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Structural, thermodynamic and electronic properties of zinc-blende AlN under pressure are investigated by first-

principles calculations based on the plane-wave basis set. Through the analysis of enthalpy variation of AlN in the

zinc-blende (ZB) and the rock-salt (RS) structures with pressure, we find the phase transition of AlN from ZB to

RS structure occurs at 6.7GPa. By using the quasi-harmonic Debye model, we obtain the heat capacity CV , Debye

temperature ΘD, Grüneisen parameter γ and thermal expansion coefficient α. The electronic properties including

fundamental energy gaps and hydrostatic deformation potentials are investigated and the dependence of energy gaps

on pressure is analysed.
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1. Introduction

Group-III nitride semiconductors have attracted

much attention in recent years because of their great

potential technological applications in optoelectron-

ics areas.[1,2] Especially, aluminium nitride AlN is re-

garded as a promising wide bandgap semiconductor

ranging from the ultraviolet (UV) to the visible light

regions of the spectrum, and so it can become one

of the best materials for constructing devices in the

violet region.[3] In addition, AlN has a high melt-

ing point, a high thermal conductivity, and a large

bulk modulus.[4,5] Owing to the reactivity of AlN, a

high-purity source material and an oxygen-free envi-

ronment are required to grow AlN crystals of good

quality.

In an ambient condition, AlN is generally re-

ported to be non-polymorphous and it crystallizes in

the wurtzite (WZ) structure with space group P63mc

(C4
6v).[6] It has a mixture of covalent and ionic tetra-

hedral bondings. However, AlN can also grow in the

zinc blende (ZB) cubic structure with space group

F 4̄3m (T 5
d )[7,8] and NaCl-like rocksalt (RS) structure

with space group Fm3̄m (O5
h).[9,10] The phase tran-

sitions of AlN under pressure especially from WZ

structure to RS structure have been reported both

theoretically and experimentally.[9,11,12] However, for

the phase transition of AlN from the ZB structure

to the RS structure, there are two opposite view-

points. Serrano et al [13] and Goumri-Said et al [14]

reported that the phase transition could occur, but

Siegel et al [15] came to a completely different conclu-

sion that there appeared neither WZ–ZB nor RS–ZB

phase transition. Moreover, although several theo-

retical studies[12,16−18] have been carried out on the

ZB structure AlN, the basic physical properties such

as structural, thermodynamic and electronic structure

properties are little known, especially for the ZB AlN

under pressure.

The aim of this work is to give a comparative and

complementary investigation on structural, thermody-

namic and electronic properties of the ZB AlN under

pressure by using the plane-wave pseudopotential den-

sity functional theory method and the Cambridge Se-

rial Total Energy Package (CASTEP) program.[19,20]

After a brief description of calculation details, we give

a calculation of the ground state properties for both

ZB AlN and RS AlN. Subsequently, a detailed inves-

tigation of various properties for AlN in ZB structure

is conducted.
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2. Theoretical framework

2.1. Total energy electronic structure

calculations

In the electronic structure calculations, the ultra-

soft pseudopotentials introduced by Vanderbilt[21] are

employed for all the ion–electron interaction together

with the local density approximation (LDA) proposed

by Vosko et al [22] as an exchange-correlation func-

tion. A plane-wave basis set with an energy cut-off

of 500 eV is applied. Pseudo-atomic calculations are

performed for Al 3s23p1 and N 2s22p3. For the Bril-

louin zone sampling, in the calculation of ground state

properties, we use a 6×6×6 Monkhorst–Pack mesh,

however, in the band structure calculation we use a

12×12×12 Monkhorst–Pack mesh. The self-consistent

convergence of the total energy is 10−6 eV/atom. All

these total-energy electronic structure calculations are

implemented by using the CASTEP code.[19,20]

2.2. Thermodynamic properties

The quasi-harmonic Debye model is adapted for

the investigation of thermodynamic properties, in

which the non-equilibrium Gibbs function G∗ (V ; P ,

T ) can be written in the form of

G∗(V ; P, T ) = E(V ) + PV + AVib(Θ(V ); T ), (1)

where E(V ) is the total energy per unit cell for AlN,

PV corresponds to the constant hydrostatic pressure

condition, Θ(V ) is the Debye temperature, and Avib

is the vibrational Helmholtz free energy that can be

written as[23,24]

