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Abstract. In this paper, structural, electronic, thermal and thermoelectric properties of Al0.75 B0.25 As under 0,
2, 4 and 6 GPa pressure have been investigated based on density functional theory. Values of band gaps under
4 and 6 GPa pressure have been increased. The values of group velocity have been increased with increment in
pressures from 0 GPa, too. The value of band gap at 0 GPa using the GGA(PBE) exchange-correlation potential
and the mBJ method are close to each other. It is due to the good muffin-tin radius selection for atoms of the
compound. Thermal properties have been investigated by calculating the heat capacity at constant volume (phonon
and electronic contributions) and Debye temperature. Heat capacity at constant volume has been reduced and
Debye temperature increased in comparison with AlAs. In Seebeck coefficient charge carriers are holes. Electrical
conductivity in most of temperatures and electronic thermal conductivity in all the temperatures show increment
with the increase in temperature and pressure.
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1. Introduction
Thermoelectric materials are good candidates for converting heat to electrical energy in power generators.
They have many applications in thermoelectric refrigerators, too [1]. For investigating the ability of thermoelectric materials, figure of merit is calculated. If it had
higher value, it would be a good thermoelectric material.
The formula of figure of merit is
ZT =

S2σ T
,
κel + κph

where S is the Seebeck coefficient, σ is the electrical
conductivity, T is temperature and κel and κph are electronic and phonon thermal conductivities. Therefore,
good thermoelectric materials have high power factor
(S 2 σ ) and low thermal conductivity.
Recently, boron compounds and their semiconductors have attracted much attention of researchers due to
their electronic and optoelectronic applications. These
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compounds, due to their proportional physical properties such as wide band gaps, high resistivity and high
thermal conductivity [2–5] as well as low ionicities [6–
8] can have many applications in industries.
Effect of different concentrations of B on structural and electronic properties of ternary compounds
Bx Ga1−x As and Bx In1−x As has been investigated by
virtual crystal approximation (VCA) with the LDA
approach [3]. Boubendira et al [9] were the first to
do the first computational work on Al1−x Bx As. They
calculated lattice constants and band gaps of this compound for different values of x. They also plotted band
structures for AlAs and Al0.25 B0.75 As and they have
calculated Debye temperature of Al0.75 B0.25 As by the
computational code, GIBBS [10]. Recently, Moussa et
al [11] calculated structural, electronic, optical and thermodynamic properties of Al1−x Bx As. They confirmed
zinc-blende structure is the most stable structure for
Al1−x Bx As. They investigated thermodynamic properties of Al0.75 B0.25 As, AlAs and BAs after elastic
calculations. But up to now, studies on thermoelectric
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properties of Al0.75 B0.25 As at 0 GPa and higher pressures are very limited. By considering that, according to
the previous calculations [9,11] adding boron to AlAs
leads to the reduction in band gaps, and it is predicted
that thermoelectric properties of this compound will
improve. Also, investigation on electronic and thermoelectric properties of Al0.75 B0.25 As at high pressures can
be attractive.
In this paper, first, structural properties of Al0.75 B0.25
As at 0, 2, 4 and 6 GPa have been calculated by considering the fact that AlAs at 7 GPa has a phase transition
[12]. Boubendira et al calculated Debye temperature for
Al0.75 B0.25 As up to 8 GPa. Also, band structures and
total density of states under these pressures have been
investigated. Next, values of thermal properties such
as heat capacity at constant volume (phonon contribution) and Debye temperature at these pressures by code
GIBBS2 [13,14] have been calculated. Thermoelectric
properties such as Seebeck coefficient, electrical conductivity, electronic thermal conductivity and electronic
contribution of heat capacity at constant volume under
pressures 0, 2, 4 and 6 GPa have been investigated.

