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Threading dislocations (TDs) can be reduced by in-situ deposition of intermediate SiNx sub-monolayers

in group III-nitride heterostructures and their ternary alloys. Here we observe efficient dislocation

density decreasing at the SiNx nano-mask in an AlxGa1�xN layer with x¼0.2 grown epitaxially on

c-plane sapphire by low pressure MOVPE. However we did not achieve high annihilation efficiency

grade alternate along the interface in accordance with respective variations in the SiNx distribution.

Furthermore an unusual dislocation bundling was observed for the dislocations in areas with high

dislocation densities above the SiNx interface, leading to large areas of several mm2 with low dislocation

densities at the surface between the dislocation bundles. By using growth interrupted samples under

same growth conditions, it was possible to investigate the heterostructures in different growth stages

by cross-sectional TEM. This enabled us to correlate the dislocation propagation with growth mode

variations in AlGaN deposited on the SiNx interlayer and to develop a growth model for the AlGaN layer

grown on the SiNx nano-mask.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

AlGaN with high Al concentration has attracted great attention
because of its potential application to optoelectronic devices in
the UV range due to its large direct band gap of up to 6 eV. In
contrast to already commercially available blue and green light-
emitting diodes (LEDs) with InGaN active layers, where localized
energy states caused by In composition fluctuations are believed
to improve the emission efficiency [1], the performance of deep
UV LEDs based on AlGaN is much more sensitive to crystalline
defects. In order to avoid UV light absorption by any GaN buffer
layer, the ternary layer AlGaN should be grown directly on
sapphire (Al2O3), as adequate nitride based substrates are not
yet readily available. Hence, all hetero epitaxy problems like large
lattice mismatch and difference in thermal expansion coefficients
still exist, and the epitaxial growth of AlGaN as a ternary, Al
containing material is even more challenging and less devel-
oped up to now than the growth of GaN [2–6]. Especially a-type
threading dislocations (TDs) are responsible for still high
dislocation densities in the 1010 cm�2 range, which can act as
ll rights reserved.
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non-radiative recombination centres and thus lower the efficiency
and the lifetime of the optoelectronic device [7–9]. One method to
reduce the TD density in (Al,Ga)N layers is the use of epitaxial
lateral overgrowth (ELO), which is widely used to grow high
quality GaN layers [10,11] and has also been adapted to AlGaN
[12]. However ELO is combined with typical drawbacks, such as
complex ex-situ masking procedures and the presence of TDs in
the window regions. Moreover it has been shown by Mochizuki
et al. [13], that conventional ELO growth is not suitable for AlGaN.
Another promising possibility to decrease the dislocation density
of an AlGaN surface is the in-situ growth of intermediate SiNx

sub-monolayers [14–17]. Treating the AlGaN layers with SiH4 and
NH3 in the MOVPE reactor leads to a fractional coverage of the
surface of the layer with SiNx. As SiNx acts as an anti-surfactant
the SiNx nano-mask leads to a three-dimensional insular growth of
the subsequently grown AlGaN with a lateral overgrowth of the
SiNx islands, which makes the TDs to change their propagation into
a basal direction. The subsequent interaction of the upper ends of
two TDs with Burgers vectors of opposite sign leads to the
formation of closed dipoles close to the SiNx mask and therefore
to a reduction of the dislocation density [16]. Such annihilation
process was described in Ref. [18] for c-type screw dislocations in
pure GaN by silicon delta-doping (dSi). However they showed that
the dSi does not affect the edge component of dislocations. In our
oi:10.1016/j.jcrysgro.2011.03.050
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previous work we could observe the formation of closed dipoles for
the a-type TDs at the SiNx nano-mask in an AlxGa1�xN layer with
x¼0.2 grown directly on c-plane sapphire by low pressure MOVPE
without the use of a UV absorbing GaN buffer layer. However the
defect reducing effect of the SiNx nano-mask is highly efficient only
locally along the SiNx interface. Areas with high and low annihila-
tion grade alternate along the interface. Furthermore an unusual
dislocation bundling was observed for the dislocations in areas
with low annihilation grade above the SiNx interface. The general
change of the propagation direction of the not annihilated TDs
away from the areas with high annihilation grade leads to large
areas of several mm2 at the surface with low dislocation densities
between the bundles. This bundling effect as well as the not
homogenous annihilation efficiency along the SiNx interface are
not well understood yet and give reason to further studies by TEM.
The idea was to investigate samples under same growth condi-
tions, where the growth was stopped after specific overgrowth
times of the AlGaN layer, deposited above the SiNx. Thus it was
possible to investigate the AlGaN growth after SiNx in different
growth stages, which enabled us to correlate the changes in the
dislocation propagation with variations in the AlGaN epitaxy.
Cross-sectional weak-beam dark-field (WBDF), high-resolution
(HR) TEM as well as energy dispersive X-ray (EDX) investigations
on the growth interrupted samples led to the development of a
growth model for the AlGaN epitaxy on the SiNx nano-mask, which
gives us a deeper insight into the growth mechanisms of AlGaN
influenced by the SiNx deposition.
2. Experimental methods