AVib(Θ ; T ) =nkT

[

9

8

Θ

T
+ 3 ln(1 − e−Θ/T )

− D(Θ/T )

]

(2)

with D(Θ/T ) representing the Debye integral, n de-

noting the number of atoms per formula unit. For an

isotropic solid, Θ is expressed as

Θ =
~

k

[

6π2V 1/2n
]1/3

f (σ)

√

BS

M
, (3)

where M is the molecular mass, BS is the adiabatic

bulk modulus, which is approximated by the static

compressibility as[25]

BS
∼= B (V ) = V

{

d2E (V )

dV 2

}

. (4)

The Poisson σ is taken as 0.25. Therefore, the non-

equilibrium Gibbs function G∗ (V ; P , T ) as a function

of (V ; P , T ) can be minimized with respect to volume

V
(

∂G∗(V ; P, T )

∂V

)

P,T

= 0. (5)

By solving Eq.(5), one can obtain the thermal equa-

tion of state, V (P , T ). The heat capacity CV and

the thermal expansion coefficient α are given by[26]

BT (P, T ) = V (

(

∂2G∗(V ; P, T )

∂V 2

)

P,T

, (6)

CV = 3nk

[

4D(Θ/T )−
3Θ/T

eΘ/T − 1

]

, (7)

α =
γCV

BT V
, (8)

where γ is the Grüneisen parameter, which is defined

as

γ = −
d lnΘ(V )

d lnV
. (9)

Applying these methods described above, we have suc-

cessfully investigated the thermodynamic properties

of Li2O,[27] BN[28] and AlB2.
[29]

3. Results and discussion

3.1. Structure and phase transition of

AlN

For both the ZB structure and the RS structure

of AlN, a series of values of lattice constant a is set

to obtain the total energy E and the corresponding

primitive cell volume V , and then the obtained E−V

data are fitted to the Birch–Murnaghan equation of

state.[30] The obtained values of equilibrium lattice

constant a, zero-pressure bulk modulus B0 and its

pressure derivative B′
0 are summarized in Table 1.

Moreover, the elastic constants of the ZB AlN at zero

pressure are also listed there. All these results are con-

sistent with other calculated results[12−18,31−36,37] and

the available experimental data,[9,11,38] which implies

the validity of the present calculation.
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Table 1. Structural and elastic constants of the ZB structure AlN at P = 0 and T = 0.

present work other calculations experiments

ZB structure

a/nm 0.431 0.431–0.4376a 4.379b 0.437c

B0/GPa 212.8 211–216a 224b –

B′
0 3.735 3.2–3.86a 4.242b –

C11/GPa 301 304d 313e 313.24f –

C12/GPa 160 152d 160e 156.47f –

C44/GPa 202 199d 192e 202f –

RS structure

a/nm 0.3982 0.4229b 0.3978g 0.406h 0.4045i

B0/GPa 280.7 297.6b 272g 295j

B′
0 3.914 3.05b 3.8g 3.5j

a Refs.[12,16–18,31–36]; bRef.[14]; cRef.[38]; d Ref.[17]; e Ref.[32]; fRef.[37]; gRef.[13]; hRef.[15]; iRef.[11]; jRef.[9].

On the basis of these results, it should be in-

teresting to study the structural properties of AlN

under pressure. A theoretical estimate of the zero-

temperature transition pressure between the ZB AlN

and the RS AlN can be obtained from the usual condi-

tion of equal enthalpies, i.e. the pressure P , at which

the values of enthalpy H = E + PV of both phases

are the same. Figure 1 shows the enthalpy variations

of AlN in the ZB and the RS structures with pres-

sure. It is found that the phase transition of AlN

from the ZB structure to the RS structure occurs at

6.7GPa, well consistent with the value 7.1GPa calcu-

lated by Serrano et al from ab initio method,[13] but

a little larger than 5 GPa given by Goumri-Said et

al,[14] who performed their calculation by molecular

dynamics simulation based on the Tersoff empirical

interatomic potential.

Fig.1. Plots for enthalpy versus pressure for ZB AlN and

RS AlN.