2. Computational details
Structural and electronic calculation have been done
using Wien2k [15] code and full potential linear augmented plane waves (FP-LAPW). GGA(PBE) [16] as
an exchange-correlation potential has been used. E cut =
−6 Ryd, RMT × K Max = 7 and k-point 100 have been
considered. Radius of muffin-tin spheres for all atoms
are equal to 1.8 a.u. For thermal property calculations,
Debye–Gruneisen method of code GIBBS2 has been
implemented by using energy–volume data of Wien2k
code. Thermoelectric properties have been calculated by
the accessorial code BoltzTrap [17].
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Figure 1. Plot of E–V for Al0.75 B0.25 As which is fitted by
Murnaghan EoS.

the present work, our results are in good agreement
with other theoretical works. The obtained values for
Al0.75 B0.25 As has a logical relation with AlAs. As can
be seen, lattice constant of Al0.75 B0.25 As is less than
that of AlAs because atomic radius of Al is bigger
than that of B. Bulk modulus of AlAs is lower than
that of Al0.75 B0.25 As because covalent radius of B is
small compared to Al, leading to more covalent and
stronger bindings and more resistance against pressure.
But because of low concentration of B in Al0.75 B0.25 As,
the difference of bulk modulus of that with AlAs is low.
Of course, the value of derivative bulk modulus obtained
in the present work is higher than the value obtained
in other theoretical work for Al0.75 B0.25 As. It may be
because select muffin-tin radius is larger for Al and B
and equal for all the atoms of the compound leading to
larger band gaps which are closer to real values of the
band gaps that will be discussed in the next section.
It is noticeable that according to our calculations,
by increasing pressure, lattice constant of the supercell
decreases. It confirms correction of our calculations.

3. Results and discussions
3.2 Electronic properties
3.1 Structural properties
Structure of the selected supercell in our calculations
is zinc-blende structure consisting of eight basic atoms
that one B atom replaced with an Al atom in basic atoms
of 1 × 1 × 1 supercell of AlAs.
In figure 1, the plot of energy vs. volume for
Al0.75 B0.25 As which is fitted by Murnaghan EoS [18]
is shown. The obtained structural properties of this diagram under 0, 2, 4 and 6 GPa pressure are listed in table 1.
Because of the lack of experimental results for
Al0.75 B0.25 As, comparing its structural properties with
experimental results is impossible. But at 0 GPa, in

In figures 2a–2d, the diagrams of band structures for
Al0.75 B0.25 As under 0, 2, 4 and 6 GPa pressure are
shown. As it is clear, the diagram of the band structure
is the diagram of εn (k)−k that in different directions
of Brillouin zone has been plotted and give us important information about that compound that is metal or
half-metal or semiconductor or insulator and give us
information about group velocity and effective mass of
band structures, too. This information is important in
thermoelectric properties.
According to our calculations Al0.75 B0.25 As is a semiconductor. The band gaps of this compound in all the
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Figure 2. The plots of band structures for Al0.75 B0.25 As under pressures at (a) 0 GPa, (b) 2 GPa, (c) 4 GPa and (d) 6 GPa.

pressures are direct (–) that at 0 GPa has an agreement with the TB-mBJ work of Moussa et al. According
to our GGA(PBE) calculations, the value of band gap
at 0 GPa is 1.132 eV which is closer to the value from
the mBJ works of Boubendira et al [9] and Moussa et
al [11] and it is much better than the GGA(PBE) work
of Moussa et al [11]. Noticeable feature in our work is

the kind of selection of muffin-tin radius. This subject
is explained as follows:

