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Abstract  

This work describes a theoretical study of the pressure effect in structural, elastic, 

piezoelectric and dielectric properties as well as electromechanical coupling factors of 

wurtzite AlN, obtained by ab-initio calculations using pseudo-potential plane waves (PP-PW) 

that combine the density functional theory (DFT) and density functional perturbation theory 

(DFPT). The results of the calculation indicate that the parameters of AlN crystal cells and the 

volume of AlN crystallin crystal cells decrease notably with increasing pressures from 0 to 40 

GPa. Due to an increase in the value of the direct piezoelectric constant ( 𝑒33and a decrease in 

the value of the elastic constant (𝐶33), there is a significant improvement in the value of the 

converse piezoelectric constant (𝑑33). The improvement in the piezoelectric value leads to a 

higher value in electromechanical coupling coefficient. Our results agree well with previous 

theoretical and experimental research. We hope that our results will provide guidelines for the 

realistic application as well as further research of high-performance compounds appropriate 

for applications in a multitude of fields of study, such as biomedical engineering. 
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1. Introduction 

 Aluminum nitride (AlN) is one of the most important semiconductors used in various fields 

of applications such as optical electronic devices, cell phones, and optical detectors [1-3]. 

Given some important properties that this compound possesses, such as dielectric, mechanical, 

thermal conductivity and corrosion resistance. Owing to its 6.0 eV (207 nm wavelength) large 

bandgap at ambient temperature, AlN can be used piezoelectric and ceramic with a wide 

variety of technical applications, such as ultrasound transducer [4,5]. The piezoelectric 

constants of AlN, however, are smaller than other widely used piezoelectric materials. For eg, 

piezoelectric strain modulus 𝑑33 for  AlN is reported to be 5.5 pC /N, while 𝑑33 for  ZnO can 

be at least twice as large [6], and PZT can be larger than 100 pC / N [7]. Under normal 

temperature and pressure conditions, AlN compound crystallizes according to the hexagonal 

structure B4 (wurtzite), whose group space symmetry is of type P63mc or cubic structure 

(zinc blende) whose group space symmetry is of type F-43m (216 ) [8]. The change in 

structure under the influence of pressure causes an increase in internal energy which induces 

displacements of anions and cations, changes in chemical bonds, thus a change in the 

structure of energy bands. So studying the microscopic mechanism of phase transition is an 

essential ingredient. Despite this, there is some experimental work that has tried to explain 

some phase transition mechanisms [9-11]. The increase in pressure leads to an increase in the 

piezoelectric properties, which leads to an improvement in the electromechanical coupling 

factors. There is a crucial need to study materials and to know their physical properties, which 

include structural, elastic, piezoelectric and dielectric properties, in order to describe devices 

with extreme precision. A better understanding of structural properties provides a basic 

background for the production of engineering materials for advanced structures. The elastic 

and mechanical properties of solids reflect their reactions to the intervention of certain 

external factors. In the simplest case, such factors are mechanical actions: compression, 

traction, bending, shock, torsion. In addition to mechanical interventions, they can be thermal, 

magnetic, etc. Piezoelectric materials have many power applications. These materials have 

been used for many years, in applications such as ultrasonic generation or actuation. Recently, 

other applications have appeared, in particular with the piezoelectric transformer and micro-

energy sources. The transformer has found a commercial outlet in cold cathode lamp supplies 

for backlighting. Piezoelectric micro-sources, whose energy comes from ambient vibration, 



seem to have a bright future in applications such as the self-powering of abandoned sensor 

networks. In the present paper, we focus on the theoretical investigation of the piezoelectric 

and dielectric properties and electromechanical coupling factors of the wurtzite AlN 

compound at high pressure. The findings on structural, elastic, piezoelectric dielectric 

properties and electromechanical coupling factors under high pressure are described. The 

calculation have been reported after geometry optimization, as programmed in the open 

source software package ABINIT [12-14] within the framework of the DFT [15] and DFPT 

theories [16,17]. There are some previous computational studies in the influence of pressure 

on elastic properties [18–22]. Nevertheless, far as we know, there are no reports regarding the 

effect of pressure on piezoelectric, dielectric, and, electromechanical coupling parameters. 

