,B,N becomes
almost constant in the alloy composition ranging from
0.5 to 0.8. In the present work, we have presented the
phonon density of states for Alj_ BN for x ranging
from O to 1 in figure 4. Our results show that in the alloy
composition range 0.5-0.8, some phonon frequencies
are negative indicating that the material system under
focus is dynamically unstable in the composition range
0.5-0.8 (0.5 < x <0.8).

A crystalline structure is stable if it fulfils two
conditions: its elastic constant, C;;, obeys the Born
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Figure 4. Phonon density of states (DOS) for Alj_,B,N
ternary alloys at different compositions x.
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Figure 5. Valence electron charge density of Al;_,B;N
ternary alloys at different compositions x.

criterion and all its phonon mode frequencies are pos-
itive (dynamical stability). The cubic crystal of the
zinc-blende system has three separate elastic constants:
C11, C12 and Cyg; the stability criteria follow the ensu-
ing formulas,

Ci1—Ci12>0;C11 +2Ci12>0 and Cy4 > 0.(7)

Single-crystal elastic constants are evaluated and shown
in table 2. Applying Born criteria to our results, it
appears that, it is out of all studied concentrations of
Al;_+B,N. Our system is mechanically stable. From the
phonon density of states, we conclude that Al;_ BN is
dynamically unstable in the composition range 0.5-0.8
(0.5 < x < 0.8). Thus, it is verified that our zinc-
blende structure of Al;_,B,N is stable when 0 < x <
0.5 and 0.8 < x < 1. To confirm other structures, a
similar study is needed.
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Figure 6. Seebeck coefficient against temperature for
Alj_xB;N ternary alloys.

The physics of the chemical bond is very important
in making a general distinction between ionic and cova-
lent bonding in semiconducting materials [66,67]. On
the other hand, the investigation of electron charge den-
sity in semiconductors may provide useful information
regarding the chemical bonding properties and intersti-
tial impurities in the materials under focus [68-71]. In
this work, the valence electron charge density is com-
puted for the material system in question. Our results for
zinc-blende Alj_,B,N ternary semiconductor alloys at
various concentrations x (0 < x < 1) are displayed
in figure 5. Note that for zinc-blende AIN (x =0), an
important electric charge quantity is lying between the
atomic sites and at the anion site. This indicates the
presence of mixed-covalent-ionic bonding. Neverthe-
less, the top of the electron charge distribution is located
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nearer to the anion site than to the cation site. This sug-
gests that the contribution to the formation of chemical
bonding comes essentially from the anion. When more B
atoms are added in AIN, the amount of charges becomes
more important and the maximum of the electron charge
density increases and shifts slightly towards the cation.
This reflects the change in the ionicity character of the
material system under focus.

The evolution of the Seebeck coefficient as a function
of temperature for Al;_,B,N when x varies in the inter-
val Oto 1is shown in figure 6. Note that by enhancing the
temperature from 0 to 1000 K, the Seebeck coefficient
increases or decreases (depending on the B concentra-
tion x) up to around 300 K, then it approaches a constant
value between 0.23 and 0.25 mV /K when the temper-
ature is beyond 300 K. For good efficiency, materials
with high Seebeck coefficient are required. The use of
these materials represents one among several important
factors for the efficient behaviour of thermoelectric gen-
erators and thermoelectric coolers. Physically speaking,
the Seebeck coefficient in both magnitude and sign
is in some sense the entropy per unit charge in the
material.

The T ~3/? relaxation time coefficients at various alloy
compositions x are given in table 2. Table 3 reports the
values of relaxation time at 300 K expressed in seconds
for the material under focus for x ranging from O to
1. The evolution of the thermal conductivity per relax-
ation time against temperature obtained from the use of
BoltzTrap code for Al;_, BN ternary alloys at various
B contents x in the interval 0-1 is depicted in figure 7.
For a given alloy composition x, the thermal conduc-
tivity per relaxation time remains almost constant when
the temperature is augmented up to 200 K. Beyond this
temperature and up to 1000 K, the thermal conductivity

Table 3. Lattice parameters a, bulk modulus B, carrier relaxation time 7, Seebeck coefficient S and thermal conductivity «,

at 300 K for Al;_,B,N (0 < x < 1).

