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Large-scale ab initio molecular dynamics method has been used to determine the threshold
displacement energies Ed along five specific directions and to determine the defect configurations
created during low energy events. The Ed shows a significant dependence on direction. The

minimum Ed is determined to be 39 eV along the �1̄010� direction for a gallium atom and 17.0 eV

along the �1̄010� direction for a nitrogen atom, which are in reasonable agreement with the
experimental measurements. The average Ed values determined are 73.2 and 32.4 eV for gallium
and nitrogen atoms, respectively. The N defects created at low energy events along different
crystallographic directions have a similar configuration �a N–N dumbbell configuration�, but various
configurations for Ga defects are formed in GaN. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3153277�

I. INTRODUCTION

In the last few years, GaN has attracted great interest due
to its technologically important applications in the fabrica-
tion of a range of electronic and photonic devices.1 In the
fabrication of GaN-based devices, ion implantation was
proved to be an important technique to introduce dopants in
selective areas and to control the dopant concentration over a
well-defined depth distribution; however, the successful ap-
plication of ion-implantation doping requires a fundamental
understanding of the production and annealing of irradiation
damage in GaN.2,3 A key physical parameter, relevant to de-
fect production under irradiation, is the threshold displace-
ment energy Ed, which is commonly defined as the minimum
kinetic energy transferred to an atom in the lattice from an
impinging particle necessary to permanently displace that
atom, or an atom of the same species, from its lattice site,
thus forming a stable defect. The threshold displacement en-
ergy Ed is useful for estimating damage production rates for
electrons, neutrons, and light ions, as well as for scaling fast
neutron and ion irradiations.4 It is also an important quantity
for enabling Monte Carlo simulations of displacement cas-
cades or for determining defect profiles from implantation
doping.5

A large number of experimental investigations have been
performed to characterize damage accumulation in GaN un-
der ion bombardment.2,3,6–21 Although several experimental
techniques are available to indirectly measure Ed, the nature
of the threshold event, which occurs in less than a picosec-
ond, can only be inferred from the resulting primary damage
state.4 Molecular dynamics �MD� simulations were proved to
be a valuable tool for understanding the atomic-level defect
production mechanisms on the picosecond time scale.22–25

MD determinations of threshold displacement energies based

on empirical potentials have been successfully carried out on
a number of materials such as SiC,26–31 diamond,32 MgO,33

zircon,34 TiAl,35 Ni3Al,36 and vanadium.37 However, empiri-
cal potentials usually give a poor description of the saddle
states that the lattice atom must overcome to reach an inter-
stitial state.5 For SiC, previous studies have shown that there
are significant discrepancies among the simulation results
due to variations in the potentials employed.26–31 In the case
of GaN, MD simulations with an analytical bond-order po-
tential have also been carried out by Nord et al.25,38 to deter-
mine Ed and study damage accumulation during ion beam
irradiation; however, both the minimum and average Ed val-
ues calculated for gallium are unexpectedly lower than those
for nitrogen in contrast to the experimental measurments.39

Recently, the values for Ed in SiC �Ref. 5� and Si �Ref. 40�
have been investigated by ab initio MD methods, which pro-
vide important insights into defect creation at low energies.
In the present study, large-scale ��400 atoms� ab initio MD
methods have been employed to determine Ed in GaN and
obtain the defect configurations created by the low energy
recoil events. The results are compared with the previous
classical MD simulations and the possible consequences on
defect evolution and accumulation in GaN are discussed.

II. COMPUTATIONAL APPROACH

All the calculations were performed using the computer
program SIESTA.41 To simulate threshold displacement events
and ion-solid interactions, the SIESTA code has been modified
to initiate a primary knock-on atom �PKA� at a given direc-
tion and kinetic energy, and a variable time step approach
has been adapted, which ranges from 0.001 to 1 fs. The
interaction between ions and electrons is described using
norm conserving Troullier–Martins42 pseudopotentials fac-
torized in the Kleinman–Bylander form.43 The reference
electronic configurations for the pseudopotentials are
4s24p14d0 for a Ga atom and 2s22p3 for a N atom. The
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pseudopotential core radii for Ga were 2.08, 2.3, and 3.3
bohr for the s, p, and d channels, respectively, and 1.37 bohr
for the N s and p channels.44 The lattice parameters a0 and c0

for the wurtzite �hexagonal� GaN were optimized to be 3.24
and 5.255 Å, respectively, which are in excellent agreement
with experimental measurements.45 The localized gradient
approximation functional proposed by Perdew and Zunger46

