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Abstract  
    A large unit cell (LUC) formalism of eight atoms within intermediate neglect of differential overlap 

(INDO) is used to study some properties of cubic aluminum nitride, and to study the effect of pressure 

on these properties. Cohesive energy, direct and indirect band gap, valence bandwidth, conduction 

bandwidth and hybridized orbitals of crystal are obtained from the band structure calculations. All the 

aforementioned properties are obtained by selecting empirical parameter sets for LUC-INDO model. It 

is found that the result are in good agreement with experimental results, cohesive energy, direct and 

indirect band gap, valence bandwidth increase with increasing the pressure, while the conduction 

bandwidth decreases.  

 الخلاصة  
(   ةةخلذلل دبن  ةةو  لةة  INDOمكونةةم مةةا  ذةةت  من ا هةةذا  متذةةتل  دذخو ةةت دلخةةب خ   دخ تهةةل    LUC)خليةةو دةةةبي ة )ةة ي       

غ)ة  و  دذكعبةو ددبن  ةو ثةر )   د ةلت هلة  تةصا  د صةتئصا تتاةو  دخة   ت د قةةوي  دشتاةو  دذبت ة ي د كينخ يب  لأدذن)ةو  مد  دبة  خصتئص
قةةب ثةةح  د صةةول هل) ةةت مةةا ةكةةت تا  دخ ة)ةة   د  مةة ا  ذيةة   د ةةو   كةةتقو د دخولةة)  دث ةةة)ا  دذةةب ن ا ق   دخ دذبت ةة ي د هةة م ة مخةة

   دذةةةصةوني ههةةةتا اةةةب ثةةةح  د صةةةول هل) ةةةت  تخخيةةةتن مةذوهةةةو مدللذةةةتا ثة ي يةةةو لأنذةةةومو دةةةةبي  د ليةةةو  دك )ةةة ي د تذةةةتل  دذخو ةةةت دلخةةةب خ
 مةةو ئط  دلذليةةوط تتاةةو  دخةة   ت د قةةةوي  دشتاةةو  دذبت ةة ي دغ)ةة   دذبت ةة ي د هةة م ة دخ تهةةل ا د ةةب ه   دنخةةتئط قةة  ثشةةتال  )ةةب مةة   دنخةةت

  دخكتقو ث د د م  زيتدي  د لت ا)نذت يخنتاص ه م ة مو  دخول) ا 
1 Introduction                                                            
 

Aluminum nitride (AlN) is the largest-bandgap nitride semiconductor that usually 

crystallizes in the wurtzite lattice (also known as hexagonal or -AlN). The growing 

of AlN is still a difficult task [Jain et al., 2000] particularly for zinc - blende (ZB) 

phase. Nevertheless, under nonequilibrium conditions the growth of the zinc-blende 

(3C) has achieved [As et al., 1997] also; successful growth [Lei et al., 1991] by 

epitaxial techniques has been reported for AlN modification in zinc-blende structure. 

The ZB cubic form has been theoretically reported to be metastable [Petrov et al., 

1992], under high pressure, AlN lattice structure and there nitrides experience a phase 

transition to the rocksalt [Petrov et al., 1992]. AlN is characterized by excellent 

thermal conductivity, high coefficient, short bond length, and low compressibility. All 

these properties are desirable for utilization in a variety of applications involving high 

temperature electronics, high-power operation [Morkoc et al., 1994] and high 

frequency opto-electronics (LED and LASER) [Ambacher et al., 1998]. C-AlN is a 

subject of extensive theoretical studies ranging from the semiempirical to the first 

principles methods [Vogel et al., 1997] within the density functional theory (DFT) 

framework [Stampfl and Van de Walle, 1999] using both pseudopotential [Pandey et 

al., 1993], and all-electron approaches. For the bulk phase of AlN, theoretical 

calculations based on the Hartree-Fock [Ruiz et al., 1994], and density functional 

method [ Kim et al., 1996] have obtained a very good description of its structural and 

electronic properties.  

Over the last few years, study of materials under high pressure has become an 

extremely important subject displaying explosive growth. This is primarily due to 

both theoretical and experimental developments which have at last facilitated such 



 

 

work. The effect of pressure on the electronic properties on III-V compounds can be 

investigated in many ways [Menoni et al., 1986].  

