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Abstract

®
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In this study, core structure dependent dislocation dynamics of a-type edge dislocation in three
slip systems (basal, prismatic and pyramidal) of wurtzite GaN have been investigated using
classical molecular dynamics simulations. All potential a-type edge dislocation cores in the
shuffle and glide planes of the three slip systems have been identified, and the corresponding
dislocation dynamics were examined. Our calculations reveal that for all of the three slip
systems, all of the shuffle cores are planar glissile and mobile, while being non-planar sessile
and immobile for all of the glide cores. We further show that vacancy can be used to activate
the motion of glide cores via core transition from glide to shuffle, which is also valid for AIN
and InN. The critical shear stresses for the motion of glide cores are also determined at various
vacancy concentrations. Our study clarifies core structure dependent dislocation dynamics
characteristics and provides ways in tuning dislocation motions in wurtzite crystals.
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1. Introduction

The nucleation and propagation of high density of threading
dislocations are essential entities in the optoelectronic and
protective coating applications of gallium nitride (GaN) and
its compounds [1-14]. It is well known that the dislocations in
GaN can propagate along the epitaxial direction and annihi-
late in pairs and their density varies with increasing epitaxial
layer thickness [15—17]. They are regarded as critical factors
that degrade the lifetime and overall efficiency of GaN-based
light-emitting and high-power electronic devices, due to the
potential dislocation-related non-radioactive recombination
[18] and current leakage paths [19-22]. In addition, plastic

4 Author to whom any correspondence should be addressed.
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deformation in GaN in response to external stress mainly
occurs via dislocation motions [23], and their gliding and
climbing characteristics are closely related to the wear perfor-
mance of GaN-based coating layers [9, 24, 25]. Consequently,
in order to ensure reliable and enhanced material properties
and performance, there is critical need to control the nucle-
ation and propagation of dislocation in GaN, which in turn
necessitates detailed knowledge of the structures, characteris-
tics and dynamic behaviors of dislocations.

Numerous potential stable dislocation core structures in
wurtzite GaN, identified from experimentation [26-28] and/or
atomistic simulations [29-36], have been reported. In general,
they can be classified into three main groups: dislocations with
(1) a-type, (ii) (a+c)-type and (iii) c-type Burgers vectors. For
each group, the dislocation cores can be further categorized

© 2019 IOP Publishing Ltd  Printed in the UK
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into the glide and shuffle sets, which correspond to two par-
allel yet inequivalent families of slip planes, with the former
centered in-between narrowly spaced atomic layers, while
the latter centered in-between widely spaced atomic layers
[36, 37]. Yet in contrast to the great efforts in understanding
and characterizing the dislocation core structures in wurtzite
GaN, there has been very limited investigation of dislocation
dynamic behaviors, and their dependence on the core struc-
ture [23, 29, 38—41] For instance, even for the simplest case of
a-type edge dislocations, only the mobilities of shuffle cores
have been studied, but no analyses were conducted on the
glide cores [29, 42], not to mention other more complicated
dislocation cores.

The present study aims to contribute to addressing the
afore-mentioned knowledge deficit. Employing molecular
dynamics (MD) simulations, potential a-type edge disloca-
tion cores in the shuffle and glide sets of the three slip sys-
tems (basal, prismatic and pyramidal) of wurtzite GaN have
been constructed and systematically examined. Our results
reveal that in the three slip systems, the dislocation motions
are strongly core structure dependent, with the shuffle cores
being mobile, while the glide cores being largely immobile
due to their extended core structures. It was demonstrated
that motions of the immobile glide cores can be enabled via
a climb-glide process, which can be facilitated by a vacancy-
assisted core transition mechanism. The effect of vacancies on
glide cores was further analyzed by examining the threshold
stress required for inducing dislocation motions. We further
showed that such phenomena are also generally valid for other
wurtzite structures, i.e. AIN and InN. The present study pro-
vides valuable inputs for understanding and engineering of
dislocation behaviors in wurtzite structured materials.

2. Computational methodology

The simulations of dislocation core structures and dynamics
in GaN were performed in the framework of classical molec-
ular dynamics (MD) implemented in the LAMMPS package
[43]. The interatomic interactions are described employing
the Stillinger-Weber potential [43-48] for GaN [49]. This
interatomic potential been demonstrated to accurately pre-
dict a wide variety of physical properties of GaN, including
the crystal structure, lattice parameters, elastic constants, and
defect characteristics [50] under stoichiometric conditions,
and has been previously applied in mechanical assembly [6],
strain relaxation of misfit dislocations [6, 46], substitutional
diffusion [50] and heteroepitaxial growth [51].