was used. The valence wave functions were expanded in a
basis set of localized atomic orbitals and single-� basis sets
were used. In this minimal basis set, only one single radial
function per angular momentum channel is used. For Ga at-
oms, the cutoff radii are 5.16 and 6.794 bohr for 4s and 4p
orbitals, respectively, and for N atom the 2s and 2p cutoff
radii are 3.593 and 4.175 bohr, respectively. A cutoff energy
of 90 Ry and �-point sampling in the Brillouin zone were
used in this work. To simulate a recoil event near the thresh-
old energy, the simulation supercell must be large enough to
contain the PKA and to prevent interactions between the
PKA and the thermostat during the simulation. All the simu-
lations were conducted with a 432 atom cell at constant par-
ticle number and volume with periodic boundary conditions
imposed along three directions. A variable time step scheme
was employed to avoid the instability of the simulations. The
crystal was first equilibrated for 1000 time steps ��1 ps� at
100 K. An atom �Ga or N� was selected as the PKA and it
was given a kinetic energy to initiate a recoil event. If no
stable Frenkel pair remained at the end of the recoil event,
the simulation was restarted at higher recoil energy with an
energy increment of 5 eV. Once a stable Frenkel pair was
formed, additional five runs were preformed to improve the
precision to 1 eV. In wurtzite GaN, the atom arrangements

along the �1̄21̄0�, �2̄110�, and �1̄1̄20� directions are equiva-
lent to each other. Hence, for each type of atom �Ga and N�,
only five main crystallographic directions ��1̄21̄0�, �101̄0�,
�1̄010�, �0001�, and �0001̄�� were investigated in the present
study �as shown in Fig. 1�.

III. RESULTS AND DISCUSSION

The threshold displacement energies along the main
crystallographic directions and resulting defect configura-
tions for both Ga and N atoms are summarized in Table I.
The corresponding defect configurations for N and Ga PKAs
are illustrated in Figs. 2 and 3, respectively. As shown in

Table I, the defects created by N PKAs along different crys-
tallographic directions show similar atomic arrangements;
however, the recoil events for Ga PKAs result in different
defect configurations. In most cases, the minimum Ed leads
to the formation of simple Frenkel defects, but some com-
plex defect configurations are observed, particularly for Ga
PKAs.

When a kinetic energy below Ed is transferred to a N

atom along the �1̄21̄0� direction, the PKA initially moves
from its equilibrium location along this direction but then
returns to its original position without creating defects. As
the kinetic energy is increased to 18.5 eV, the PKA initially

moves along the �1̄21̄0� direction to interact with one of its
first-neighbor Ga atoms; however, the strong repulsive inter-
action between the PKA and this Ga atom results in the PKA
trajectory shifting toward the nearest tetrahedral site while

continuing along the �1̄21̄0� direction. Finally, this N PKA
interacts with a third nearest-neighbor N atom to form a

tilted NN �1̄21̄0� dumbbell, as shown in Fig. 2�a�. Thus, in
this case, Ed is 18.5 eV, and the Frenkel pair separation dis-
tance dFP is 3.77 Å. Similar threshold event phenomena have
been observed for a C recoil along the �100� direction in

3C–SiC.5 For a N PKA along the �101̄0� direction, the
mechanism is relatively more complex, and kinetic energies
larger than 41.5 eV lead to the N atom overcoming an energy
barrier formed by a N and a Ga atom to directly interact with
a N atom. This process transfers substantial kinetic energy to
the N atom, such that the PKA replaces this N atom, as
shown in Fig. 2�b�, which continues moving along the same
direction and interacts with another N atom to form a tilted

NN�101̄0� dumbbell with a separation distance of 3.54 Å
from the vacancy formed at the original PKA site. For a N

PKA along the �1̄010� direction, the Ed determined is 17.0

eV, which is much smaller than that along the �101̄0� direc-
tion, but the mechanism is relatively simpler. Along the

FIG. 1. �Color online� Schematic illustration of the main crystallographic
directions in wurtzite GaN. Ga and N atoms are indicated.

TABLE I. The calculated threshold displacement energies and the associ-
ated created defect configurations. dFP: the Frenkel pair separation; VGa: a
Ga vacancy; VN: a N vacancy; NN: a nitrogen-nitrogen dumbbell; GaO: a Ga
octahedral interstitial; Gaint: Ga interstitial.

