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Abstract. Basal plane stacking fault energies for GaN, AlN, InN and BeO are calculated using
density functional theory. A relation which links the stacking fault energy to a parameter of the
material is sought in order to explain the different stacking fault concentrations observed in each
material. An investigation into fully relaxed structures shows that the formation energy is lower
in materials with higherc/a ratios. A Mulliken population analysis shows that for the case of
the group-III nitrides the stacking fault energy increases monotonically with increasing Mulliken
charge.

1. Introduction

GaN, AlN, InN and their related alloys are important materials for the fabrication of electronic
devices, such as blue light emitting diodes, laser diodes and high temperature, high pressure
transistors [1]. Of particular value is the ability to tailor the band gap from 1.9 eV (InN) to
6.2 eV (AlN) by changing the alloy composition. BeO is an insulating ceramic which, due to
its high dielectric strength, can be used in high frequency circuits. The importance of defects
is well recognized and much work has been carried out, especially in GaN, to determine what
effect defects, such as inversion domain boundaries, dislocations and stacking faults, have on
the electrical and optical properties of the material. Recently the energetics and electronic
structure of stacking faults in AlN, GaN and InN were investigated by Stampfl and Van de
Walle [2]. Their findings show that the formation energies increased in the order GaN, InN
and AlN for three types of stacking fault and that no electronic levels are introduced into the
band gap. These fault energies agree with measurements by Suzukiet al [3] on the width
of 60◦ dislocations using high resolution transmission electron microscopy (HRTEM). In this
investigation a good correlation was found between the reduced stacking fault energy (SFE) of
‘type two’ stacking faults in ZnO, BeO, AlN, GaN and InN and thec/aratio for the unit cell, in
which the SFE reduced almost exponentially with increasingc/a. Previous investigations have
found correlations between the SFE and Phillip’s ionicityfi [4] and the charge redistribution
indexs [5], both of which are physical parameters indicating the nature of the bonds. As yet
such relations have not been investigated from a purely theoretical approach. The aim of this
investigation is to calculate stacking fault energies and bonding characteristics in AlN, InN,
GaN and BeO from first principles and so to explore the reasons for the range in stacking fault
energies in these materials.
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2. Computational method

Calculations are based on density functional theory (DFT) in the local density approximation
(LDA) and employ Kerker norm conserving non-local pseudopotentials. Electron
wavefunctions are expanded in terms of a plane wave basis set and the electronic ground
state is reached using a conjugate gradients minimization scheme, as implemented by the
computer code CETEP. The methodology employed by this code is described in a review by
Payneet al [6] and is considered the most appropriate for the present application, because
of its ability to determine defect energies and lattice parameters to high accuracy. In order
to investigate bonding characteristics, a Mulliken population analysis is carried out on the
self-consistent eigenstates. This analysis gives two quantities which give an insight into the
strength of bonding and the gross charges on atoms: the overlap population and the Mulliken
charge.

In order to relate to experimental values, calculations are carried out on ‘type two’
stacking faults in which the stacking sequence of the perfect cell in the [0001] direction,
aαbβaαbβaαbβ, is changed toaαbβcγ bβcγ bβ. This fault is illustrated in figure 1 which
shows a region of sphalerite extending for eight (0001) layers. Stacking fault energies can
thus be expected to mirror wurtzite–sphalerite energy differences. To compute the stacking
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Figure 1. The [0001] stacking sequence in the perfect wurtzite structure is compared to the stacking
sequence of a type 2 stacking fault. The fault introduces a region of sphalerite which results in an
increase in the third nearest neighbour distance0.



Stacking faults in wurtzite materials 5059

fault energies, the ground state energy of a 20 atom unfaulted cell is compared to that of a 20
atom cell containing two evenly spaced ‘type two’ stacking faults. Atomic coordinates and cell
dimensions are allowed to relax fully in all cases according to the Brodgen–Fletcher–Goldfarb–
Shanno Hessian update scheme. The energy differences are small, being of the order of tens
of meV, and therefore accurate calculations are required. The cutoff energy for the plane wave
basis set is chosen to be 780 eV for AlN, 800 eV for InN, 800 eV for GaN and 900 eV for
BeO. Tests show that these values ensure energy differences between faulted and unfaulted
cells are converged to meV accuracy. The different values reflect the relative hardnesses of
the pseudopotentials. Eightk-points are employed for each cell in the investigation and are
chosen according to the commonly used Monkhorst–Pack scheme [7]. This corresponds to
a k-point spacing of 0.10 Å−1 and again ensures meV accuracy in the faulted–unfaulted cell
energy differences. The d electrons are included as valence electrons for InN and GaN in order
to reproduce the correct lattice parameters and accuratec/a ratios.