Typical shuffle and glide cores of a-type edge dislocations
(of Burgers vector b; = 1/3[1120]) identified in the three slip
systems, basal ((0001)[1120)), prismatic ((1100)[1120)
and pyramidal ((110 1)[1 120)), of GaN, were considered. A
rectangular supercell containing an edge dislocation i is used
with 1ts three mutually perpendicular axes denoted as X b xz
and x3 respectively. The dislocation was generated at the
center of the supercell through displacing atoms in the super-
cell according to the elasticity theory [52, 53]. The supercell
has free boundary condition along ;3, while periodic along ?1

and ;2 (see figure 1), which coincide with the dislocation line
and Burgers vector directions, respectively. The supercells are
gfdimensions 15.7nm x 15.2nm X 5.1 nm along ?1, ;2 and
x 3 directions respectively for the basal and prismatic slip sys-
tems, but 15.7nm x 15.2nm x 7.1 nm for the pyramidal slip
system. The atomic configurations of core structures obtained
for a-type edge dislocations in the three slip systems are illus-
trated in figures 1(a)—(c). In the search of all possible dislo-
cation core structures, the core origin was initially placed at
different locations, and the dislocation core subsequently con-
structed was relaxed via energy minimization using the conju-
gate gradient (CG) algorithm5 [54], with the locations leading
to different core structures identified. As shown in figure 1,
four types of dislocation cores have been identified, labelled
by I, II, III and IV. Specifically, type I cores correspond to
dislocation cores located at shuffle planes while types II, III
and IV cores correspond to dislocation cores located at glide
planes. Thus hereafter we refer to type I cores as shuffle cores
while types II, IIT and IV cores as glide cores for simplicity.

Following the energy minimization, the system was
then further relaxed within the isothermal-isobaric (NPT)
ensemble to raise the temperature to 300K over duration of
2 ns. Then the system was maintained at 300K for 3 ns till
zero stress conditions were ensured along all periodic direc-
tions. Subsequently, the shear stress has been applied to the
top and bottom atom slabs, being the two outmost slabs of
thickness ~0.7nm along the non-periodic direction ;3, with
equal but opposite magnitudes to drive the dislocation to
move. The timestep of one femtosecond (fs) has been set for
all simulations.

3. Results and discussion

From the responses of different dislocation cores in the three
slip systems under the application of shear stress, we found
that the shuffle cores are plannar mobile glissile cores, and
would start to move once the applied stress is beyond the
critical stress, the values of which are 0.1 GPa, 0.1 GPa and
6 GPa for basal, prismatic and pyramidal slip systems respec-
tively. On the other hand, most glide cores are non-planar
immobile sessile cores regardless of the shear stress applied
(i.e. the glide core remains immobile even when the applied
stress goes beyond the failure stress). However, there exists
one exception in the glide set, i.e. the pyramidal type-IV core,
which can undergo transformation into a shuffle (pyramidal
I) core to become mobile upon the application of large shear
stress (>~6 GPa).

This drastic difference between these two core groups may
be attributed to the fact that all glide cores have an extended
core structure (see figure 1) that spans beyond the glide plane
into the neighboring plane(s). Consequently motions of a
glide core would require slip displacement for atoms in more
than one plane, rending it not possible (or difficult) to occur.

3 Note: the conjugate gradient algorithm was complemented by other
minimization algorithms/convergence criteria to ensure the elimination of
artificial core structures.
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Figure 1. 3D schematic illustrations of the three slip systems, (a) prismatic, (b) basal and (c) pyramidal, where the shaded plane indicated
the slip plane. The Ga and N atoms are indicated by blue and golden spheres respectively. The shuffle (indicated by the red solid line of
label I) and glide slips (indicated by black dashed, short dash and dash-dot lines of labels II, III, and IV respectively), and the corresponding
projection views of dislocation cores structures are also illustrated, with core atoms colored red. The curved red dash arrows in (c) show the
different distances the three types of glide cores need to climb up or down to the neighboring shuffle planes.