Direction
Ed

�eV� Defect type
dFP

�Å�

N�1̄21̄0� 18.5 VN+tilted NN�1̄21̄0� 3.77

N�101̄0� 41.5 VN+tilted NN�101̄0� 3.54

N�1̄010� 17.0 VN+tilted NN�1̄010� 3.76
N �0001� 78.0 VN+tilted NN�0001� 5.29

N�0001̄� 77.0 VN+tilted NN�0001̄� 7.06
N sublattice, weighted average: 32.4 eV

Ga�1̄21̄0� 73.0

VGa+VGa+GaO+tilted GaGa�1̄21̄0�+VN+tilted

NN�1̄21̄0� 3.67

Ga�101̄0� 87.0 VGa+GaO+VN+tilted NN�101̄0� 1.88

Ga�1̄010� 39.0 VGa+GaO 4.62
Ga �0001� 85.0 VGa+VGa+GaO+VN+VN+N–Ga–N cluster 3.36

Ga�0001̄� 83.0 VGa+Gaint+VN+tilted NN�0001̄� 5.86
Ga sublattice, weighted average: 73.2 eV

123527-2 Xiao et al. J. Appl. Phys. 105, 123527 �2009�
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�1̄010� direction, the N PKA moves at 3.76 Å to directly

interact with a N atom to form a tilted NN �1̄010� dumbbell,
as shown in Fig. 2�c�. In the case of a N PKA along the
�0001� direction, the Ed is determined to be 78.0 eV, which is
much higher than along the other three directions considered.

Along this direction, as shown in Fig. 2�d�, the N PKA col-
lides with a Ga atom, which receives sufficient energy to
move along the same direction and interact with a second N
atom. Due to the strong repulsive energy during this process,
both the Ga and second N atom reverse direction and move

FIG. 2. �Color online� Schematic views of the defect configuration for PKAs on N sublattice in each considered crystallographic direction. The atom types
are the same as those in Fig. 1. Black �red� spheres represent N and light gray �yellow� spheres represent N vacancies. The same types of arrows show the
position of the corresponding atoms before and after the threshold event.

FIG. 3. �Color online� Schematic views of the defect configuration for PKAs on Ga sublattice in each considered crystallographic direction. The atom types
are the same as those in Fig. 1. Black and dark gray �red and green� spheres represent N and Ga defects, respectively, and light gray �yellow� and jade-green
spheres represent N and Ga vacancies, respectively. The same types of arrows show the position of the corresponding atoms before and after the threshold
event.
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back along the �0001̄� direction. The Ga atom subsequently
returns to its original position without creating defects, and
the second N atom overcomes an energy barrier formed by
the Ga atom and its nearest-neighbor N atoms and occupies
the original position of the N PKA, with a N vacancy now
formed in the original site occupied by the second N atom.
At the same time, the original interaction between the N
PKA and the Ga atom causes the N PKA to move along the

�1̄010� direction and interact with a third N atom to produce
a tilted NN �0001� dumbbell. In the case of a N PKA along

the �0001̄� direction, it is interesting to find that the Ed is
nearly the same as that of the N PKA along the �0001� di-
rection. When a kinetic energy of 77.0 eV is given to a N

atom along the �0001̄� direction, the N PKA collides directly
with its nearest-neighbor Ga atom, which moves along the
same direction. The strong interaction between these two at-
oms changes the trajectory of the N PKA, which moves 7.06

Å away from its original position to form a tilted NN�0001̄�
dumbbell with a nitrogen atom, as shown in Fig. 2�e�. The
originally struck Ga atom returns to its original position. It is
observed that for all the N PKA recoils along the different
directions only nitrogen interstitials and vacancies are cre-
ated. This is consistent with our previous calculations47,48 of
defect properties in GaN, in which systematic investigations
have been performed using different methods and interaction
potentials, and the nitrogen defects are shown to be more
stable than the Ga defects under nitrogen-rich conditions. It
has been shown that the most stable interstitial for nitrogen
atoms forms a dumbbell configuration, and all other nitrogen
interstitials eventually convert into this configuration at high
temperatures.

Similar to the cases of the N recoils, a similar approach
has been employed for Ga recoils. For a Ga PKA along the

