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Here we present a detailed study of mixed dislocations in GaN, in which the complexities of the atomic
arrangement in the cores have been imaged directly for the first time using an aberration corrected
scanning transmission electron microscope. In addition to being present as a full-core structure, the mixed
dislocation is observed to dissociate into partial dislocations separated by a stacking fault only a few unit
cells in length. The generation of this stacking fault appears to be impurity driven and its presence is
consistent with theoretical predictions for dislocation dissociation in materials with hexagonal crystal

symmetry.
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The wide band-gap semiconductor gallium nitride
(GaN) and its alloys have received tremendous attention
in recent years due to its applications in light emitting
diodes and laser diodes in the blue region of the spectrum
[1,2]. One major area of research involves understanding
the influence of the abundant dislocations present in the
active layer of devices on the efficiency of the optical re-
sponse and the long-term device reliability [3]. Of particu-
lar interest from both the technological and fundamental
scientific perspectives is that devices operate despite dis-
location densities far in excess of other optoelectronic ma-
terials [4]. However, while the devices do function, dis-
locations ultimately appear to control device performance
(overall efficiency, lifetime, etc.) and actually limit the
electron mobility in field-effect transistor and high electron
mobility transistor devices [5]. Therefore, they need to be
wholly understood for the benefits of efficient optical
devices based on GaN alloys to be fully realized [3].

To some extent, the limitation in the understanding of
dislocation mechanisms in GaN originates from the hex-
agonal nature of the wurtzite crystal structure. The vast
majority of our understanding of dislocations is based on
cubic materials. Our understanding of dislocation behavior
in hexagonal materials is substantially less complete,
although there have been numerous proposed models for
these systems [6—10]. This lack of a completely defined
picture for dislocations in hexagonal materials has in part
led to the great debate about the fundamental role of the
dislocations in GaN. For example, edge- and screw-type
dislocations have been studied to a great extent by many
research groups. In the [0001] orientation, the atomic
structure of the edge dislocation has been shown to have
a full, eight-atom core both experimentally [11] and theo-
retically [12]. Although this structure is calculated to have
the lowest energy for the edge dislocation, evidence exists
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for other structures such as the four-atom structure and
five- or seven-atom structure [13]. Additionally, several
different atomic core structures have been shown to exist
experimentally for the screw dislocation, namely, full core,
filled core, and open core [14,15], which have been con-
firmed theoretically [12,16]. In this case it is the open core
dislocation with diameter ~7.2 A that appears to have the
lowest energy structure.

The effect of these cores’ structures on the electronic
properties of the edge and screw dislocations is also under
some debate. Experimentally, there is atomic scale evi-
dence [11,14] that intrinsic dislocations are electrically
inactive, although lower spatial resolution studies indicate
some level of localized states [17]. Similarly, there is
theoretical evidence both that the intrinsic dislocations
are [18] and are not [12,19] electrically active. Electron
holography and scanning capacitance experiments [20,21]
show that edge dislocations are negatively charged, while
another holography experiment shows that all three types
of dislocations are negatively charged in n-type materials
[22]. Furthermore, a reverse-bias leakage study showed
that pure screw dislocations are far more detrimental than
edge or mixed dislocations and that this may be attributed
to their electrical activity [23].

These apparent discrepancies in the literature appear
mainly to arise from the difficulties in separating effects
due to intrinsic dislocations from those due to the interac-
tion of impurities and other defects with the dislocations
[14,24,25]. To fully understand the effect of dislocations
we therefore need to investigate the effects of the impuri-
ties on the dislocation core structures and the subsequent
electronic properties. One of the best ways to achieve this
is to investigate defect impurity interactions on the atomic
scale. In this Letter, we discuss results obtained from
mixed dislocations in GaN that shed new light on these
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defect interactions and also provide an experimental veri-
fication of proposed models of partial splitting of disloca-
tions in hexagonal materials. Experimentally, very little
work has been performed on mixed dislocations as the
lack of spatial resolution in standard electron microscopes,
small signal levels, and the local plane bending makes
them difficult to image. Computationally, the combination
of edge and screw Burgers vectors are very demanding on
computer time due to the large distortions in the core
structure, and many computational system sizes today still
cannot accommodate them.