The rest of the paper is arranged on the basis of this. A brief overview of the methodology 

used and calculation description are given in Section 2. Section 3 presents and discusses the 

findings for structural, elastic, piezoelectric, dielectric and electromechanical coupling 

coefficients at high pressures. In section 4, the findings are outlined. 

2. Theoretical methodology:  

First principles calculations within the framework of density functional perturbation theory 

(DFPT) have been shown to be the most reliable for obtaining elastic, piezoelectric and 

dielectric properties. This is the reason why we decided to use this method. The exchange and 

correlation potential is assessed using the local density approximation (LDA) based on the 

data of Ceperley and Alder [23] and generalized gradient approximation (GGA) using the 

scheme of the Perdew–Burke–Ernzerhof [24]. The calculations were conducted with the 

ABINIT code. The choice of this code was motivated by its open and recent development in 

the field of piezoelectric and dielectric properties. This code uses the pseudopotential 

approximation and plane waves as the basis for the development of Kohn-Sham orbitals. The 

pseudopotential used is nonlocal, norm conserving pseudopotentials (Pseudodojo) generated 

by Van Setten, M. J., et al. [25]. The potentials and the wave functions are represented in a 

plane wave base with a cut-off energy of 60 Ha. Integration into the Brillouin zone is 

performed in an 8x8x8 k-point mesh [26]. The elastic tensor with relaxed atoms results from 

the combination of the second derivative for electric field and strain; 

𝐶ij = 1𝛺0 𝜕2𝐸𝜕𝜂𝑖𝜕𝜂𝑗                        (1) 



where 𝛺0  is the cell volume,  𝜂𝑖  and 𝜂𝑗 the components of second-rank pure strain tensor. 

While the piezoelectric tensor with relaxed atoms takes into account the second derivatives 

for the internal stress, interatomic force constants, and effective Born charges. The proper 

piezoelectric constant can be obtained as: 

𝑒αj = 𝜕2𝐸𝜕𝛼𝜕𝜀𝑗 +eαj 1𝛺0 𝑍mα(𝐾−1)mn𝛬nj  (2) 

Where, Z is the Born effective charges,𝜀  strain tensor. In addition, the dielectric tensor is 

described as: 

𝜖αj = 1 + 4𝛱 𝜕𝑃𝛼𝜕𝐸𝑗                             (3) 

Where p is the polarization induce by strain. All Those formulations are implemented in 

specific first-principles simulation packages ABINIT [12-14]. As well as the diagram below 

shows the full details for our calculation. 

 

3. Results and discussion  

3.1. Structural properties  

The determination of structural properties in the physics of materials plays an important role, 

as it allows to gather information on the microscopic structure of materials and will therefore 

have a relatively significant effect on the prediction of other properties. The properties of the 

ground state of our materials are obtained using a relativistic scalar calculation based on the 

plane wave pseudo-potential (PW-PP) method, by treating the exchange and correlation 

energy by the LDA and GGA approximations, this choice is motivated by a concern for 

enriching the existing database; which will subsequently allow a comparative study of the 

performance of each of the approximations. In the frame 0-40 GPa, the optimum geometries 

of AlN unit cells have been calculated at constant values of applied pressure difference, where 

a full optimization for lattice parameter is carried out at each pressure. The result of 

optimization lattice constants a and c, the ratio c / a, the internal parameter u at zero-pressure 

of AlN wurtzite are indicated in Table1 with both LDA and GGA.  Both the atomic positions 

and the lattice constants have been optimized in presence of hydrostatic pressure as and getting 

the pressures as function of volume to calculate the bulk modulus B and the pressure 

derivative of the bulk modulus B’. In addition, the empirical and previous theoretical results 

presented in the literature are also cited for comparison. In view of Table 1, we can notice that 



the value of a, c and u have been underestimated in light of the LDA with regard to the 

experiment [27], and vice versa, when we use the GGA, where it appears to be overestimated. 