�1̄21̄0� direction, the mechanism is relatively more compli-
cated and the defect configurations are much different as

compared to the N�1̄21̄0� case. In this case, the Ga PKA
initially collides with its first-neighbor Ga atom along this
direction and occupies its site. The strong repulsive interac-
tion between the replaced Ga atom and its neighboring atoms
leads it to move toward its nearest octahedral site, where it
forms a stable octahedral interstitial that eventually interacts

with another Ga atom to form a tilted GaGa �1̄21̄0� dumb-
bell, as shown in Fig. 3�a�. In addition, the original Ga PKA
interacts strongly with a nearest-neighbor N atom, resulting
in the N atom moving along the original PKA direction and
replacing another N atom. The replaced N atom moves fur-
ther and interacts with another N atom resulting in the for-
mation of a tilted NN dumbbell, similar to the configuration

for the N�1̄21̄0� case. The corresponding Ed is 73.0 eV. For a

Ed of 87 eV along the �101̄0� direction, the Ga PKA collides
directly with its nearest-neighbor N atom and pushes the N
atom off its site, leading to a Ga and a N vacancy. The N
atom interacts with another nearby N atom, resulting in a

defect configuration consisting of a tilted NN �101̄0� dumb-
bell. The Ga PKA moves further along the same direction
and replaces a Ga atom, which forms a stable gallium inter-

stitial at an octahedral site �see Fig. 3�b��. For a Ga PKA

along the �1̄010� direction, the Ed is 39.0 eV. In this case, the
Ga PKA moves at 4.62 Å away from its original site along

the �1̄010� direction and forms a stable gallium interstitial at
an octahedral site, as shown in Fig. 3�c�. For a Ga PKA along
the �0001� direction, complex defect configurations are pro-
duced at the threshold displacement event, as shown in Fig.
3�d�, where the final defect configuration consists of two Ga
vacancies, an octahedral Ga interstitial, two N vacancies, and
a N–Ga–N cluster. It is noted that this event produces many
displacements on both the Ga and N sublattices at the peak
of displacement, much like a local cascade, which may ac-
count for the high Ed of 85.0 eV. For a Ga PKA recoil along

the �0001̄� direction, the threshold displacement energy of
83.0 eV is very similar to that of the Ga �0001� case. In the

Ga �0001̄� case, a displacement sequence along the �0001̄�
direction is observed, which results in a defect configuration
consisting of one Ga vacancy, one N vacancy, and a Ga

interstitial. One N atom is ejected along the �0001̄� direction

to form a tilted NN�0001̄� dumbbell �see Fig. 3�e��. The cur-
rent simulations have demonstrated that the threshold dis-
placement energies in GaN are anisotropic, which strongly
depend on the PKA directions.

Experimentally,49 gallium nitride light emitting diodes
were irradiated at room temperature with electrons in the
range between 300 and 1400 keV. While no threshold energy
for the nitrogen atom was observed due to the fact that the
nitrogen sublattice repairs itself through annealing, a mea-
sured value of 19�2 eV for the Ga atom is reported. By
analyzing the transport properties of electron-irradiated GaN
films, Look et al.39 reported Ed values of 20.5 and 10.8 eV
for Ga and N, respectively. Using MD methods, Nord et
al.25,38 also investigated the threshold displacement energy
for Ga and N recoils in wurtzite GaN with 1000 random
directions; they reported that the minimum Ed for gallium is
obtained toward the second nearest Ga neighbor on the nega-
tive side of the c axis, and the smallest value for the thresh-
old displacement energy for nitrogen is in a direction about
10° off the c axis. However, the calculated Ed value for Ga
atoms is lower than that for N atoms in contrast to the ex-
perimental measurements. The lowest values for the thresh-
old displacement energy were predicted to be 22�1 for Ga
and 25�1 eV for N, and the average values are consider-
ably high for N �109�2 eV�. In the present study, the aver-
age Ed value of 73.2 eV for gallium is considerably higher
than that of 32.4 eV for nitrogen. The large discrepancy be-
tween the average values obtained from our simulations and
those from classical MD simulations25,38 may be a result of
the fact that their simulations were performed in 1000 ran-
dom directions, and in our work only five main crystallo-
graphic directions were considered. Another reason may be
due to the different methods employed.

In conclusion, threshold displacement events along five
main crystallographic directions in gallium nitride have been
investigated using ab initio MD. Threshold displacement en-
ergies have been determined for single events and the asso-
ciated defect configuration has been identified. For the lim-

123527-4 Xiao et al. J. Appl. Phys. 105, 123527 �2009�
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ited directions considered, the minimum Ed for Ga is 39 eV

along the �101̄0� direction and the minimum Ed for N is 17.0

eV along the �1̄010� direction, which agree fairly well with
experimental measurements. Based on the calculations from
five main crystallographic directions considered, the average
Ed value for gallium and nitrogen atoms is estimated to be
73.2 and 32.4 eV, respectively. In general, the average
threshold displacement energy for Ga recoils is larger than
that for N recoils, in contrast to the previously classic MD
simulations with empirical potentials. All the N recoil events
generate a similar defect configuration, i.e., a N–N dumbbell,
whereas the Ga recoil events create a variety of different
defect configurations.
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