PHYSICAL REVIEW B

VOLUME 44, NUMBER 16

15 OCTOBER 1991-11

High-pressure properties of wurtzite- and rocksalt-type aluminum nitride
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Electronic and ground-state properties of both wurtzite- and rocksalt-structure AIN are evaluated in
the local-density-functional formalism using nonlocal norm-conserving pseudopotentials. For the wurt-
zite structure we obtain @ =3.129 A and ¢ =4.988 A and an internal parameter of 0.3825, which devi-
ates considerably from the ideal value. In the case of the rocksalt structure we get a =4.032 A. Both
modifications are large-band-gap semiconductors with a direct gap in the wurtzite structure and an in-
direct gap in the rocksalt structure. The transition pressure from hexagonal to cubic was calculated to
be 12.9 GPa, in reasonable agreement with the experimental value.

At ambient conditions aluminum nitride crystallizes in
the wurtzite structure (space group C§,), which differs
from the zinc-blende structure (space group 77) mainly
at the relative positions of the third neighbors and
beyond. It is a tetrahedrally coordinated III-V com-
pound possessing chemical bonds that can be regarded as
partially ionic and partially covalent. AIN is a large-
band-gap semiconductor (band gap of about 6.3 ¢V) and
has recently been used as a ceramic substrate in thin-film
devices. It also has a high thermal conductivity (greater
than 100 W/mK) and a low thermal expansion
coefficient, very close to that of silicon. Furthermore, it
has a high electrical resistivity.

In analogy with other wurtzite III-V compounds, AIN

TABLE 1. Calculated and experimental lattice parameters
and bulk moduli.

Calculation Experiment
Wurtzite structure
a (A) 3.129 3.110°
c (A) 4.988 4.980*
c/a 1.594 1.6012
u 0.3825 0.38212
B, (GPa) 195.0 202.0°
B, 3.74
By (GPa™!) —0.019
B;,, (GPa) 209.0
B, (GPa) 317.0
B, (GPa) 407.0
o —0.643
Rocksalt structure
a (A) 4.0316 4.045°
B, (GPa) 215.0
By 4.58
B{ (GPa™!) —0.022
2Reference 6.
YReference 7.
°Reference 2.
4

was expected to transform to a cubic metallic structure.
It was predicted! that the high-pressure phase would be
the metallic B-tin structure. Recently, however, it was
shown experimentally? that there is a structural phase
transformation between 14 and 16.5 GPa at about
1500°C to a semiconducting rocksalt structure. In the
present work we investigate the ground-state properties
of both the hexagonal and the cubic modifications of
AIN.

The calculations are based on the local-density-
functional formalism together with ab initio norm-
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FIG. 1. Total energy (in Ry/atom) vs the internal parameter
u for hexagonal AIN.
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FIG. 2. Pressure (in Mbar) vs the reduced volume for hexag-
onal AIN.

conserving pseudopotentials.® The accuracy of this
method has been demonstrated before for a variety of
solids. The Kohn-Sham equations are solved using a
plane-wave basis with a kinetic-energy cutoff of 30 Ry.
In the wurtzite structure the corresponding Hamiltonian
matrix has a dimension of about 790. The number of k
points in an irreducible element of the Brillouin zone
used in the calculation of the valence charge density is 6
and 10, respectively, for the wurtzite and rocksalt struc-
ture. For the exchange-correlation contribution the
Wigner interpolation formula is employed.

For the ideal wurtzite structure we have
c/a=1/%>1.633 and an internal parameter u=3.
There are four atoms per unit cell. To determine the lat-
tice parameters a, ¢, and u, the following procedure is
used. At a chosen elementary cell volume V, and for

FIG. 3. Valence electronic charge density (in e —/A%) in the
[110] plane of hexagonal AIN. The contour step is 0.2 e ~ /A 3.
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FIG. 4. Experimental valence charge density in Ehe [110]
plane of hexagonal AIN. The contour step is 0.5 e~ /A 3 (taken
from Ref. 10).

several values of a and ¢ corresponding to V, the ¢ /a ra-
tio is determined by minimizing the total energy. This
procedure is repeated for eight different volumes.
Through these eight points the Birch equation of state? is
fitted leading to the equilibrium unit-cell volume V¥, the
bulk modulus for hydrostatic compression B, and its
first- and second-order pressure derivatives B and Bj.
At the calculated volume V), the internal parameter is
determined by minimizing the total energy with respect
to variations in u. The bulk modulus for ideal isotropic
compression B;y, is obtained from the total energies cal-
culated at a fixed ¢ /a ratio. The linear bulk moduli for

FIG. 5. Valence electronic charge density (in e*/‘z: %) in the
[100] plane of cubic AIN. The contour step is 0.2 e ~ /A 3.
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compression along the a and c¢ axes, B, and B, respec-
tively, are also derived from the total energies calculated
above. The Poisson ratio o, which is defined as the nega-
tive ratio of the transverse strain to the axial strain in a
crystal subject to a uniaxial stress, is also determined. It
should be noted that only two ab initio calculations on
AIN were reported in the literature.’