Such core-dependent dislocation dynamics behaviors are well
illustrated in figure 2 showing the response of a representative
edge dislocation (in the prismatic slip system) consisting of
mixed glide and shuffle line segments. As seen from figure 2,
upon the application of shear stress, the shuffle segment moves
while the glide segment stays immobile to pin the dislocation.
Consequently, this results in dislocation bow-out and eventu-
ally dislocation loop formation upon further stress application.
Similar behaviors can also be observed for edge dislocations
with mixed core structures in other basal and pyramidal slip
systems. The dislocation pining/bowing-out picture shown
in figure 2(a) also suggests that a-type edge dislocations of
mixed shuffle/glide components can serve as sources for con-
tinuous dislocation loop generation, thus contributing to the
existence and propagation of high-density dislocation loops in
growing GaN crystal [26-28, 55].

The above results indicate an interesting possibility of mod-
ulating dislocation activities by controlling the core structure.
Examining the shuffle and glide cores, we can easily see that
they may undergo transformation into each other via the dislo-
cation climbing process, which is a non-conservative process

that may be assisted by vacancies or equivalently self-intersti-
tials [52]. As illustrated in the example case in figure 2, despite
direct slip motions not accessible for glide cores, they may
undergo a climbing process to transform into mobile shuffle
cores, which would subsequently enable dislocation motions.
In this regard, we further investigated the core transformation
and its effects on dislocation motions. Given the equivalency
of the roles of vacancies and self-interstitials in dislocation
climbing, here we focus on vacancies for simplicity.

We consider glide cores where the core atoms, located
in the region that is expected to be affected by the climbing
process, were randomly replaced by vacancies, and examine
their responses under shear stress. We found that, with the
introduction of vacancies to the glide core, the shear stress
indeed can drive a glide-to-shuffle core transition, subse-
quently allowing the whole dislocation line to move, as illus-
trated in figure 3. It is also worth noting in figure 3 that the
dislocation motion after the core transition leaves behind
some defects. These defects can be dislocation segments,
small dislocation loops, individual or clusters of self-inter-
stitials. The formation of those defects is well expected given
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Figure 2. (a) 3D illustration of the simulation supercell containing an edge dislocation in the prismatic slip system which comprises of both
glide (blue) and shuffle (red) line segments. Note that lattice atoms other than those in the dislocation core or fixed slabs are not shown for
clarity. (b) A close-up projection view of the dislocation line in the initial straight, stress-free state (bottom) and curved state (top) upon the
application of a shear stress. (c), (d) An example glide-to-shuffle core transformation, realized via dislocation climbing with the assistance
of vacancies. (c), (¢) The glide and resultant shuffle cores, while the arrow in (d) indicate the key atom displacement in the core during

the transformation. In this example, vacancies were introduced to substitute the atomic sites colored green in (c). An atomistic animation
showing the whole transformation process can be found in the online supplementary materials (stacks.iop.org/JPhysD/52/495301/mmedia).

that the vacancies introduced alone are not sufficient (in the
sense of mass conservation) for a complete glide-to-shuffle
transition throughout the whole dislocation line. Figure 4
shows the threshold stress oy, required to completely move
an edge dislocation initially of a glide core, as a function of
the vacancy centration c,, defined as the percentage of core
atoms substituted by vacancies. For glide cores in the basal
and prismatic slip systems, we see the threshold stress exhibit
a monotonic trend as the vacancy concentration increases,
decreasing from oy, > 8 GPa (for ¢, < 5%) to oy, < 400 MPa
(for ¢, > 95%)). Meanwhile, for the pyramidal slip system
where three different glide cores exist, we see that for glide
cores of type II and III, the threshold stress also decreases as
the vacancy concentration increases, like seen for the basal
and prismatic slip systems, yet with the reduction to a much
less degree and the threshold stress plateauing at 6 GPa for
vacancy concentration beyond 50%. It is worth noting that
this plateau stress of 6 GPa is precisely the stress required to

drive a pyramidal shuffle core to move. On the other hand,
for the pyramidal glide core type IV, we see that the threshold
stresses show a non-monotonic dependence on the vacancy
concentration, being ~6GPa for low (i.e. ¢, < 20%) and
large (¢, > 70%) vacancy concentrations, while fluctuating
between 6 and 8 GPa for intermediate vacancy concentra-
tions. Particularly intriguing is that the threshold stress peaks
at vacancy concentration of ~50%.

