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ABSTRACT: We conducted a comprehensive investigation of
dislocations in Al0.46Ga0.54N. Using aberration-corrected
scanning transmission electron microscopy and energy
dispersive X-ray spectroscopy, the atomic structure and atom
distribution at the dislocation core have been examined. We
report that the core conﬁguration of dislocations in AlGaN is
consistent with that of other materials in the III-Nitride
system. However, we observed that the dissociation of mixedtype dislocations is impeded by alloying GaN with AlN, which
is conﬁrmed by our experimental observation of Ga and Al
atom segregation in the tensile and compressive parts of the
dislocations, respectively. Investigation of the optical properties of the dislocations shows that the atom segregation at dislocations has no signiﬁcant eﬀect on the intensity recorded by
cathodoluminescence in the vicinity of the dislocations. These results are in contrast with the case of dislocations in In0.09Ga0.91N
where segregation of In and Ga atoms also occurs but results in carrier localization limiting non-radiative recombination at the
dislocation. This study therefore sheds light on why InGaN-based devices are generally more resilient to dislocations than their
AlGaN-based counterparts.
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T

atomic structure of the dislocation core in GaN and InGaN has
been the subject of numerous experimental9−14 and theoretical15−21 investigations because of its potential inﬂuence on the
formation of mid-gap states, which can act as non-radiative
recombination centers. In comparison, very little is known
about dislocations in AlGaN, and their atomic structure has not
been yet reported. The present work aims to conduct a
comprehensive study of dislocations in AlGaN. We thus
conducted a statistically meaningful observation of the core
structure, of compositional variations, and of the optical
behavior of dislocations in AlGaN. To fully grasp the diﬀerent
impact dislocations may have in AlGaN and InGaN alloys, the
same analysis was conducted on dislocations in InGaN.
AlGaN and InGaN epilayers were grown by metal−organic
vapor phase epitaxy (MOVPE) in a Thomas Swan 6 × 2 in.
close-coupled showerhead reactor. Trimethylgallium (TMG),

he III-Nitride system is a very important family of
semiconducting materials for light-emitting diode (LED)
technology. The development of GaN opened the path for
eﬃcient LEDs.1 While alloying GaN with InN addresses the
question of light emission in the visible spectrum,2 alloying with
AlN paves the way for applications enabled by ultraviolet (UV)
light such as water disinfection, skin condition phototherapy,
and forensic identiﬁcation among others.3 However, the
performance of III-Nitride LEDs varies substantially with the
emission wavelength. While external quantum eﬃciencies of
84% and 44% can be achieved for blue4 and green5 LEDs,
respectively, that of UV LEDs still remains under 10%.3 While
InGaN-based devices exhibit a remarkable resilience to high
densities of dislocations,6 dislocations are thought to be a
signiﬁcant factor limiting the eﬃciency of AlGaN-based LEDs.7
It is therefore important to understand the properties of
dislocations in AlGaN and how these may diﬀer from InGaN.
Dislocations in III-Nitrides fall into three categories depending on their Burgers vector b, that is, edge-type (b = a), mixedtype (b = a + c) and screw-type (b = c) dislocations.8 The
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Figure 1. Plan-view aberration-corrected HAADF-STEM image of the AlGaN sample, showing the core structure of an edge-type dislocation (5/7atom ring) (a,d,g), an undissociated mixed-type dislocation (double 5/6-atom ring) (b,e,h), and a dissociated mixed-type dislocation (7/4/8/4/9atom ring) (c,f,i). Raw unﬁltered images (a−c), and ABSF-ﬁltered (average background subtraction ﬁlter) (d−f) with atomic columns identiﬁed to
guide the eye (g−i).

μm AlxGa1−xN epilayer with an Al content of x ∼ 46% was
deposited at 1090 °C. X-ray diﬀraction on a Philips X’Pert
MRD diﬀractometer was used to determine the composition
and strain state of the layer. From reciprocal space maps taken
on the 004 and 105 reﬂections, the AlGaN layer was found to
be 89% relaxed with regard to the strain-free AlN layer. Further
details about the growth of the sample can be found in ref 22.
For the InGaN epilayer, a c-plane sapphire substrate was
employed. A 5 μm GaN buﬀer layer (of which 2 μm undoped
and 3 μm Si-doped to 5 × 1018 cm−3) was then deposited.
Following the growth of an additional 500 nm of GaN, a 135

trimethylaluminum (TMA), trimethylindium (TMI), diluted
silane in hydrogen (SiH4), and ammonia (NH3) were used as
precursors for the Ga, Al, In, Si, and N elements, respectively.
Hydrogen (H2) was used as carrier gas for the growth of GaN,
AlN, and AlGaN, while a mixture of hydrogen and nitrogen
(N2) was employed for the growth of InGaN.
For the AlGaN epilayer, a c-plane sapphire substrate was
employed. Following the growth of a 30 nm AlN buﬀer layer at
1050 °C, a 2 μm AlN layer was grown at 1130 °C. A SiNx
interlayer was then deposited to allow for the subsequent
growth of faceted GaN islands at 980 °C for 120 s. Finally the 3
4847