      In the work we carry out only valence electron to determine band structure  and 

some physical properties of cubic binary AlN under pressure with large unit cell  

within intermediate neglect of differential overlap (LUC-INDO) method [Radi et al., 

2007]. This method has been chosen in the present work than rather other methods 

because this can be used to give reliable and precise results with relatively short time. 

 

2 Calculations 
 

We use large unit cell within intermediate neglect of differential overlap 

(LUC-INDO) method in the linear combination of atomic orbital (LCAO) 

approximation [Radi et al., 2007] to obtain a self-consistent solution for the valence 

electron. The iteration process was repeated until the calculated total energy of crystal 

converged to less than 1meV. A total of seven iteration was necessary to achieve self-

consistency. The calculations are carried out, on the 8-atom LUC. The positions of 

atoms that constitute this LUC are calculated in the program according to zinc-blende 

structure for a given lattice constant. There are four electrons in average per each 

atom. Hence we have (32) eigenstates, two electrons per state, half are filled (valence 

band) leaving the other half empty (conduction band) in the ground state.  

   The electronic configuration of AlN is Al: Ne 3s23p1 and N: He 2s2 2p3. In the 

following calculations, we have treated the orbitals of Al (3s23p1) and N (2s22p3) as 

valence electrons. In ZB, the Al and N atoms are in fcc positions as follows: Al (0, 0, 

0); N (1/4, 1/4, 1/4). In the calculations, the N atom has been chosen to be at the 

origin and the Al atom at the position (1/4, 1/4, 1/4) in units of the lattice constant. 

 

 3 Results and Discussion 
 

 3.1   Choice of parameters  
The number of parameters in the LUC – INDO method is four. These are the 

orbital exponent (ζ), the bonding parameter (β), the electronegativity of s- orbital (Es), 

and the electronegativity of p-orbital (Ep). The value of the orbital exponent 

determines the change distribution of electrons around the nucleus or in the solid 

    These parameters are varied firstly to give nearly the exact value of the equilibrium 

lattice constant, cohesive energy, indirect bandgap and valence bandwidth. The 

remaining of the output data of the programs is a result of the theory that is used in the 

present work. We found that the investigated properties were sensitive to the 

aforementioned parameters. Our parameters used for AlN in the present work are 

summarized in Table (1). 

 

Table (1) The adjusted parameters for AlN in the zinc-blende structure. 

 

Parameter Al N 

ζ (a.u)-1 

 

 

 

 

  1.4 

 

 1.8 

 

 β (eV) 

 
 -6.0 -8.0 

 
Es (eV) 

 

 9.75 

 

       13.46 

 
Ep (eV) 

 
8.68  10.37 
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 3.2 The electronic and structural properties 
The second step after the choice of parameters is to examine the structural 

properties of cubic AlN at the equilibrium lattice constant in order to test the accuracy 

of the cohesive energy, direct and indirect bandgap, and valence bandwidth.                                                       

   Based on the total energy results, we obtained the cohesive energy (Ecoh) as follows: 

 

   -Ecoh=Etot/8-Efree-E0                                                                                              (1) 

Where Etot is the total energy, Efree is the free atom sp shell energy, and E0 is the zero 

–point vibration energy. In this work Efree =160.106 eV, and this value is taken from 

ionization potential of AlN, E0= 0.185 eV, is calculated by the formula E0= (9/8)kВӨD 

(per atom) with ӨD is the Debye temperature [Born and Huang, 1954], which is equals  

950 K [Pässler, 1999]. The cohesive energy value of the present work is in good 

agreement with experimental results as shown in Table (2). 

     Figure (1) displays the cohesive energy versus the relative volume for AlN. The 

curve is fitted to the equation of state of Murnaghan [Ziambaras and Schröder, 2003] 

from which we obtained the equilibrium lattice parameter (a0), the bulk modulus B, its 

derivative 0B , and the cohesive energy.  

  

 

Figure (1) The cohesive energy as a function of relative volume V/V0 (V0 is the 

equilibrium volume of the zinc-blende structure) for AlN. 