2.1. Growth parameters of investigated samples

We focused our studies on three different samples, denoted by
S1, S2 and S3 in this work. All three samples were grown under
the same growth conditions on c-plane sapphire (Al2O3) in the
MOVPE reactor with the exception of different overgrowth times
for the Al0.2Ga0.8N layer, deposited on the SiNx interface. They
were grown by low pressure MOVPE at a temperature of 1120 1C
and a pressure of 80 hPa, using trimethylaluminium/-gallium
(TMAl/Ga) and ammonia (NH3) as precursors. For all samples
the growth was started by a low temperature 20-nm-thick
oxygen doped AlN:O nucleation layer to improve the crystal
quality [19], followed by a 150-nm-thick high temperature
Al0.2Ga0.8N layer. Subsequently an intermediate nominal SiNx

sub-monolayer was in-situ deposited on the Al0.2Ga0.8N, using
silane (SiH4) as precursor with a deposition time of 4 min at a
pressure of 160 hPa and at the same temperature as for AlGaN
growth [20,21]. The growth of sample S1 was completed by a
1-mm-thick Al0.2Ga0.8N layer, whereas the growth of the same
layer was stopped after 4 and 13 min for sample S2 and S3,
respectively. Considering typical empirical growth rates of
�1.3 mm h�1 for Al0.2Ga0.8N we expected nominal thicknesses
of �90 nm and �280 nm for the AlGaN overlayers in sample S2
and S3, respectively.

2.2. TEM investigations and imaging

For cross-sectional TEM investigations thin TEM lamellas were
prepared by using standard techniques including mechanical
polishing and low-angle argon milling [22]. The analysis of the
TDs has been carried out by using the WBDF technique exploiting
the g�b criterion, making use of the fact that 9g�b92 is propor-
tional to the intensity of the dislocation line in the image [23]. The
WBDF images were recorded under the g-3g condition close to
the [01-10] zone axis. In wurtzite 2H AlGaN three different types
Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
of Burgers vectors b are possible for perfect dislocations. Referring
to the g�b criterion, the a-type TDs with b of type 1/3 [2-1-10]
and the (aþc)-type TDs with b of type 1/3 [2-1-13] are visible in
the WBDF image when the 2-1-10 reflection is used. Exploiting
the 0002 reflection, the (aþc)-type TDs as well as the c-type TDs
with b¼[0 0 0 1] are visible in the WBDF image, whereas the
a-type TDs do not give rise to a contrast. Normally the growth
induced TDs propagate parallel to the c-axis to the surface, if the
AlGaN layer grows epitaxially in vertical direction on c-plane
sapphire. Thus, the a-type TDs are pure edge and the c-type TDs
are pure screw dislocations. The (aþc)-type TDs are of mixed
type. Beside the WBDF method, HRTEM investigations were
performed close to the SiNx interface for detailed studies regard-
ing the SiNx deposition itself as well as the effects of the SiNx

nano-mask on the growth properties of the above AlGaN layer,
such as the formation of dislocation loops and stacking faults. The
WBDF investigations were carried out with a Philips CM-20
microscope, whereas the HRTEM images were taken in a FEI
TITAN 80-300.