In view of Table 1, lattice constants (a and c) and internal parameters obtained from LDA 

calculations are underestimated with regard to the experiment [27]. The study findings are 

satisfied with the actual results of the DFT-LDA and DFT-GGA methods [28,29]. In terms of 

theoretical calculations relative to those reported in [28] using all-electron full potential 

linearized augmented plane wave approaches, our LDA results in good consistency with the 

experiment [30]. For pressures varying between 0 and 40 GPa, our LDA values for a and c are 

compared to those of [31] and are shown to be lower. All parameters a, c, c/a and u are seen in 

Fig1. It should, however, be noted that the reported findings of our GGA agree well with 

those of [32]. Our LDA results are closer to the experiment for the bulk modulus at P=0, and 

were found to be smaller by using the GGA approach rather than the LDA one. our values for c 

/ a and u compared with the ideal structure (c / a = 8/3 and u = 3/8) [33], described in table 1 for both 

LDA and GGA approaches. In the current work, the computed u is in strong alignment with the 

experimental one described in [27]. Figure 1 indicates the pressure dependency of the ratio (c 

/ a) and u for AlN, respectively. Notice that the c / a ratio decreases as well for the compound 

of interest as pressure increases, whereas u increases. 

3.2. Elastic and related mechanical properties 

In the study of stability, elasticity is a very important factor, since it must be considered in the 

study of mechanical forces, it is a question of determining the elastic constants 𝐶𝑖𝑗  which 

connect the stress to the strain and extract the mechanical and physical properties of these 

materials. The elastic constant results derived by the Abinit code shown in Table 2.It is 

acknowledged that wurtzite AlN has five distinct elastic constants, 𝐶11,𝐶12, 𝐶13, 𝐶33, 𝐶44.The 

elastic constants 𝐶12, 𝐶13 and, 𝐶44 are linked to the form of elasticity. The elastic constants of 

the compound in question was determined in the current work for different compositions of 

pressure varying from 0 to 40 GPa within both the LDA and GGA. In Table 2, our results are 

summarized and plotted in Fig 2. For comparison, the experimental findings and previous 

theoretical results reported in the literature are also shown. Our GGA for the elastic constants 

determined for w-AlN are in good accordance with the measured and determined data 

available from Ref [32]. and our LDA was found to be lower than [31] for pressure ranging 

from 0 to 40 GPa. The influence of hydrostatic pressure enables us to consider the mechanical 

stability and phase transition mechanisms of interatomic interactions. The 𝐶𝑖𝑗elastic constants 

follow the conditions of mechanical stability for w-AlN [34] in the 0-40 GPa pressure range, 



i.e.𝐶44> 0 , 𝐶11 > 𝐶12 ∨, 𝐶33(𝐶11 + 𝐶12) > 𝐶132  where, 𝐶𝑥𝑥 = 𝐶𝑥𝑥 − 𝑃(𝑥 = 1,2,3), 𝐶𝑥𝑦 = 𝐶𝑥𝑦 + 𝑃, 

It shows that w-AlN for both LDA and GGA is stable in the hydrostatic pressure range 

described above. Certain physical quantities are strongly linked with the derived elastic 

constants, such as bulk modulus (B), shear modulus(G), etc.. If all the different elastic 

constants 𝐶11,𝐶12, 𝐶13, 𝐶33, 𝐶44 and 𝐶66 = 1 2⁄ (𝐶11 − 𝐶12)) are extracted, it is possible to obtain 

the polycrystalline modulus using the Voigt Reuss methods [35-37]. Both bulk (𝐵𝑉 , 𝐵𝑅 ), and 

shear modulus (𝐺𝑉 , 𝐺𝑅 ) of AlN can be determined as : 

𝐵𝑉 = 19 (2(𝐶11+𝐶12)+𝐶33 + 4𝐶13) ,                                                               (4)       

𝐵𝑅 = (𝐶11+𝐶12)𝐶33 − 2𝐶132𝐶11+𝐶12 + 2𝐶33 − 4𝐶13 (5) 

𝐺𝑉 = 130 (𝐶11 + 𝐶12 + 2𝐶33 − 4𝐶13 + 12𝐶44 + 12𝐶66)                                 (6) (𝐶11+𝐶12)𝐶33 − 2𝐶132 2𝐶44𝐶66(𝐶11+𝐶12)𝐶33 − 2𝐶132 2(𝐶44 + 𝐶66)3𝐵𝑉𝐶44𝐶66 +𝐺𝑅 = 53  

 The bulk modulus (B) presented as follows:𝐵 = 1 2(𝐵𝑅 + 𝐵𝑉)⁄  ,and  The shear modulus (G) 

describes the plastic deformation resistance associated with the bending of the bonds depends 

on the nature of these bonds and decreases as a function of the ionicity:𝐺 = 1 2(𝐺𝑅 + 𝐺𝑉)⁄  . 