In the rocksalt structure (space group O;), AIN has
only two atoms per unit cell. The same kinetic-energy
cutoff (30 Ry) as above is used. Since there is only one
lattice constant in this case, the total energy is evaluated
at eight different unit-cell volumes. Again the Birch
equation is used to fit these values. All the results regard-
ing the lattice properties are given in Table I. The lattice
parameters are in excellent agreement with the experi-
mental values both for the wurtzite and rocksalt struc-
tures. The linear bulk moduli B, and B, are rather close
together, indicating a relatively small anisotropy. In a
strongly anisotropic crystal such as graphite, the ratio
B, /B, is as high as 28.% Another indication of small an-
isotropy is the fact that B, and B, are almost equal.
Figure 1 shows the total energy as a function of the inter-
nal parameter u. As is often the case in the wurtzite
structure,’ AIN also deviates considerably from the ideal
arrangement. The empirical rule that only wurtzite
structures with ¢ /a ratios lower than the ideal value are
stable is obeyed here. The fitted equation of state, using
the Birch expression, is shown in Fig. 2.

Figure 3 displays the electronic valence charge density
in the [110] plane of hexagonal AIN and should be com-
pared with the experimental charge density taken from
Ref. 10 and shown in Fig. 4. As expected, the agreement
is quite good. The contours shown suggest that the bond-
ing is more ionic than covalent. Similar conclusions were
derived from the x-ray-diffraction experiment.!® Such
bonds are often characterized by their ionicity, which
ranges from O (fully covalent) to 1 (fully ionic). In order
to establish a relation to, e.g., the Philips ionicity parame-
ter, one possibility consists of transforming the wave
functions to a localized basis and to project out the bond-
ing and antibonding character.!! The electronic valence
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FIG. 6. Total energies (in Ry/atom) as a function of the re-
duced volume for hexagonal and cubic AIN. The dashed line is
the common tangent of the two curves and indicates the path of
the pressure-induced phase transition.

charge density in the [100] plane of cubic AIN is shown
in Fig. 5. It clearly illustrates the picture of ionic bond-
ing, i.e., an almost spherical charge distribution around
the anion. In both cases the N charge is more spread out,
while the Al charge is much more concentrated on the Al
sites. Due to the larger number of valence electrons orig-
inating from the N atoms, most contours are concentrat-
ed around the N sites. Figure 6 shows the total energies

TABLE II. Conduction-band energies (with respect to the top valence band at I') and their first- and

second-order pressure derivatives.

d’E

E (eV) 9E (meV/GPa) E (mev/GPa?)
dp dp
Wurtzite structure
r 3.09 36.3 —0.18
K 4.36 —6.4 0.18
L 4.59 8.2 0.072
M 4.93 7.7 0.11
A 5.57 35.7 —0.16
H 7.14 8.1 0.10
Rocksalt structure
X 4.04 35.0 —2.83
r 4.99 63.2 —0.60
L 5.52 24.9 —0.14
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of both hexagonal and cubic AIN as a function of the re-
duced volume. The slope of the dashed line is the pres-
sure at which the two phases coexist. For this pressure
we find 12.9 GPa. The experimental value is situated be-
tween 14.0 and 16.5 GPa (at about 1500°C).2 It must be
noted that the calculated transition pressure is very sensi-
tive to the difference in total energies of the two phases.
Therefore these energies should be calculated to the same
accuracy, which is hard to accomplish due to the
different number of integration points over the Brillouin
zone. The number of points is determined by the symme-
try of the zone. The structural phase transformation is
accompanied with a rather large volume contraction.
The calculated value of this contraction is 22.5% while
experimentally one found 20.6%.>

At the calculated lattice parameters, the band struc-
tures of both hexagonal and cubic AIN are evaluated.
Hexagonal AIN is a direct-gap semiconductor with a cal-
culated energy gap at the I' point of 3.09 eV. This is
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about 50% less than the measured value of 6.3 eV.!? This
large difference is to be expected and is characteristic for
LDA calculations. It can be remedied using a nonlocal
energy-dependent electron self-energy operator as shown
in Ref. 13. Nevertheless the LDA values of the pressure
derivatives turn out to be accurate.!* These are shown in
Table II together with the band gaps relative to the top of
the valence band at I'. To our knowledge no experimen-
tal values have been published. Cubic AIN turns out to
be a semiconductor with an indirect band gap (at the X
point) of 4.04 eV.
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