    The calculated structural properties of AlN are summarized in Table (2), in 

comparison with other computational and experimental results. We notice that the 

lattice parameter for the ZB structure of AlN is 4.359Å in good agreement with the 

experimental value of 4.37 Å [Edgar, 1994] with accuracy of 0.252%. For the bulk 

modulus and the cohesive energy, the accuracies are about 6.93 % and 2.03%, 

respectively. Table (2) shows 0B = 4.1 for AlN, which is consistent with previous 

results [Wang and Ye, 2002]. 

 

 

 

 

 

 

 

 



 

 

 
 

Table (2) Structural properties of C-AlN at zero pressure determined by LUC-INDO 

compared to other theoretical calculations and experimental data 
 

Property Present Other results Experimental 

a0 (Å) 4.359 4.323 

[Wang and Ye, 2002] 

4.37 

[Edgar,1994] 

Ecoh(eV) -11.78 
-13.242 

[Stampfl et al., 1999] 

11.54 

[Lambercht &Segal,1991] 

B (GPa) 216 
203 

[Kim et al., 1996] 

202 

[Sherwin & Drummond,1991] 

0B  4.1 
4.182 

[Wang and Ye, 2002] 
---- 

 

 

  Hybridization states illustrated in Table (3) show an increasing of the s-state 

occupation and p-state occupation with the increasing the valence electron of the 

compound where the occupation of s and p orbitals of nitrogen is larger than that for 

aluminum. This reflects the weakness of the directional characters of these bonds 

represented by the sp3 hybridized orbitals with increasing the valence electron. 

 

 

Table (3) Hybridization states of AlN in the LUC-INDO calculation. 

 

 

 

 
 

   To visualize the nature of the bond character and to explain the charge transfer and 

the bonding properties of c-AlN, we calculate the total charge density.  The total 

valence charge densities for AlN are displayed along the Al-N bonds in the (100), 

(110), (200), and (400) planes in (figure 2). From this figure we noticed that the 

nitrogen ions are larger than the aluminum ions. This figure also shows the charge 

density associated with the dangling bond lab at the N site. 

 

 

 

 

 

p-orbital s-orbital Element 

2.0706 0.7435 Aluminum 

4.2966 0.9667 Nitrogen 
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 Figure (2) The valence charge density for C-AlN at zero pressure in (a) (100) plane, 

(b) (110) plane, (c) (200) plane, and (d) (400) plane. 
 

Figure 2(a) shows the charge density for the (100) surface. Where a build up of charge 

density along the AlN bond length on the surface is clearly visible. This figure also 

shows the charge density associated with dangling bond lobe at the N site.   
 

   3.3 The band structure and energy eigenvalues 
 

We will start our calculations on the band structure by the energy eigenvalues 

for AlN crystal at various high symmetry points of the Brillouin zone and the results 

are listed in Table (4). For folding reasons the electronic structure is only studied at 

the Г and Χ points of the fcc Brillouin zone. The most important band states are 

considered. They are the valence bands Г1v, Г15v, X1v, and X5v. and the conduction 

bands states X1c, X5c, Г15c, and Г1c.  

     The predicted direct bandgaps at the Γ-point (Eg
Γ) and X-point (Eg

X) for AlN 

semiconductor are shown in Table (5). These values are compared with the available 

experimental data [Aulbur et al., 2000; Wang and Ye, 2002] and LDA and EXX 

pseudopotential calculations [Aulbur et al., 2000; Qteish et al., 2005]. The results of 

other approaches beyond the LDA, Hartree-Fock [Guadalupe et al., 2000], and self-

interaction and relaxation correction pseudopotential (SIRC-PP) [Vogel et al., 1997] 

calculations are also listed for comparison. We find that the difference between the 

predicted and experimental bandgap are acceptable, our predicted value of Eg
Γ (7.355 

eV) is larger than the experimental value of 5.94 eV [Wang and Ye, 2002] so that the 

value of Eg
X (8.746) is much larger the previous experimental value of 5.11 eV 

[Aulbur et al., 2000]. 

 



 

 

 

Table (4) Eigenvalues (in electron volts) at Γ and Χ high-symmetry points of 

Brillouin zone. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The direct bandgap Eg
Γ (Γ1c-Γ15v) in the ZB structures of AlN is due to the Al 

3s and N 2s orbital interaction which forms the lower-energy bonding state (Γ15v) and 

the antibonding state (Γ1c). The bonding and antibonding states are lowered and 

pushed respectively, relative to the N 2s and Al 3s orbital energies, by same amount 

of s-s interaction energy in AlN. Results on some high symmetry points are reported 

in Table (5).   