For wurtzite structure, the shear anisotropies (A) are described as [38]: A shear = 2𝐶44 (𝐶11 − 𝐶12)⁄ . In addition, Young's modulus (E), known as the stress-strain ratio, is 

generally used to calculate the rigidity of the solid, its defined as:𝐸 = 9 𝐵𝐺 (3𝐵 + 𝐺)⁄ . all those 

parameters B, G, and E with different pressures for w-AlN are presented in Table 3. The 

Poisson's ratio, against shear, calculates the stability of the crystal. The Poisson's ratio, which 

when it is between -1 and +0.5, the material is said to be covalent with an ionic character. its 

defined by the following relationship: ν = (3B − 2G)/2(3B + G). For P = 0, 

5,10,15,20,25,30,35, and 40GPa, all described in Table 3. Although only those mechanical 

behaviors at ambient pressure have factual study for wurtzite AlN, our LDA and GGA 

calculations were first checked with published experimental results (Table3). The bulk B, 

shear G and Young modulus E experimental results are in good agreement with our GGA [31]. 

Under pressure, these major mechanical properties may be further studied. It has been found 

that B increases steadily with a corresponding increase in pressure (Table 3). Nevertheless, it 

has been found that with the rise in pressure (up to 5 GPa in G, and in E) with both LDA and 

GGA approximations, G and E modules gradually increase, then with more compression, the 



modulus B (up to 15 GPa and 20 GPa in G) with LDA and (25 GPa and 30 in E) with GGA 

essentially decrease, and eventually, we can notice that the elastic anisotropic A pressure rises 

from 0 to 40 GPa. 

3.3. Piezoelectric properties 

All non-centrosymmetric III-V compounds are piezoelectric, particularly nitrides (AlN, InN, 

and GaN), this polarization is very important because the bond is strongly polarized, So if an 

external force is applied, the material deforms, the positions of atoms in relation to each other 

change, the parameters of the ideal mesh ? and ? and again change. Wurtzite AlN has three 

distinct piezoelectric tensor components, namely 𝑒33  , 𝑒31  (=𝑒32), and 𝑒15  (=𝑒24 ),which 𝑒15 

(=𝑒24),and therefore can effectively be polarized along the z-direction as the system is strained 

in the same direction , i.e. the largest is the 𝑒33 = xxx constants. In order to determine the 

piezoelectric tensor in a wurtzite material, Both the atomic positions and the lattice constants 

have been optimized before beginning DFPT calculations. The calculated 𝑒𝑖𝑗 are listed in table 

(4) and compared to previous data, which are only available for wurtzite at zero pressure 

[39,40]. Notice that our computed 𝑒31 using the LDA is in close agreement with that recorded 

in [39] for wurtzite AlN. Moreover, the agreement between the determined 𝑒15 of our LDA 

and that stated in[39] is fair. An even significant difference between our calculated 𝑒33LDA 

and that of [39] may, however, be noted. In addition, It can be inferred that our GGA results 

are in good accordance with the experiment [40], considering a well-known experimental 

uncertainty in the calculation of piezoelectric constants. Ueno, Masaki, et al.  proved 

experimentally the phase transition from wurtzite-to-rocksalt at 22.9 GPa [9]. Therefore, we 

decided to study The variation in the piezoelectric, dielectric properties and, 

electromechanical coupling coefficient versus pressure at 20 GPa to ensure to ensure stability 

at this range. For e and d constants with LDA and GGA approximations, the range of the 

piezoelectric constants versus pressure is seen in table 4 and plotted in Fig3. Note that both 

piezoelectric constants 𝑒31 and 𝑒15  decrease as pressure increases, while 𝑒33 increases. Same 

for converse piezoelectric constant𝑑33 increase whereas 
𝑑(15) and𝑑31 decrease in both LDA, 

and GGA approximations. All piezoelectric constants have monotonic and nonlinear behavior. 