3. Results and discussion

The results of this investigation are plotted in figure 2(a) which shows the variation of fault
energy with the fully relaxedc/a ratio. There is a good correlation with SFE which is found to
be lower in those wurtzite materials with higherc/a ratios. It can also be seen from this figure
that the SFE is extremely sensitive to this ratio. The trend is similar to that found by Suzukiet al
[3] except that the actual magnitudes do vary. For example, stacking fault energies are lower
by 30% for the case of AlN and higher by 50% for the case of InN. On the other hand, allc/a
ratios are within 0.6% of experimental values. These values are shown in table 1, which also
shows reasonable agreement with Stampfl and Van de Walle’s calculations [2] on ‘type two’
faults and Wright’s determination of fault energies using the Ising model [8]. Two points of
interest, however, are the lower value for AlN and the slightly higher value for InN. Table 1 also
shows the wurtzite–sphalerite structural energy differences for each material. These energies
are higher than the SFE, as expected, and the trend with thec/a ratio is repeated.

Table 1. Calculated stacking fault energies andc/a ratios. Values are compared to experimental
measurements and other DFT calculations:a this paper;b [3]; c [8]; d [2].

Material AlN InN GaN BeO

Stacking fault energya (meV) 77 58 20 25
c/a ratio of relaxed cella 1.609 1.613 1.630 1.625

HRTEM measurementsb (meV) 115± 36 27± 6 16± 3
Experimentalc/a ratio b 1.600 1.611 1.623

Other DFT calculationsc (meV) 103 44 24

Other DFT calculationsd (meV) 109 52 22

wz–sp energy differencea (meV) 104 72 25 27

The question remains as to why there should be a relationship between the stacking fault
energy and thec/a ratio. The difference between the faulted and unfaulted structures is quite
subtle. One way in which this can be viewed is by considering the distance between third nearest
neighbour atoms,0, as shown in figure 1. This distance increases in transforming from the
wurtzite to the sphalerite phase which, for the case of wurtzite materials, is accompanied by an
increase in the total energy. It may therefore be expected that the SFE should be dependent on
the increase in0. In order to investigate this, the change in0 is obtained from measurements
on the relaxed faulted and unfaulted cells.



5060 J A Chisholm and P D Bristowe

1.605 1.615 1.625 1.635
c/a ratio of relaxed cell

0.0

20.0

40.0

60.0

80.0

S
ta

ck
in

g 
fa

ul
t e

ne
rg

y 
(m

eV
)

(a)

AlN

InN

BeO
GaN

15.0 15.5 16.0 16.5
% change in gamma

0.0

20.0

40.0

60.0

80.0

S
ta

ck
in

g 
fa

ul
t e

ne
rg

y 
(m

eV
)

(b)

GaN

BeO

InN

AlN

Figure 2. (a) The computed SFE as a function ofc/a ratio. The monotonic trend is similar to
experimental results [3]. (b) The computed SFE as a function of percentage change in0, the
third nearest neighbour distance. The figure demonstrates that the SFE depends on changes in
interatomic distances in transforming from the unfaulted to the faulted structure.

The results are plotted in figure 2(b), which shows that the SFE increases monotonically
with increasing percentage change in0. This demonstrates that the SFE depends on changes
in interatomic distances in transforming from the unfaulted to the faulted structure. This
percentage change in0 is determined solely by thec/a ratio with smallerc/a ratios leading
to higher percentage changes in0 and vice versa. Hence stacking fault energies are lower in
materials with higherc/a ratios.

The DFT calculations contain accurate information on the distribution of charge in the
supercells and it is of interest to use this information to find the relative Mulliken charges
and bond strengths of the four materials and to investigate any relation with stacking fault
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energy. In order to investigate bonding characteristics a population analysis is carried out on
the electronic wavefunctions. This analysis follows that of Mulliken [9] in which the electron
population is divided up into overlap and ‘atomic’ regions to give two quantities: the Mulliken
charge on an atom A and the overlap population between two atoms A and B. The Mulliken
charge is defined as

QM(A) =
∑
k

wk

onA∑
µ

∑
ν

Pµν(k)Sµν(k) (1)

and the overlap population as

nM(AB) =
∑
k

wk

onA∑
µ

onB∑
ν

2Pµν(k)Sνµ(k) (2)

wherewk are the weights of thek-points in the original total energy calculation,Pµν(k) is the
density matrix containing information on the distribution of charge andSµν(k) is the overlap
matrix which measures the degree of overlap of the basis set. The concepts of ‘atomic’ and
overlap populations were developed in terms of a linear combination of atomic orbitals (LCAO)
basis set. Therefore, to carry out the analysis, the electron wavefunctions were projected from
a plane wave to an atomic orbital basis set according to the projection scheme of Sanchez-
Portalet al [10]. The atomic orbitals used were the pseudoatomic orbitals employed in the
construction of the relevant pseudopotential. Both the projection scheme and the population
analysis are implemented by the overlap code of Segallet al [11] which has been shown to
give useful information on the nature of bonds in bulk materials.