   In c-AlN the conduction-band minimum (CBM) is located away from the Γ point, at 

the X point. AlN has an indirect minimum gap with the CBM at X, Thus, we obtain 

an indirect bandgap (Eg
ind) of 6.721 eV which is larger than the other results 

[Remediakis and Kaxiras, 1999; Vurgaftman et al., 2001] (see Table (5) for 

comparison). 

  The total valence bandwidth (VBW) or the difference between the top of the valence 

bands (Γ15v) and the lowest energy valence band (Γ1v) is 14.502 eV for C-AlN. The 

obtained total valence bandwidth is in good agreement with previous results as shown 

in Table (5). The maximum level of the valence band is splitted only by spin-orbit 

interaction Δso giving rise to two states at the Brillouin zone centre: Γ8v and Γ7v. in the 

absence of spin orbit splitting, these levels become a triply degenerated Γ15v.The 

spin-orbit interaction Δso is not taken into account in this paper because its value is 

very small, averaging the theoretical results from different Refs. = 0.019eV [Suzuki 

and Uenoyama, 1996]. Our work gives a value of the conduction bandwidth (CBW) to 

be 7.725 eV (Table 5), but experimental results are not available to CBW of the ZB of 

AlN. 

 

 

 

 

 

 

 

 

LUC–INDO  method          Symmetry point 

-14.502              Г1v 

0.0 Г15v 

 

7.355                               Г1c 

13.707 Γ15c 

-11.338               X1v 

-2.025                X5v 

6.721                 X1c 

14.446                X4c 
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Table (5) Calculated LUC-INDO, direct and indirect band gaps, valence bandwidth, 

and conduction bandwidth for AlN compared to other theoretical calculations and 

experiments. All energies are in eV. 
   

 

 

4   The effect of pressure on the properties 
The effect of pressure on the electronic structure and other properties can be 

calculated from the present theory and computational procedure. By the use of our 

calculated values of the bulk modulus B, and its derivative 0B , the volume change 

(V0) with applied pressure was calculated using the following equation [Edgar, 1994]: 





























1
 B

B
P

0B
0

0

0

V

V                                                                                                   (2) 

Where P is pressure and V is the equilibrium volume at zero pressure. We applied a 

pressure up to 28 GPa, because this structure transforms to another phase, rock salt 

(NaCl), when pressure exceeds nearly 30 GPa [Perlin et al., 1992]. The calculated 

lattice constant as a function of pressure is shown in Figure (3). 

      The pressure dependence of the bulk modulus and the cohesive energy is 

illustrated in figure (4) and figure (5). It is shown that the bulk modulus increases 

linearly with pressure. On the other hand, the absolute value of the cohesive energy 

decreases as the pressure increases. 

   The effect of pressure on the high symmetry points (Г1v, Г15v, X1v, X5v, X1c, X5c, 

Г15c, and Г1c) is shown in figure (6). From this figure one can see that the eigenvalues  

at conduction band (X5c, Г15c, Г1c, X1c) are increase with pressure, whereas 

eigenvalues at valence band (X5v, X1v, Г1v ) decrease with pressure, However, the 

decrease of  X5v, X1v, and Г1v  with pressure is small. 

Experimental Other results Present Property 

5.94 

[ Wang and Ye, 2002] 

6.00, 5.66, 5.98 

[Aulbur et al, 2000] 

4.27, 5.99, 5.76 

[ Qteish et al., 2005] 

7.355 Eg
Γ

 

5.11 

[ Aulbur et al., 2000] 

3.16, 5.08 , 5.18 

[ Qteish et al., 2005] 
8.746 Eg

X
 

5.4 

[Vurgaftman et al., 2001] 

6.01, 6.077 

[Remediakis et al.,999] 
6.721 Eg

ind
 

---- 
15.01, 15.41 

[Guadalupe et al., 2000]  
14.502 VBW 

---- ---- 7.725 CBW 
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Figure (5) The effect of pressure on the cohesive energy of AlN. 

        
Figure (6) The effect of pressure on the high symmetry points in (a) conduction band 

(X5c, Г15c , Г1c , X1c)  and  (b) valence band  (X5v , X1v , Г1v ). 