The obtained piezoelectric constant (d_33)  of AlN system is 8.70, and 9.5 pC/N, with GGA 

and LDA respectively which is 100% higher than that of the AlN at zero pressure. The 



improvement in the piezoelectric constants along z-direction are being related with internal 

parameter u, so it depends on the z-direction positions of Al and N. 

3.4. Dielectric properties 

Dielectric constant describes the response of a given medium to an electric field. It is involved in 

many fields, in particular in optics, via the refractive index. The laws governing the refraction and 

reflection of light make use of it. At the microscopic level, the dielectric constant is linked to the 

electrical polarizability of the molecules or atoms constituting the medium. The dielectric constant is a 

tensor quantity (the response of the material can depend on the orientation of the crystallographic axes 

of the material), which reduces to a scalar in isotropic media. It is very generally complex; the 

imaginary part being linked to the phenomenon of absorption or emission of the electromagnetic field 

by the material. from (DFPT), we have calculated the Born effective charges (𝑍𝐵(𝑘)) and dielectric 

constants (ε(∞)).Two separate components consist of the wurtzite system, one corresponding to the 

orientation parallel to the c-axis,𝜀⊥(∞) = 𝜀𝑥𝑥(∞) = 𝜀𝑦𝑦(∞) , and the other being perpendicular to the 

c-axis,𝜀∥(∞) = 𝜀𝑧𝑧(∞) .Our findings with respect to 𝜀⊥(∞)and 𝜀∥(∞) for wurtzite AlN at P =0 are 

found to be  4.35 and 4.57 for our LDA , 4.42 and 4.64 for GGA approximation. Which our GGA in 

good accordance with theoretical [41] The average value  𝜀(∞) = (1 3⁄ )Trε(∞) at P=0 has been 

calculated and found to be 4.43 and 4.52 for LDA and GGA respectively. which LDA good agree with 

available theoretical [41].  The variation of pressure versus  𝜀⊥(∞),𝜀∥(∞) and 𝜀(∞) is shown in fig.4. 

Note that all the explored quantities decrease monotonically as pressure increases. Subsequently, the 

second derivatives of E are calculated with respect to the displacement of an atom and with respect to 

one of the components of ε, this forms the dynamic effective charge tensor (Born effective charge) 𝑍𝐵(𝑘) . Just one tensor of Born effective charges with two separate components should indeed be 

considered in the wurtzite structure.𝑍⊥𝐵 = (𝑍𝐵)xx = (𝑍𝐵)yy and 𝑍II𝐵 = (𝑍𝐵)zz [42]. Furthermore, the 

average value 𝑍𝐵 Are being acquired as: 𝑍𝐵 = (1 3⁄ )TrZ𝐵. Our determined showed the values of  𝑍⊥𝐵 , 𝑍II𝐵 , and 𝑍𝐵 for wurtzite AlN at P=0 are 2.51, 2.66, and 2.51 with LDA and  2.51, 2.67, and 2.56 with 

GGA approximation. Our GGA value for  𝑍𝐵is in well accordance with the obtained value one of 2.57 

reported in [43]. In addition, our GGA computed  𝑍⊥𝐵 and 𝑍II𝐵 are in perfect accordance with [42] using 

DFT approach. In Fig.5, the pressure dependency of 𝑍⊥𝐵, 𝑍II𝐵k, and 𝑍𝐵for w-AlN is shown. Note that a 

pressure rises of up to 20 GPa would not have a drastic impact on all quantities. 

3.5. Electromechanical coupling factor 

 An interesting coefficient for the characterization of piezoelectric materials is the coupling 

coefficient (or factor) k. It represents a material's ability to transform mechanical energy into 

electrical energy, and vice - versa. The coupling coefficient is defined for each mode of 

vibration, depending on the direction of polarization and the shape of the sample. These 



factors are essential parameters in the nature of the energetic harvesting and sensing 

transducer applications [44]. For applications including pressure sensors, ultrasound 

transducers and gyroscopes, the piezoelectric medium is usually needed to work in 

longitudinal mode [45], which the related coupling coefficient is: 

𝐾332 = 𝑒332𝜀33𝐶33 + 𝑒332 (8) 

   where 𝜀33 the dielectric tensor. 