a) By considering muffin tin spheres bigger than usual
in our calculations, Coulomb interaction increases.
Therefore, value of band gap too increases.
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b) Muffin tin spheres divide the crystal into two
parts: (i) inside the spheres (atoms) and (ii) the
space among atoms. The wave functions inside the
atoms are spherical waves while outside the wave
functions, they are plane waves. In GGA(PBE)
potential, gradient of density plays an important
role. As the number of electrons is constant, by
increasing muffin tin radius, density of electrons
decreases (ρ = ψ ∗ ψ). Because change in ρ for
bigger muffin tin radius is higher, ∇ρ increases. By
considering that in TB-mBJ method vxc has inverse
relation with ρ and has a direct relation with ∇ρ
[19], increasing band gap in our calculations with
GGA(PBE) method is expected.
c) Although GGA(PBE) method for calculating band
gap is not very accurate, this is enough for our
purpose of calculating band gap under pressure.
Also, our band structure at 0 GPa is much similar to the
band structure in TB-mBJ work of Moussa et al [11]. By
increasing pressure to 2 GPa no significant change happened in the value of band gap and the value is 1.132 eV
for 4 and 6 GPa. But slope of the bands in band structure increases. This means that the group velocity of the
band structure too increases. By increasing pressure to
4 and 6 GPa, the slope of the bands in the band structure
increases more, leading to the increase in group velocity. At 4 GPa, the band gap increases a little and reaches
1.142 eV. By increasing pressure to 6 GPa, there has
been a jump in the value of band gap to 1.170 eV. The
reason for this increment by increasing pressure is that
by decreasing volume, Coulomb interaction among particles which have the same charge, increases. Changes
in values of band gap in III–V semiconductors have no
specified rule. Increase in band gap with increasing pressure in direct band gap in one compound and reduction
of band gap with increasing pressure in indirect gap in
the same compound can be seen in [20].
In fact, the hydrostatic pressure acts like perturbation
and breaking cubic symmetry. In general, decrease or
increase in band gap will be specified according to three
principles: (i) The pressure coefficient of the energy gap
increases with increasing nearest neighbour distance
in common-cation system, (ii) in general, the pressure
coefficient of the energy gap decreases with increasing
ionicity and (iii) the energy gap increases with decreasing nearest neighbour distance and increasing ionicity
[21]. Because in this compound nearest neighbour distance decreases with increasing pressure and because
we have one B atom among three Al atoms and four
As atoms in the supercell structure and difference of
electronegativity among B with Al and As atoms are
high, ionicity increases dramatically. So, band gap will
be larger.
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Figure 3. The diagrams of total density of states for
Al0.75 B0.25 As at 0 GPa, 2 GPa, 4 GPa and 6 GPa.

The band gap of Al0.75 B0.25 As is smaller than that of
AlAs, because atomic mass of B is smaller than that of Al
which decreases Coulomb interaction. Lighter atoms in
binding lead to weaker Coulomb interaction and smaller
band gap [22].
In table 2 comparison of the values of band gaps for
Al0.75 B0.25 As in the present work at 0, 2, 4 and 6 GPa
with other theoretical works at 0 GPa for Al0.75 B0.25 As
and experimental work at 0 GPa for AlAs is listed.
Because of lack of experimental work for Al0.75 B0.25 As,
comparing our work with experimental values, is impossible.
In figure 3, the diagrams of total density of states for
Al0.75 B0.25 As are shown. The band gaps for all pressures
can be seen. Nearly, in all the energies in the valence
band, peaks move to more negative energies by increasing pressure, while in the conduction band, peaks move
to more positive energies. This behaviour is due to the
absence of equilibrium state and increase in energy of
the system as a result of decreasing volume. Of course, in
some energies by increasing pressure, some changes on
place, intensity and size of the peaks have been occurred.
Sharp peaks are due to a lot of degeneracy in band
structure and denser band structure in those energies.
Highest peak at 0 GPa occurred near −3 eV.
3.3 Thermal properties
In figure 4a the diagrams of heat capacity at constant
volume (phonon contribution) under 0, 2, 4 and 6 GPa
pressure for Al0.75 B0.25 As are shown. The diagrams at
low temperatures show T 3 behaviour, while at high temperatures the diagrams tend to Dulong–Petit limit [24]
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Table 1. Structural properties for Al0.75 B0.25 As at 0, 2, 4 and 6 GPa and their comparison with other works for Al0.75 B0.25 As
and AlAs.