DOI: 10.1021/acs.nanolett.7b01697
Nano Lett. 2017, 17, 4846−4852

Letter

Nano Letters
Table 1. Summary of the Proportion of Dislocation Core Conﬁgurations for a Variety of III-Nitride Alloysa

a

alloy

doping

TD density

edge 5/7 atom ring

GaN
GaN
GaN
GaN
GaN
In0.06Ga0.94N
In0.20Ga0.80N
Al0.46Ga0.54N

undoped
undoped
Mg
Si
Si
Si
Si
undoped

LDD
HDD
HDD
LDD
HDD
LDD
LDD

100%
100%
100%
100%
100%
100%
100%
100%

mixed undissociated
50
50
85
48
57
46
43
68

±
±
±
±
±
±
±
±

5%
5%
3%
9%
3%
5%
6%
9%

mixed dissociated

ref

±
±
±
±
±
±
±
±

9
9
9
10
10
11
11
this work

50
50
15
54
43
54
57
32

5%
5%
3%
9%
3%
5%
6%
9%

LDD stands for low dislocation density (i.e., ∼3 × 108 cm−2) and HDD stands for high dislocation density (i.e., ∼6 × 109 cm−2).

nm InxGa1−xN epilayer with an In content of x ∼ 9% was
deposited at 749 °C. (This particular composition of InGaN
was chosen because it has been thoroughly studied
previously.23) From reciprocal space maps taken on the 006
and 204 reﬂections, the InGaN layer was found to be fully
strained to the GaN pseudosubstrate. Further details about the
growth of the sample can be found in ref 23.
Dislocations in the AlGaN epilayer were observed by
aberration-corrected high-angle annular dark ﬁeld scanning
transmission electron microscopy (HAADF-STEM) using an
FEI Titan G2 80−200 ChemiSTEM24 and FEI Titan G3 50−
300 PICO25 microscopes operating at 300 kV with a detector
collection semi-angle of 69 mrad. The sample was prepared for
plan-view TEM imaging using standard mechanical polishing
method followed by Ar+ ion milling at 5 kV and cleaning from 1
kV down to 0.1 kV. The dislocations were viewed end-on, that
is, along the [0001] zone-axis, therefore allowing for the
identiﬁcation of the core structure.9−12 Eshelby twist, which is
an apparent rotation of the lattice caused by the relaxation of
stresses at the free surface caused by the screw component of a
dislocation,26 was observed for all mixed-type dislocations.
Focal series images for all dislocations reported in this study
were visually observed for the Eshelby twist. Eshelby twist was
observed in a 1.5 nm × 1.5 nm or larger area around mixedtype dislocation cores, depending on the mixed-type core
structure observed. This large displacement of atomic columns
was used to distinguish between mixed-type and edge-type
dislocations in this study and in similar previous studies on
doped and alloyed GaN.9−11 The composition around the
dislocations was investigated by energy dispersive X-ray
spectroscopy (EDX) in the FEI Titan G2 80−200 ChemiSTEM microscope. The EDX quantiﬁcation was based on line
scans taken across the dislocation cores, with a about 1 nm
analysis width and was performed using a standard background
subtraction and the Cliﬀ-Lorimer factor method. For statistical
validity, over 40 dislocations were observed for core structure
identiﬁcation and 12 for compositional analysis.
The optical properties of dislocations in AlGaN and InGaN
were compared using a “multi-microscopy” methodology. As
described in ref 27, a copper grid for TEM sample preparation
was positioned on the surface of the sample using epoxy resin.
Using the 50 μm size square mesh of the grid, the same set of
dislocations could be examined by atomic force microscopy
(AFM) and scanning electron microscopy with cathodoluminescence (SEM-CL). AFM was conducted on a Veeco
Dimension 3100 operating in tapping mode and was used to
measure the size of pits at the termination of dislocations,
which allows one to obtain the dislocation type, and the
distance to nearest neighbor, following the procedure described
in earlier work.23 It should be noted that in the case of the