Material a(A) B (GPa) T(s) (x10~11) S (mV/K) ke (kKW /m.K)
AIN 4419 181.227 1.35 0.22866 2.260
Bo.1AlgoN 4.385 184.7732 1.5 0.23823 2.270
Bo.2AlggN 4.345 189.3431 1.69 0.23620 2.010
Bo3Aly7N 4.299 194.8435 1.93 0.24340 2.160
Bo.4AlgsN 4.245 202.0762 2.12 0.23376 2.240
Bo.sAlysN 4.182 211.2523 2.52 0.22281 2.220
BosAlp4N 4.105 225.7227 2.35 0.23431 2.370
Bo7Alg 3N 4.020 241.6022 2.15 0.24087 1.990
BosAlg 2N 3.915 266.1487 1.79 0.24459 1.730
BooAlp N 3.788 301.5507 1.34 0.23649 1310
BN 3.636 354.043 0.91 0.23409 0.862
0.768 [72]

0.940 [73]
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Figure 8. Thermal conductivity against temperature for
Alj_B;N ternary alloys.

per relaxation time increases rapidly and in a non-linear
way showing an upward bowing. This is true for all alloy
compositions x.

The temperature dependence of the thermal conduc-
tivity in Al;_,B,N is illustrated in figure 8 for various
values of x (0 < x < 1). We remark that for a given x,
the thermal conductivity is highly increased with rising
temperature in the interval 0—1000 K. Qualitatively, the
behaviour of the thermal conductivity against temper-
ature is similar for all alloy compositions x. However,
from the quantitative point of view, the magnitude of
the thermal conductivity depends strongly on x. The heat
conductivity in Al;_, B, Nis essentially attributed to lat-
tice vibrations (phonons). The increase of the thermal
conductivity with increasing temperature means that
the heat transfer occurs at a higher rate when the tem-
perature is raised. Correspondingly, materials of high
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thermal conductivity can be widely used in heat sink
applications. The determined thermal conductivity for
Al;_+B,N at 300 K is presented in table 3. By refer-
ring to this table, one can note that the obtained thermal
conductivity of 0.862 kW /m-K for cubic BN is in very
good accord with the experimental values 0.768 and
0.940 kW/m-K reported in ref. [72]. Due to the lack of
data regarding the thermal conductivity of Al;_ BN
(0 < x < 1), to the authors’ best knowledge, the
present findings are predictions. However, one should
note that the values obtained for these materials in this
work exceed the overall thermal conductivity of metals.

4. Conclusions

The structural, elastic, electronic, optical, vibrational
and thermoelectric properties of Alj_,B,N ternary
alloys with emphasis on their dependence on compo-
sition and temperature were investigated. The computa-
tions were performed using first-principles total energy
calculations. A hypothetical zinc-blende structure was
assumed for all compositions x (0 < x < 1). The
authors’ results showed that by enhancing the B content,
the material system of interest becomes less compress-
ible. The variation of the energy band gaps against
composition x showed that the material under focus
remains an indirect (I"-X) band-gap semiconductor for
all x in the range O—1 and it exhibits a bowing parameter
of 1.24 eV. The evolution of VBW against x suggested
that the crystal ionicity of the material system in question
decreases when going fromx = 0 (AIN) tox = 1 (BN),
indicating that BN is less ionic than AIN which is consis-
tent with the Phillips ionicity scale. The phonon density
of states indicated soft modes in the composition range
0.5 < x < 0.8 which suggests non-dynamical stability
of the ground state phase in this range. The temperature
dependence of structural parameters and thermoelec-
tric properties such as carrier relaxation time, Seebeck
coefficient and thermal conductivity was analysed and
discussed. The thermal conductivity of cubic BN at 300
Kisrecorded as 0.862 kW /m-K. This accords well with
the experiments.
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