The contrast in the dependence of oy, on c, for different
slip systems, as observed in figure 4, indicates different degree
of difficulty in realizing the glide-to-shuffle core transition,
and different structural evolution along the dislocation line
direction, as will be elaborated in the following. For the basal
and prismatic slip systems, the dislocation core possesses
relatively simple structure and requires less degree of recon-
struction during the glide-to-shuffle transition. Consequently
the influence from the presence of vacancies is more straight-
forward and profound, as seen in figure 4. For the pyramidal
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Figure 3. The representative vacancy-assisted glide-to-shuffle core transition, along with the subsequent dislocation motion for (a) basal,

(b) prismatic and (c) pyramidal type III glide cores. With the vacancy ¢

oncentration being 50%, the dislocation cores structures of initial

state and after transition are colored in red while the other lattice Ga and N atoms are not shown for clarity. The top view in the rightmost

parts show the left lattice defects after the dislocation slip with Ga and

slip system, the dislocation core is more spread-out, span-
ning across more atoms planes compared to the ones in basal
and prismatic systems. Moreover, as illustrated in figure 1,
the introduction of vacancies would promote the glide core
to climb upwards (along ;3) to transform into a shuffle core.
For pyramidal type II and type III glide cores, our simulations
revealed that the core did exhibit an upward motion during the
glide-to-shuffle transition, coinciding with what is expected
from the vacancies assisted dislocation climb. In accordance,
the threshold stress decreases as the vacancy concentration
increases. However, as seen from figure 1(c), the pyramidal
type III glide core would require a larger up-climb distance

N atoms colored in yellow and blue spheres, respectively.

than the type II core, which consequently renders the core
transition more difficult and requiring more vacancy pres-
ence in order to achieve the same degree of reduction in the
threshold stress in comparison to the type II core, as shown in
figure 4. On the other hand, unlike the type II and III cores, we
found that the pyramidal type IV glide core may either climb
upwards and downwards (along ;3) to transform into a shuffle
core. As previously mentioned (and illustrated in figure 1(c)),
the type IV glide core can climb downwards to transform
into a shuffle core even in absence of vacancies. Given that
vacancies promote upward dislocation climb, the introduction
of vacancies into the pyramidal IV glide core would actually
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Figure 4. The threshold stress required to initiate dislocation
motions of glide cores as a function of vacancy concentrations
along the dislocation line obtained from MD simulations.

induce ‘frustration’ in direction of dislocation climb, ren-
dering dislocation segments at different shuffle planes after
the glide-to-shuffle core transition (see the supplementary
materials for details) and resulting in extra impedance for
dislocation motions. At low and high vacancy concentrations,
the downwards and upwards dislocation climb motions domi-
nate respectively, while both occur at intermediate vacancy
concentrations (see the supplementary materials for details).
Consequently for the pyramidal type IV glide core, we see the
threshold stress is higher for the intermediate vacancy concen-
tration range.

Further to the GaN system, additional sets of MD simu-
lations have been performed to examine motions of a-type
edge dislocations in other wurtzite systems. Our preliminary
results (for the representative AIN and InN systems, see the
supplementary materials for details) indicate the core struc-
ture dependent dislocation mobility and vacancy-assisted
core transformation are rather general for wurtzite structured
materials.

4. Conclusion

In summary, the present study investigated the core structure
dependent dislocation dynamic behaviors of the a-type edge
dislocations in wurtzite GaN, employing comprehensive MD
simulations. The possible core structures in the three slip sys-
tems, i.e. basal, prismatic and pyramidal, have been identified.
For dislocations in each slip system, they can be classified
into the shuffle and glide sets, corresponding to cores located
at two parallel yet inequivalent families of slip planes. It has
been found that the dislocation motion is strongly core struc-
ture dependent, with the shuffle cores being mobile, while
the glide cores being largely immobile due to their extended
core structures. Nonetheless, motions of the immobile glide
cores can be enabled via a climb-glide process, which can be
facilitated by a vacancy-assisted core transition mechanism.
The above phenomena were further confirmed to be gener-
ally valid for other wurtzite materials, e.g. AIN and InN. Our

findings offer valuable insights for understanding and poten-
tial engineering of dislocation behaviors in wurtzite structured
materials.
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