Present work (GPa)
Theoretical work (GPa)
Experimental work for AlAs
Theoretical work for AlAs
Present work (2 GPa)
Present work (4 GPa)
Present work (6 GPa)

a (Å)

B (GPa)

B

5.568
5.568 [11]
5.661 [12]
5.682 [11]
5.523
5.485
5.454

76.32
78.73 [11]
74 [12]
71.33 [11]
–
–
–

7.512
4.640 [11]
5 [12]
4.227 [11]
–
–
–

Table 2. The values of band gaps at 0, 2, 4 and 6 GPa obtained from our calculations and their comparison with other theoretical
works for Al0.75 B0.25 As at 0 GPa and experimental work for AlAs at 0 GPa.
Present work Al0.75 B0.25 As
(GGA(PBE))

Band gap
(eV)

Other theoretical works
Al0.75 B0.25 As (0 GPa)

0 GPa

2 GPa

4 GPa

6 GPa

GGA(PBE)

1.132

1.132

1.142

1.170

0.760 [11]

and reach the saturation limit. The value of phonon contribution of heat capacity at constant volume at 0 GPa
and 300 K is 43.253 J/mol K and electronic contribution of heat capacity at constant volume at 300 K is
0.294 J/mol K (according to our calculations in the next
section). Therefore, total heat capacity at constant volume is 43.547 J/mol K while, the experimental value of
that at 300 K for AlAs is 45.8 [25], indicating a decrease
in heat capacity because by replacing B with Al in AlAs
supercell, the molar mass decreases and difference of
electronegativity which plays an important role at high
temperatures [26] also reduces. Another noticeable feature in the figure is that by increasing pressure, heat
capacity decreases. This is due to the reduction in volume of the unit cell by increasing pressure and reducing
distance among atoms and increase in Coulomb interaction and therefore limitation of phonon frequencies of
atoms.
In figure 4b, the diagrams of Debye temperature vs.
temperature for Al0.75 B0.25 As under 0, 2, 4 and 6 GPa
pressure are shown. As can be seen, Debye temperature
decreases by increasing temperature. It is due to phonon
oscillations which cause an increase in phonon scattering leading to a decrease in sound velocity which has a
direct relation with Debye temperature.
By increasing pressure, Debye temperature increases.
It is due to increase in Coulomb interaction because of
the decrease in volume leading to limited phonon oscillations and decrease in phonon scattering and increase
in sound velocity. Also, the obtained value of Debye
temperature at 300 K for AlAs according to Adachi [27]

mBJ
1.376 [11]
1.221 [9]

Exp. for AlAs
(0 GPa)
–
3.01 [23]

is 446 K, while in our calculations the obtained value
for Al0.75 B0.25 As at 300 K is 514.66 K. This is because
atomic radius of B is smaller than that of Al leading to
an increase in sound velocity which results in increase
in Debye temperature. The value obtained in our calculations for Al0.75 B0.25 As at 0 K at 0 GPa is 520 K which
is closer to the obtained value by Boubendira et al [9]
(nearly 510 K), confirming the validity of our calculations.
3.4 Thermoelectric properties
In figure 5a, the diagrams of Seebeck coefficient vs.
temperature under 0, 2, 4 and 6 GPa pressure for
Al0.75 B0.25 As are shown. Seebeck coefficient increases
by increasing temperature and positive sign of Seebeck
coefficient indicates that charge carriers are holes.
In general, because of increasing temperature, more
electrons travel through the solid body and arrive at
the end of the solid body. So, they create more electrical field against temperature gradient, leading to an
increase in the Seebeck coefficient. Therefore, it is logical that by increasing temperature, Seebeck coefficient
increases (in most temperatures). At high temperatures,
Seebeck coefficient tends to saturation limit. By considering temperature, more electrons from the valence band
are excited to the conduction band, and it is logical that
by increasing the temperature, Seebeck coefficient tends
to saturation limit. Also, by increasing pressure from 0
to 2 GPa, Seebeck coefficient in most of temperatures
decreases. This is due to increment of slope of bands in
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Figure 4. The diagrams of thermal properties of Al0.75 B0.25 As vs. temperature at 0 GPa, 2 GPa, 4 GPa and 6 GPa. (a) Heat
capacity at constant volume (phonon contribution) and (b) Debye temperature.