AlGaN layer, the dislocations emerging at the surface of the
sample are signiﬁcantly smaller than the V-shaped pits present
in InGaN, hence the pit size was obtained in this sample using
the pit depth, instead of the pit width. SEM-CL was conducted
at liquid He (10 K) temperature in an Attolight Rosa 4634 CL
microscope for the AlGaN sample and a FEI XL30 microscope
equipped with a Gatan Mono CL4 CL system for the InGaN
sample. The AlGaN and InGaN samples exhibited a CL peak
emission wavelength at 279 nm (recorded over the 210−345
nm range) and 398 nm (recorded over the 360−425 nm
range), respectively. The SEMs were operated at 3 kV, resulting
in the majority of the CL signal collected arising from the ﬁrst
25−30 nm of material below the surface. This value was
conﬁrmed using Monte Carlo simulations,28 taking into
account the absorption coeﬃcient of the materials.29 SEM-CL
was used to analyze the variation in CL intensity and emission
energy at and around the dislocations. This study was
conducted at liquid He temperature (10 K) as it signiﬁcantly
increases the intensity of the CL signal, hence allowing the
recording of spectral maps with a high spectral resolution, here
of the order of 1−2 meV.
The core structure of the dislocations in the AlGaN sample
has been observed by plan-view aberration corrected HAADFSTEM, and three representative examples are shown in Figure
1. Akin to other studies performed on GaN9,10 and InGaN,11,23
we observed that 100% of the edge-type dislocations form 5/7atom ring cores, as illustrated in Figure 1g. In the context of
mixed-type dislocations, we observed essentially two diﬀerent
conﬁgurations, that is, dissociated and undissociated core
structures. In line with previous reports, we observed that the
undissociated core of mixed-type dislocations form a double 5/
6-atom ring (Figure 1h).9,12 (The undissociated core structure
shown could either be an 8-atom or a double 5/6-atom ring. A
subnanometer spatial resolution would be required to
distinguish between the two conﬁgurations. However, the
energy of the double 5/6-atom conﬁguration was calculated to
be lower than that for 8-atom ring in GaN ﬁlms,15 so it is likely
that the core structure in Figure 1h is a double 5/6-atom ring.)
The dissociated cores correspond to two partial dislocations
with Burgers vector b = 1/2(a + c) = 1/6[12̅13] connected by
a stacking fault with a displacement vector R = 1/6[12̅13],
which results in an elongated core as illustrated by Figure 1i.9,12
The length of the core, that is, essentially the number of 4/8
rings in the core, can vary from dislocation to dislocation. In
this sample, cores forming 7/4/9, 7/4/8/5, 7/4/8/4/9, and 7/
4/8/4/8/5-atom rings have been observed.
Table 1 summarizes the data obtained from this experiment
and compares them with results available in the literature for a
range of III-Nitride alloys. It appears clearly that the dislocation
core structures in AlGaN are consistent with those in other
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nitride alloys under various conditions of composition, dopant
type, or dislocation density. The main notable diﬀerence lies in
the ratio of dissociated to undissociated mixed-type dislocations, which relates to the elastic strain energy around the
dislocation core, and has been used in the past to hint at the
segregation of solute species around the dislocation.9 (We note
that In atoms were shown to segregate at dislocations in InGaN
despite not exhibiting a meaningful change in the ratio of
dissociated to undissociated mixed-type dislocations.11 This is
perhaps because these samples were Si-doped and that Si
segregation at dislocations inhibits dislocation climb, as was
reported in GaN.10) In our AlGaN sample, we can see that the
proportion of mixed-type dislocations that dissociate deviates
from the case of undoped GaN, which indicates that alloying
with AlN impedes dislocation dissociation. This is in line with
Chen et al., who used ﬁrst principle density functional theory
calculations to estimate the stability of stacking faults in Mgand Al-doped GaN over the entire compositional range, and
predicted that, at comparable composition, Al around threading
dislocations would hinder dislocation dissociation but to a
much lesser extent than Mg.30 However, Table 1 compares Al
and Mg compositions that are several orders of magnitude
diﬀerent, 46% and ≪0.1% for Al and Mg, respectively.
Therefore, the results from this theoretical work are not
directly transferrable to our study, yet it is worth pointing out
that Table 1 shows that Mg-doped GaN exhibits the lowest
proportion of dislocation dissociation, followed by AlGaN. A
lower proportion of dislocation dissociation can be attributed to
virtually any factor that may aﬀect the energies involved in the
formation of a dissociated core, that is, the elastic strain energy
of the dislocation, the stacking fault energy, or the dislocation
core energy. Given that dislocations in AlGaN do not seem to
diﬀer from other III-Nitrides alloys, as far as the core structure
is concerned, and that Mg and In have been previously found to
segregate around the dislocations, consequently reducing the
elastic strain energy,9,11,23,31 it is appropriate to investigate
whether similar non-uniformities are seen in the distribution of
Al and Ga atoms in the vicinity of dislocations in AlGaN.
EDX mapping of dislocations has been conducted inside the
TEM. This enabled us to investigate potential connections
between the dislocation type and core conﬁguration (obtained
through the HAADF-STEM images) to the strain distribution
around the dislocation (obtained through geometric phase
analysis of the HAADF-STEM images) and to the distribution
of Al and Ga atoms around the dislocation (obtained through
the EDX map). This is illustrated in Figure 2 for an
undissociated mixed-type dislocation. The geometric phase
analysis overlay (here used qualitatively only) shows that the
dislocation core is bounded on either side by a region of
compressive strain and a region of tensile strain, as expected by
the elasticity theory of dislocations. (We also note an
asymmetry of the geometric phase analysis map, presumably
ascribable to Eshelby twist26). An EDX line scan taken across
the dislocation core and from the tensile side to the
compressive side, as illustrated in Figure 2b, reveals the
compositional ﬂuctuations around the dislocation. It can be
seen in Figure 2c that the dislocation core is bounded by a Garich (or Al-poor) region and an Al-rich (or Ga-poor) region
(this is particularly noticeable on the Al trace). The segregation
of species occurs in close vicinity of the core, on a length scale
of about 1−2 nm. The region of higher Ga content is found to
relate to the side of the dislocation under tensile strain, while
the region of higher Al content relates to the side under