Figure (3) The effect of pressure 

on the lattice constant of AlN. 
Figure (4) the bulk modulus as a 

function of pressure for AlN. 
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Figure (7) shows the pressure dependence of Eg at the Γ and X points of the 

energy band for the ZB phase from the present energy band structure calculations. It is 

shown that the fundamental band gap increases with pressure, so, keeping in mind for 

the fabrication of blue emitting-light devices, it is necessary to diminish stress. 

Application of pressure tends to broaden the electron bands and hence increasing the 

bandgap: in most cases the first pressure-induced phase transition corresponds to the 

closing of the bandgap and metallization of the sample. 

 
Figure (7) Variation of various band gap at the Γ and X versus pressure for AlN 

 

 

       The pressure derivative of the direct band gaps at the Γ and X point, Eg 
Γ and Eg

X, 

respectively, is between (31-65) meV/GPa. In general this result is in a good 

agreement with the plane wave pseudopotential (PWPP) calculation of Kim et al., 

1996, which gave a corresponding value of 45 meV/GPa, and the calculations of 

Christensen and Gorezyca, 1994, using LMTO who reported a value of 42 meV.GPa. 

The direct gap does not show a linear dependence as in the previous calculation 

[Pandey et al., 1993]. 

        The predicted effect of pressure on the indirect bandgap, valence bandwidth, and 

conduction bandwidth is illustrated in figure (8). The indirect bandgap and the valence 

bandwidth increase with the increase of pressure, while the conduction bandwidth 

decreases with the increase of pressure.  In the present work, the pressure derivative 

of the indirect bandgap is computed to be 31.2 meV/GPa,  for the valence bandwidth 

and conduction bandwidth our calculation give  pressure derivative 29 meV/GPa for 

the valence bandwidth, and ~ -11 meV/GPa conduction bandwidth. 

    We found that the s- state occupation for Al and N decreases with the increase of 

pressure, whereas the p states occupation for Al and N increases in this case. The 

occupation of s and p states for Al and N with pressure is shown in figure (9). The 

increase of pressure causes an increase of the probability of electron transition from s-

orbital to p-orbital. This phenomenon is known and leads to a phase transition due to 

the change of electronic distribution such as the s-d transition in alkali metals 

[Takemura and Syassen, 1983].    



 

 

         

 

Figure (8) Effect of pressure on the (a) indirect band gap, (b) valence bandwidth, and 

(c) conduction bandwidth. 

    

                    
    Figure (9) The effect of pressure on the hybridization of (a) s- state and (b) p- state. 

 

  

    The valence charge densities in the planes (100), (110), (200), and (400) at (28 

GPa) are shown in figure (10). It can be noted that the increase of pressure causes, in 

general, an increase of the valence charge density around the nuclei and a decrease of 

this density at the intermediate distance between the nuclei. This can be seen in 

comparison figure (10) this with figure (2). 
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Figure (10) Valence charge density (in electron/Å3) of AlN under the effect of the 

pressure (28 GPa) in the planes (a) (100), (b) (110), (c) (200), and (d) (400). 

           

 

5 Conclusions 
 

        In this paper, the study of some properties of C-AlN is presented. Cohesive 

energy, lattice constant, bulk modulus, and their pressure derivative have been 

calculated by (LUC-INDO) method. The calculated results indicate that this model 

gives results in good agreement with the corresponding experimental results, and this 

shows the possibility of using this model in qualitative of study some materials. A 

reasonable agreement for the valence bandwidth and band gaps is shown in 

comparison with available theoretical results even when these values are not in a good 

agreement with the corresponding experimental values. The effect of pressure on 

these properties is investigated. It is found that the conduction bandwidth decreases 

with increasing the pressure, whereas the direct and indirect bandgap, valence 

bandwidth, and cohesive energy increase with the increase of pressure. The maximum 

value of pressure is taken to be 28 GPa, because beyond this value of pressure, the 

phase of AlN transforms from ZB to rock salt phase. Relativistic effect is added to the 

calculation of the band gap, also zero point energy is added to the calculation of the 

cohesive energy. Finally, this model is shown to give good description to the 

hybridization state and charge density of AlN and it is expected that this method could 

give reliable description for other materials that has zinc-blende and cubic structure. 
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