the band structure, resulting in a decrease in effective
mass. For this reason, at 4 GPa Seebeck coefficient in
most temperatures are lower than that in 2 GPa. But at
6 GPa in comparison with 4 GPa, we have an increase
in Seebeck coefficient in most of the temperatures due
to the increase in band gap from 1.142 eV to 1.170 eV
but in the range of 2–4 GPa, as the increase in band gap
is low due to the increase in slope of the band structure,
Seebeck coefficient reduces.
In figure 5b, the diagrams of electrical conductivity
divided by relaxation time vs. temperature under 0, 2,
4 and 6 GPa pressure for Al0.75 B0.25 As are shown. As
can be seen, by increasing the temperature, electrical
conductivity increases because increasing temperature
leads to increase in the number of excited electrons and
increase in the number and the velocity of conduction
electrons. So, electrons travel through the solid body
faster and therefore, electrical conductivity increases.
By increasing pressure, because of the decrease in volume of the solid body, electrons travel through the solid
body faster and electrical conductivity in most of the
temperature increases. Also, by considering the value
of band gap, the values of electrical conductivity are
generally good. This is due to high group velocity and
a lot of degeneracy at  direction in the band structure.
These reasons lead to increase in electrical conductivity
[28].
Figure 5c shows the plots of electronic thermal conductivity divided by relaxation time vs. temperature
under 0, 2, 4 and 6 GPa pressure for Al0.75 B0.25 As. As
can be seen, electronic thermal conductivity, by increasing temperature, increases linearly. This behaviour is

consistent with Wiedmann–Franz law. Also, by increasing pressure, electronic thermal conductivity increases.
This is due to decrease in volume so that electrons can
travel through the solid body faster.
In figure 5d, the diagrams of power factor vs. temperature under 0, 2, 4 and 6 GPa pressure for Al0.75 B0.25 As
are shown. The diagrams at all temperatures except very
high temperatures show the behaviour similar to Seebeck coefficient. But at very high temperatures, power
factor at 6 GPa is the highest which is due to the effect
of electrical conductivity. The values of power factors
are in the range of 1011 .
In figure 5e, the diagrams of electronic contribution of
heat capacity at constant volume vs. temperature under
0, 2, 4 and 6 GPa pressure for Al0.75 B0.25 As are shown.
By increasing temperature, kinetic energy of electrons
increases leading to increasing electronic contribution
of heat capacity at constant volume. But by increasing
pressure, heat capacity at constant volume (electronic
contribution) reduces. This is due to the decrease in volume and increase in Coulomb interaction of electrons
and limited electron oscillations.
4. Conclusion
In this paper, structural, electronic, thermal and thermoelectric properties of Al0.75 B0.25 As under 0, 2, 4 and
6 GPa pressure have been investigated. By increasing
pressure, the values of band gaps increased and at 6 GPa,
it reached 1.170 eV. The value of band gap at 0 GPa using
GGA(PBE) potential is very near to the value using the
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Figure 5. Thermoelectric properties of Al0.75 B0.25 As. (a) Seebeck coefficient, (b) electrical conductivity divided by relaxation
time, (c) electronic thermal conductivity divided by relaxation time, (d) power factor and (e) electronic contribution of heat
capacity at constant volume vs. temperature under 0, 2, 4 and 6 GPa pressure for Al0.75 B0.25 As.
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mBJ method used by other researchers. This is due to
the good selection of muffin-tin radius of atoms. Insertion of B0.25 in AlAs leads to a decrease in band gap
compared to AlAs but the alloy remaines a semiconductor. In the plot of total DOS, sharp peaks specially near
−3 eV is due to a lot of degeneracy and dense bands in
this zone. In thermal properties, phonon contribution of
heat capacity at constant volume by increasing temperature has T 3 behaviour at low temperatures, while at high
temperatures it tends to Dulong–Petit limit. Debye temperature decreases by increasing the temperature and
increases by increasing pressure. In thermoelectric properties, Seebeck coefficient in most of the temperature
increases by increasing temperature. Increase in temperature leads to increase in electrical conductivity (in most
of the temperatures) and increase in electronic thermal
conductivity and electronic contribution of heat capacity at constant volume in all the temperatures. Increasing
pressure leads to higher values of Seebeck coefficient at
6 GPa than at 4 GPa. It is due to the increase in band gap.
While in other pressures, Seebeck coefficient decreases
in most of temperatures by increasing pressure. This is
due to the reduction in effective mass in the band structure. Also, the values of power factors are in the range
of 1011 .
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