The ability to now image mixed dislocation cores in
GaN has arisen through advances in aberration correction
of dedicated scanning transmission electron microscopes
(STEM) that have demonstrated spatial resolution of ~1 A
[26]. The microscopy in this Letter was performed at the
UK superSTEM laboratory on a VG HB501 dedicated
STEM fitted with a Nion second generation spherical
aberration corrector and a Gatan Enfina electron-energy
loss spectrometer. The convergence semiangle of the elec-
tron probe was 24 mrad for both imaging and spectroscopy.
The collection semiangle for the electron-energy-loss
spectroscopy (EELS) spectra was 15 mrad and for the
high angle annular dark field imaging was 70 to 200 mrad.

The samples analyzed in this study are metal-organic
chemical vapor deposition grown on sapphire substrates.
They are n-type doped materials, with an approximate Si-
dopant concentration of 5 X 10'7. From superSTEM im-
ages of ~50 mixed dislocations, the core structure of the
undissociated mixed dislocation was determined to be an
eight-atom ring core, just like the edge dislocation [11].
Figure 1(a) shows a raw Z-contrast image showing this
atomic structure. It should be noted that all images pre-
sented in this Letter are unprocessed images unless other-
wise stated. Because of the incoherent nature of Z-contrast
images [27], the atomic structure can be obtained directly
from this image without the necessity of image simula-
tions. It is possible to distinguish this dislocation from edge
dislocations due to the large amount of strain present from
its screw component. Figure 1(b) shows a ball and stick
model derived directly from Fig. 1(a), showing the atomic
structure more clearly. To some extent, this result was
anticipated because the mixed dislocation should be a
linear combination of the screw and edge components,
which means that the edge component should be an
eight-atom ring core, but it has not been verified experi-
mentally to be so until now.

The level of strain (and large Burgers vector) present at
mixed dislocations is generally not favorable in crystals,
and it might be expected that it would structurally reorder
to reduce its energy. Figure 2(a) shows a mixed dislocation
that has split into two partial dislocations with a stacking
fault structure in between. This stacking fault lies along the
[1100] direction and in the (1120) habit plane (i.e., the
a plane). This separation of dislocations into partials sepa-

FIG. 1 (color online). Z-contrast image of a full-core mixed
dislocation, with the core outlined in the box (a), and a ball and
stick model of the eight-atom ring atomic structure (b).

rated by a stacking fault is known to occur in many other
materials [9] but has never been observed on the atomic
scale in materials with hexagonal crystal symmetry, such
as GaN. As can be seen from the image, the large amount
of strain that made it difficult to image many of the cores of
the mixed dislocations is not present here. While there is
still strain observed, the ability to image individual atomic
columns strongly suggests that the dissociation of the
dislocation into partials has reduced the net strain energy
in the dissociated core structures. The structure of the core
appears to be a screw dislocation at the left end (which is
usually seen as a six-atom ring) and an edge dislocation at
the right end (which is usually an eight-atom ring) with a
stacking fault between the two [28]. The screw component
causes a distortion in the ¢ direction, which gradually
decreases as the stacking fault widens to accommodate
the strain of the edge component with the insertion of an
extra plane of atoms. It should be noted that there have
been other types of stacking faults observed in GaN to lie
on the a plane, namely, those with {R} = 5(101 1)and {R} =
%(2023) displacement vectors [29]. However, the geome-
tries of these stacking faults are different from the one we
present here, and the partial dislocations that terminate
these stacking faults have not been imaged to date.

The assignment of these features as edge, screw, and
stacking fault can be confirmed by EELS [27]. Figure 3
shows a series of spectra from various parts of the partial
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FIG. 2 (color online). Z-contrast image of a dissociated mixed
dislocation, showing a stacking fault in between the edge and
screw dislocation cores (a). The ball and stick model (b) clarifies
the atomic structure and shows how the stacking fault widens in
the plane of the image between the two dislocations to accom-
modate the strains associated with each dislocation. Other simi-
lar partial dislocations connected by stacking faults have been
observed with the lengths of the stacking faults extending over
~15-30 A in length.