The high 𝐾33 coupling factor contributes to higher axial resolution, broader bandwidth and 

transducers with greater sensitivity [46]. Cantilever-based actuators function in the mode of 

transverse length (bending) which the related coefficient of coupling is: 

𝐾312 = 𝑒312𝜀33𝐶11 + 𝑒312 (9) 

Our values concerning 𝐾33 and 𝐾31  for  AlN at P =0 are found to be 0.29, and 0.12 for our 

LDA, 0.26 and 0.12 with GGA approximation. Our GGA is well in accordance with 

theoretical [47] for 𝐾33.and our LDA is well in consistent with the experimental value of 0.3 

[48].The variation of the electromechanical coupling coefficients versus pressure are plotted 

in fig 6. Note that both the 𝐾33 and 𝐾31 coupling coefficients increase as pressure increases. In 

addition, the factor K_33 reached a value of 0.38 and 0.40 with GGA and LDA respectively at 

P=20 GPa which is comparable with ZnO [49], BaTiO3[50], and, LiNbO3 [51] as candidate 

compound for practical considerations. 

4. Conclusion  

    In summary, we have investigated the comprehensive effects of pressure on the structural, 

elastic, piezoelectric, dielectric properties, and electromechanical coupling coefficient of 

wurtzite AlN using calculations within density functional theory combined with density 

functional perturbation theory with both LDA, and GGA approximations.  The pressure raises 

the piezoelectric response for the wurtzite phase considerably and the maximal piezoelectric 

coefficients that occur at the phase transition are much greater than those of the most typical 

ferroelectric perovskites. The improvement in the piezoelectric value leads to a higher value 

in electromechanical coupling coefficient. A promising direction for further theoretical studies 

can be useful for piezoelectric thin film in the future. 
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Figures captions 

Fig. 1. Dependence on the pressure of structural parameters (a) the lattice parameter a, (b) 

lattice constant c, (c) the ratio c/a , (d)  the internal parameter u of wurtzite AlN with LDA, 

and GGA approximations. 

Fig.2. Dependence on the pressure of the elastic constants for wurtzite AlN with (a) LDA, and 

(b) GGA approximations. 

Fig.3. Dependence on the pressure of the piezoelectric constants e (C/m2), and d(pC/N) for 

wurtzite AlN with (a) piezoelectric constants e with LDA, (b) piezoelectric constants e with 

GGA approximations, (c) piezoelectric constants d with LDA, and piezoelectric constants d 

with GGA,    

Fig. 4.  Dielectric constant as function of  pressure for AlN with (a) LDA, and (b) GGA 

approximations. 

Fig.5. Born effective charge versus pressure for AlN with (a) LDA, and (b) GGA 

approximations. 

Fig.6. Variation of electromechanical coupling parameters versus pressures for AlN with (a) 

LDA, and (b) GGA approximations. 

 

 

 

 

 

 



Figures

Figure 1

Dependence on the pressure of structural parameters (a) the lattice parameter a, (b) lattice constant c, (c)
the ratio c/a , (d) the internal parameter u of wurtzite AlN with LDA, and GGA approximations.



Figure 2

Dependence on the pressure of the elastic constants for wurtzite AlN with (a) LDA, and (b) GGA
approximations.



Figure 3

Dependence on the pressure of the piezoelectric constants e (C/m2), and d(pC/N) for wurtzite AlN with
(a) piezoelectric constants e with LDA, (b) piezoelectric constants e with GGA approximations, (c)
piezoelectric constants d with LDA, and piezoelectric constants d with GGA,



Figure 4

Dielectric constant as function of pressure for AlN with (a) LDA, and (b) GGA approximations.

Figure 5

Born effective charge versus pressure for AlN with (a) LDA, and (b) GGA approximations.



Figure 6

Variation of electromechanical coupling parameters versus pressures for AlN with (a) LDA, and (b) GGA
approximations.