Figure 2. (a) Unﬁltered HAADF-STEM image of an undissociated
mixed-type dislocation. (b) ABSF-ﬁltered image of (a) with geometric
phase analysis overlay showing the x−x strain component (x-axis
parallel to [112̅0]). (c) EDX line scan showing the composition of Al,
Ga, and N along the line depicted in (b) (with a ca. 1 nm analysis
width).

compressive strain. This is explained by the AlN bond being
shorter than the GaN bond32 (in a relaxed Al0.5Ga0.5N alloy,
valence force ﬁeld simulations predicted the AlN bond to be
about 2% shorter than GaN), which leads to a reduction of
the elastic strain around the dislocation if Ga and Al segregate
at the tensile and compressive side of the dislocation,
respectively. Our experimental observation agrees with
Sakaguchi et al., who used empirical interatomic potentials
and Monte Carlo simulations to study alloy segregation at
dislocations in Al0.3Ga0.7N, and found that Ga and Al atoms
segregate in the tensile and compressive part, respectively, of
dislocations with an edge component.33 We observed similar
results irrespectively of the dislocation core conﬁguration, that
is, edge, mixed undissociated, and mixed dissociated (no screw
dislocations were investigated here). This result is consistent
with our earlier ﬁnding that mixed-type dislocations in AlGaN
do not dissociate to as great an extent as in GaN. The
segregation of Al and Ga atoms reduces the elastic strain of the
dislocation, therefore reducing the driving force for dissociation.
The phenomenon of atom segregation at dislocations has
also been reported in InGaN alloys11,31 and has been shown to
aﬀect the carrier recombination at the dislocation.23 In the case
of InGaN, we have suggested that the segregation of In atoms
promotes the formation of In−N−In chains and atomic
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if carriers are localized in the vicinity of the dislocations due to
the atom segregation, the eﬀect on the CL emission intensity is
very limited in contrast to what is observed in InGaN. This
corroborates experimental34 and theoretical35 studies that
showed that carrier localization induced by In atoms is much
stronger than carrier localization from Ga or Al atoms. This
result may provide an explanation for the relative resilience of
InGaN-based devices to dislocations, as opposed to AlGaNbased. We could thus hypothesize that doping AlGaN with In
may be an interesting way to enhance radiative recombination
at dislocations, as the In atoms may segregate in the tensile part
of the dislocations and (strongly) localize carriers.
The CL peak emission energy map for the two alloys is
presented in Figures 3c and 4c. As reported previously in
InGaN, the emission energy corresponding to the bright spot is
redshifted compared to that of the surrounding material far
away from the dislocation, which is in agreement with the
presence of InNIn chains and atomic condensates
localizing carriers at the dislocation.23 Conversely, in AlGaN
the dislocations are bounded on either side by a redshifted and
a blueshifted region, as illustrated by the dislocation inside the
dotted square in Figure 3. For dislocations which are isolated,
that is, typically more than 150 nm away from the nearest
neighboring dislocation, the energy shifts of these regions
relative to the emission energy at the dislocation position is
very symmetric with values of −4 ± 2 and 3 ± 2 meV for the
redshifted and blueshifted part, respectively, with no measurable diﬀerence based on the dislocation type. (For
dislocations with distance to nearest neighbor below 150 nm,
the redshifted and blueshifted regions of both dislocations tend
to overlap, making data analysis less reliable in that case.) This
dipole-like energy shift seems to indicate that the energy shifts
may be ascribed to the strain distribution around the
dislocation.
To further investigate the origin of the energy shift reported
above, we conducted continuum elastic calculations to describe
the strain ﬁeld and emission energy shifts around an edge-type
dislocation. This approach has been well-described by
Gmeinwieser et al. to study dislocations in GaN.43 We thus
adopted a similar approach here, for our Al0.46Ga0.54N sample,
using the elastic constants from ref 44 and deformation
potentials from ref 45 for GaN and AlN, and assuming Vegard’s
law applies. These calculations considered a random alloy of
Al0.46Ga0.54N, that is, with no segregation in the vicinity of the
dislocations. The results of the simulation are presented in
Figure 5, where a shift of typically −1.5 and 1.5 meV are
predicted for the tensile and compressive parts, respectively.
These values are of the same order as the experimental values
of −4 ± 2 and 3 ± 2 meV we reported. The simulations seem
nevertheless to underestimate slightly the value of the emission
energy shift, presumably indicating some eﬀect of alloy
segregation on the emission energy shift, that is, the segregation
of Ga atoms in the tensile part of the dislocation increases the
(negative) energy shift, while the segregation of Al in the
compressive part increases the (positive) energy shift.
In conclusion, we conducted a comprehensive investigation
of dislocations in AlGaN material with an Al content of ∼46%.
The core conﬁguration of the dislocations has been identiﬁed.
We thus report that the dislocation core structure is in line with
that of other III-Nitride alloys but that alloying GaN with AlN
tends to prevent the dissociation of mixed-type dislocations.
We show that this is due to Ga and Al atoms segregation in the
tensile and compressive parts of the dislocation, respectively.