3.2. Thermodynamic properties of the

ZB AlN

The quasi-harmonic Debye model empowers us

to obtain heat capacity CV , Debye temperature ΘD,

Grüneisen parameter γ and thermal expansion coeffi-

cient α successfully. In Fig.2, we plot the dependence

of heat capacity CV on temperature at zero pressure

together with the experimental data. A comparison

between the calculated values and the experimental

data available[4,39] reveals their excellent agreement

for the entire temperature range. It can be found

that when the temperature is below 600K, the heat

capacity CV is strongly dependent on temperature,

which is due to the anharmonic approximation used

in the calculation. However, at higher temperatures,

the anharmonic effect on CV is suppressed. At zero

Fig.2. Comparison between the calculated heat capacity

and the available measurements for ZB AlN.
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pressure and ambient temperature, the heat capac-

ity in the present work is 31.55 J/(mol·K) which

is close to 29.95 J/(mol·K) given by Edgar[4] and

30.71 J/(mol·K) by Srinivas et al.[39] As tempera-

ture increases, the heat capacity approaches to the

Dulong–Petit result (≈49.90 J/(mol·K)), which is fol-

lowed by all solid circles at high temperatures.

Moreover, the variations of Debye tempera-

ture ΘD, Grüneisen parameter γ and thermal ex-

pansion coefficient α with temperature at 0 and

6.7GPa are illustrated in Figs.3(a)–3(c), respec-

tively. At a constant pressure, both the Grüneisen

parameter γ and the thermal expansion coefficient α

Fig.3. The temperature dependences of (a) Debye tempera-

ture ΘD, (b) Grüneisen parameter γ, and (c) thermal expan-

sion coefficient α of ZB AlN at pressures of 0 and 6.7GPa.

increase with temperature increasing, however, the

Debye temperature ΘD decreases with the increase of

temperature. For a constant temperature, the values

of Grüneisen parameter γ and thermal expansion co-

efficient α at 6.7GPa are higher than those at 0 GPa,

while Debye temperature ΘD at 6.7GPa is lower than

at 0GPa. This can be understood from the fact that

the effect of temperature on materials is contrary to

that of pressure.

We can also obtain the Debye temperature of the

ZB AlN form the elastic constants by using the fol-

lowing empirical relation:[14]

θD = −11.3964+0.3475C11−1.6150×10−5C2
11. (10)

The calculated Debye temperature of the ZB AlN is

888.3 K, which is a little smaller than 908.6K obtained

from the quasi-harmonic Debye model. A comparison

between 908.6K obtained from the quasi-harmonic

Debye model and 911.6K given by Goumri–Said et

al,[14] implies that the quasi-harmonic Debye model is

superior to the empirical relation. In addition, using

the following empirical relation:[40]

Tm = 553K + (591/1011Pa)C11 ± 300K, (11)

we can also obtain the melting temperature of the

ZB AlN. The melting temperature of the ZB AlN

is 2332±300K, which is smaller than 2800K of the

WZ AlN.[41] Because the elastic constant C11 increases

with applied pressure, it may be reasonable to assume

that the melting temperature of the ZB AlN will in-

crease with pressure increasing.

3.3. Electronic properties of the ZB AlN

under pressure

Band dispersions along high symmetry lines of the

ZB AlN at zero pressure and transition pressures are

given in Fig.4, where the top of the valence band is

taken as zero energy. At normal pressure, it can be

seen that the valence band maximum is at the Gamma

(G) point and the conduction appears at X point.

Therefore, the ZB AlN has an indirect band energy

gap of 3.30 eV, which is smaller than 6.2 eV for its

WZ structure[42] and 4.65 eV for RS structure.[12] The

band gaps of Gv −Gx and Gv −Lc together with the

full valence band width (FVBW) and antisymmetric

gap (Easy) are also obtained. Those results are all

listed in Table 2 together with other calculations. It

can be seen that our results at zero pressure accord

with them very well.
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Fig.4. Band structures at pressures of 0 (solid) and

6.7GPa (dashed) for ZB AlN.