dislocation compared to a bulk spectrum away from the
dislocation. The spectrum that was taken from the nine-
atom ring (on the right terminating side) shows a fine
structure that is very similar to that of the bulk, while the
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FIG. 3. Electron-energy loss spectra from the partial disloca-
tion, compared to bulk GaN. The fine structure of the N K-edge
confirms that one dislocation has a screw character while the
other has an edge character.

spectra from the 8-4 atom rings in the stacking fault and the
seven-atom ring (on the left terminating side) show a fine
structure that is dramatically different. Based on the pre-
vious results and analysis of the other two types of dis-
location cores [11,19], we can see that this change in fine
structure is related to the screw component of the mixed
dislocation. The similar fine structure to the bulk (in the
nine-atom ring) was observed in the edge dislocation
[11,19]. The 8-4 atom rings also contain distortions in
the ¢ direction and so exhibit a fine structure consistent
with the screw dislocation. This comparison suggests that
when the mixed dislocation dissociates, one side of the
partial maintains the perfect edge component of the mixed
dislocation, while the other side of the partial maintains the
perfect screw component of the mixed dislocation.

Because of the two-dimensional nature of the imaging, it
is possible to determine the Burgers vector of the partial
dislocations only in one direction, which is not sufficient to
fully characterize these dislocations as they also have
components in the ¢ direction (into the page). Further, as
we discussed earlier, because GaN is a hexagonal close-
packed structure, there are too many variables to be able to
determine the slip plane on which these stacking faults in
the partial dislocations form. To obtain the necessary in-
formation to be able to answer these questions, an experi-
ment was performed using conventional TEM weak beam
dark field imaging [30]. However, the results of this ex-
periment did not yield any distinction between normal
mixed dislocations and dissociated mixed dislocations be-
cause the resolution of the weak beam dark field technique
was not sufficient to be able to distinguish the small
separation of 15-30 A. The next step in the understanding
of the slip planes on which they form, their Burgers vector,
etc., must come from either density functional theory
calculations or an in situ straining experiment.

However, we can gain some understanding of the disso-
ciation mechanism from standard models for hexagonal
close-packed materials. The four different dissociation re-
actions that have been postulated for the hexagonal close-
packed structure [4,6,7,10] are summarized below:

Case A: 11231 — 4[1120] + [0001] + SF 1700y
Case B: 411231 — 2023] + J0223] + SF 1132
Case C: 11231 — 4[1010] + 30113] + SF 4001,
_ _ 1— _
Case D: 111123] — 5Y{1123] + T”[om]

+ SF(11§2)'

Of these four different dissociation pathways, the image
and spectra allow us to identify case A as being present in
the dissociation of the mixed dislocation in GaN. This is
the only mechanism consistent with the dissociation into a
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pure edge and pure screw. All other dissociations yield
stacking faults that lie on planes that do not match the
images. What is interesting is that there is no apparent
energy savings in the simple dissociation of (a + ¢) —
(a) + {c) + SF. In fact, to first order, the stacking fault
increases the total energy of the configuration. Therefore, a
possible cause for this split into partial dislocations may
arise from the segregation of point defects and impurities
to the dislocation. Point defect and impurity segregation
have been observed in other studies of dislocation cores in
GaN [14,15]. It is conceivable that point defects or impu-
rities could segregate preferentially to either the edge or
screw kink configurations along the mixed dislocation core
during crystal growth, making the separation of the total
mixed dislocation into two partials and a stacking fault an
energetically acceptable manner to locally relieve lattice
strain associated with this segregation.

In conclusion, we have observed the local atomic and
electronic structures of full-core and partial mixed dislo-
cations in GaN for the first time. The full-core mixed
dislocation has the same eight-atom core structure in the
[0001] orientation as that of the edge dislocation, and the
mixed partial dislocation dissociates into pure edge and
screw dislocations, separated by a narrow stacking fault, as
established through EELS analyses and proposed dissocia-
tion considerations. This dissociation is attributed to the
segregation of impurities and/or point defects to the dis-
location cores. In terms of optical properties, the formation
of the extended defect structure in the dissociated cores
may have a dramatic effect on the efficiency of the devices.
This combination of atomic resolution imaging and spec-
troscopy provides an excellent guide to future atomistic
studies of these same defects to elucidate the formation
mechanism and effect on electrical and mechanical
properties.
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