condensates in the tensile part of the dislocation core, which
strongly localizes holes,34−36 and consequently limits nonradiative recombination at the dislocation core. Since
dislocations in AlGaN are surrounded by an Al-rich region
and a Ga-rich region, it is sensible to consider the possibility
that these may alter the carrier recombination in the vicinity of
the dislocation.
In order to investigate whether the segregation of species
reported above has any eﬀect on the optical properties of the
dislocations, a multi-microscopy approach based on the
combined analysis of AFM, SEM, and CL data recorded at
liquid He temperatures has been employed on the AlGaN
sample and is illustrated in Figure 3. For comparison, the same

Figure 3. (a) AFM, (b) CL integrated intensity, and (c) CL peak
emission energy of the same region in the AlGaN sample.

approach under similar experimental conditions has been
employed on the InGaN sample and is presented in Figure 4.

Figure 4. (a) AFM, (b) CL integrated intensity, and (c) CL peak
emission energy of the same region in the InGaN sample.

The dislocations are readily observable by AFM as they appear
at the surface of the sample, as small pits in AlGaN (Figure 3a),
and as larger V-shaped pits in InGaN (Figure 4a). A one-to-one
correlation can be found between the dislocations identiﬁed in
the AFM and the dark spots observed on the CL intensity map
(Figure 3b), which highlights the non-radiative behavior of the
dislocations in AlGaN. This result, although in agreement with
the classical picture of dislocations in semiconductors, including
GaN,37−39 deviates strongly with what can be observed in
InGaN. As can be seen in Figure 4b, the dislocations in InGaN
appear in the CL intensity image as a bright spot surrounded by
a dark halo. In our earlier work, this bright spot has been linked
to the carrier localization deriving from the segregation of In
atoms at the dislocation.23 Previous studies investigating carrier
dynamics in thick AlGaN epilayers reported that excitons were
localized at low temperature at compositional ﬂuctuations in
the alloy.40−42 The CL data presented in Figure 3b suggest that
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Figure 5. Simulation of the emission energy shift in the vicinity of an
edge-type dislocation.

Finally, we investigated the optical implications of these alloy
segregations. Unlike in InGaN alloys, where In atom
segregation at dislocation also occurs, the segregation of Al
and Ga atoms does not signiﬁcantly aﬀect the optical properties
of dislocations in AlGaN. This study gives insights on why
InGaN-based devices are generally more resilient to dislocations than their AlGaN-based counterparts and brings
forward the hypothesis that doping AlGaN with In may be an
interesting approach to hinder non-radiative recombination at
dislocations.
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