Table 2. Calculated bandgaps (eV), antisymmetric

gap (Easy) and FVBW of the ZB AlN.

energy gaps present work other calculations

Gv − Gc 4.63 4.58a 4.52b 4.3c 4.75d

Gv − Xc 3.30 3.40a 3.36b 3.1c 3.2e

Gv − Lc 7.66 7.69a 7.65b 7.383f

FVBW 15.06 14.92f 15.1g

Easy 7.05 7.07f 7.6g

aRef.[12]; bRef.[43]; cRef.[44]; dRef.[36]; eRef.[31]; fRef.[37];

gRef.[45].

The applying of pressure can affect the electronic

band structure of AlN. All the relative positions of

the valence bands are shifted downwards while the

conduction band is shifted downwards, however, the

first conduction band at the X point is almost con-

stant under the applied pressure, which indicates that

the material of interest remains an indirect band gap

(Gv → Xc) semiconductor at the pressure studied. In

addition, the full valence width increases from 15.06

to 15.24 eV as pressure increases from 0 to 6.7GPa.

Generally, as pressure increases, the lattice constant

decreases, and so the valence band width increases.

This trend can be ascribed to a reduction of hybridiza-

tion with the increase of separation between atomic

constituents. And it should be noted as well that

the antisymmetric gap is affected by pressure, thereby

leading to a slight reduction of this gap, from 7.05 to

7.00 eV.

In order to perform a further study of the effect of

pressure on the electronic structure of the ZB AlN, the

band energies at selected symmetry points are exam-

ined as a function of pressure, of which the results are

shown in Fig.5(a). It is noted that the direct gap and

the indirect gap Gv−Gc, Gv−Lc and Gv−Xc increase

almost linearly as pressure increases. Moreover, the

change in energy band gap is often presented against

the ratio ∆a/a0 where ∆a = aP−a0, aP and a0 are the

lattice constants at pressure P and at zero pressure,

respectively. The dependences of direct and indirect

band gaps, namely Gv −Gx, Gv −Xc and Gv −Lc, on

∆a/a0 are plotted in Fig.5(b). The solid lines repre-

sent the results of least-square fitting to the data, ob-

tained by using the quadratic fitting. It can be found

that the behaviour of the energy band gaps against

∆a/aT is non-linear which is qualitatively similar to

those of other III–V semiconductor compounds.[12]

Fig.5. (a) Direct and indirect bandgap energies versus

pressure of ZB AlN, and (b) calculated dependences of

the direct and indirect bandgaps of ZB AlN on lattice

constant.

The deformation potentials, which are important

parameters for describing electronic effects originat-

ing from strains, are obtained by using the following
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expression:

αg = V
dEg

dV
. (12)

The application of hydrostatic pressure empow-

ers us to directly estimate the hydrostatic deformation

potential for the bandgap of ZB AlN. Such a calcu-

lation is required for an interface calculation between

compressed and expanded regions of the crystal to

determine their band lineup; therefore, they depend

on crystal orientation. To our knowledge, no experi-

mental data for the hydrostatic deformation potential

are presently available for AlN in ZB structure, so in

Table 3. Calculations of deformation potential con-

stant αg (in eV) for ZB AlN.

αg/eV present work other calculations

Gv − Gc –9.268 –9.0a –9.26b –9.26c

Gv − Xc –0.468 –0.37a –0.42b –0.436c

Gv − Lc –9.232 –9.4a –9.04b –9.35c

a Ref.[12]; bRef.[46]; cRef.[37].

the present work, the deformation potentials for the

energy gaps at the points of high symmetry are calcu-

lated and listed in Table 3, together with other the-

oretical calculations for comparison. It can be found

that our results consist with them very well.

4. Conclusion

We have performed a detailed investigation on

structural, thermodynamic and electronic properties

of the ZB AlN under pressure. The ZB–RS phase

transition is found to occur at a pressure of 6.7GPa.

By using the quasi-harmonic Debye model, we have

also obtained heat capacity CV , Debye temperature

ΘD, Grüneisen parameter γ and thermal expansion

coefficient α. Within the LDA approximation, an indi-

rect gap of 3.30 eV induced by the transition from Gv

to Xc is calculated, which together with hydrostatic

deformation potential constants provides an excellent

description of the stress effects on band structures of

AlN.
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