The results of the analysis are presented in table 2 which shows overlap populations for
nearest neighbours in both the wurtzite and the sphalerite phase. The overlap population
can be positive, indicating a bonding state, or negative, indicating an anti-bonding state, with
increasing overlap populations representing increasing strengths of covalent bonding.

Table 2. Overlap populations for nearest neighbours and Mulliken charges on the cation of the
species in the wurtzite and sphalerite phases. It is noted that the wurtzite phase has two bond
lengths and therefore two values for the overlap population.K is the experimental bulk modulus.
Also shown is the change in Coulomb energy1EC between third nearest neighbours as calculated
from the expression for electrostatic potential energy. References:a [12]; b [13]; c [14]; d [15].

Material OverlapnM (wz) nM (sp) K (GPa) QM (|e|) (wz) QM (|e|) (sp) 1EC (meV)

AlN 0.514, 0.543 0.545 210a 1.327 1.300 123
InN 0.440, 0.462 0.466 139b 1.215 1.201 94
GaN 0.549, 0.589 0.589 245c 0.987 0.969 76
BeO 0.458, 0.510 0.511 211d 0.768 0.754 78

It can be seen that GaN has the strongest bonding and that InN is predicted to have
the weakest. This result is found to be in good agreement with experimental values of bulk
modulus [12–15]. There is no obvious correlation between the overlap population and the
SFE which indicates that the SFE depends little on strength of bond. It is interesting to note
that the overlap population for nearest neighbours are higher in the sphalerite phase, indicating
relatively higher bond strengths for sphalerite. However, there is no obvious relation between
the SFE and the change in overlap population which indicates that any change in bond energy
contributes little to the stacking fault energy.

Table 2 also shows the Mulliken charge (QM ) for all materials in both the wurtzite and the
sphalerite phase. This quantity gives a measure of the amount of charge transferred between
anions and cations. Thus, for example, a Mulliken charge of 0.987 on a Ga ion means that
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Figure 3. The computed SFE as a function of Mulliken charge. For the case of the group-III
nitrides the SFE increases monotonically with increasing Mulliken charge.

0.987 electrons have transferred to the N anion. These charges are sensitive to the atomic basis
set and therefore, in general, absolute values ofQM should be handled with care. However,
tests show that the relative order of the Mulliken charges, i.e., BeO having the lowest and AlN
having the highest value, is unaffected by the use of alternative basis sets.

For the group-III nitrides the SFE increases monotonically with increasing Mulliken charge
as shown in figure 3. This can be readily understood by considering the increases in Coulomb
energy as third nearest neighbour anions and cations are moved further apart in transforming
from the unfaulted to the faulted structure. This increase in Coulomb energy is naturally greater
for larger Mulliken charges. However, the trend does not obviously apply to BeO and it is
clear that the SFE is not determined byQM alone. The Mulliken charges together with the
fully relaxed structures allows the relative changes in Coulomb energy between the unfaulted
and faulted structures to be calculated using a simple expression for the electrostatic potential
energy. Values for the change in Coulomb energy obtained by such a simplistic calculation are
shown in table 2. The change in Coulomb energy between the faulted and unfaulted structures
follows the trend for the stacking fault energies which suggests that the two are directly related.
BeO does not follow the trend of SFE versus Mulliken charge because changes in interatomic
distances are more pronounced and the dielectric constant is significantly lower in BeO than
in the group-III nitrides.

4. Conclusions

In summary, we have calculated the stacking fault energies, overlap populations and Mulliken
charges for AlN, InN, GaN and BeO using density functional theory. A clear relation was found
between the SFE and thec/a ratio of the unit cell in which the SFE decreased monotonically
with increasingc/a in agreement with experimental observations [3]. This was explained
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by showing how the change in third nearest neighbour distance0, and hence the change in
Coulomb energy, is more pronounced in those materials with higherc/a ratios. A Mulliken
population analysis has shown that the bonds are weaker and the Mulliken charges greater
in the wurtzite phase for all materials. We conclude that both the strength of covalent bond
and the change in bond energy contribute little to the stacking fault energy and that, for the
group-III nitrides, the SFE is determined by the Mulliken charge.
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