2.3. Analytical TEM by energy dispersive X-ray spectroscopy (EDX)

As mentioned above, the annihilation efficiency of the SiNx

interlayer changes along the interface. The reason for that was
assumed to be variations in the Al/Ga content of the bottom
AlGaN layer, influencing the SiNx deposition. To clarify this, EDX
measurements were performed by selective single measurements
at the SiNx interlayer, putting large astigmatism to the condenser
system to obtain a sharp, straight-lined illumination of the
specimen along the SiNx interface. Additionally, locally resolved
EDX measurements were carried out to measure changings in
the Al/Ga concentration by performing EDX line-scans at low
spot-sizes parallel to the SiNx nano-mask below and above this
interface. The EDX spectra were quantitatively evaluated by
applying the ionic compound method of Van Cappellen and
Doukhan, which has turned out to be suitable also for III–V
semiconductors [24].
3. Results and discussion

3.1. Reduction of the threading dislocation density by a SiNx nano-

mask

Fig. 1 shows TEM images from the same specimen region of
sample S1. The general layer structure is marked in the BF image
in Fig. 1(a). The images were taken in an area of high annihilation
grade for the TDs at the SiNx interface. In addition we observe a
homogenous dislocation density in the AlGaN layer below the
SiNx interface. The WBDF image in Fig. 1(b) under the 2-1-10
reflection only shows dislocations with Burgers vectors of type a
and (aþc). Exploiting the 0002 reflection in Fig. 1(c), only c and
(aþc)-type dislocations are visible. Thus, most of the growth
induced TDs below the SiNx interface are pure edge a-type TDs,
mainly responsible for the high dislocation densities in 1010 cm�2

range. The in-situ deposition of a SiNx sub-monolayer leads to a
very efficient reduction of the a-type TDs at the SiNx interface,
clearly visible in the BF and WBDF image (Fig. 1(a) and (b)).

As silicon acts as an anti-surfactant [15], a fractional coverage
of the bottom AlGaN layer by SiNx leads to a three-dimensional
insular growth of the AlGaN overlayer in areas without SiNx

deposition. The subsequent lateral overgrowth of the SiNx nano-
islands by AlGaN changes the propagation of the TDs from the
[0 0 0 1] direction into a basal one and the interaction of the
upper ends of two TDs with Burgers vectors of opposite sign leads
to the formation of closed dislocation dipoles directly above the
oi:10.1016/j.jcrysgro.2011.03.050
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Fig. 2. The HRTEM image (a) and the respective geometric phase analysis for the (0002) reflection (b) clearly show the fractional coverage of AlGaN with SiNx (white

arrows in (a)). Besides, the SiNx nano-mask introduces compressive strain into the material system in the [0001] direction. (For interpretation of the references to colour in

this figure, the reader is referred to the web version of this article.)

Fig. 3. The WBDF image (a) and the HRTEM image (b) show the a-type TDs in the area of the SiNx interface at a zone of high annihilation grade. The formation of closed

dislocation dipoles to dislocation half-loops is clearly visible (white arrows in (a)).

Fig. 1. Cross-section TEM images of sample S1. The BF image (a) from the [01-10] zone axis shows the AlGaN heterostructure on c-plane sapphire. The BF image as well as

the WBDF images (b) and (c) were taken from the same sample area. The yellow arrows in (b) and (c) mark the Burgers vectors of the TDs visible for the respective g

reflection. Regions of the SiNx layer at which the annihilation of the pure edge a-type TDs is highly efficient are clearly observable (white marking in (b)).

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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SiNx mask. The HRTEM image in Fig. 2(a) from the [01-10] zone
and the respective geometric phase analysis (GPA) in Fig. 2(b) of
the 0002 reflection illustrates the fractional structure of the SiNx

nano-mask (blue regions in Fig. 2(b)). The GPA was performed in
compliance with the explanations given in Ref. [25]. The false
colour map shows the local d-spacing of the 0002 reflection and
also indicates a compressive strain in [0 0 0 1] direction close to
the SiNx nano-mask. The formation of closed dislocation dipoles
as the main reason for the dislocation reduction at the AlGaN
surface is shown in Fig. 3. The 2-1-10 WBDF image (Fig. 3(a)) and
the HRTEM image (Fig. 3(b)) clearly show the annihilation of the
pure edge a-type threading dislocations by the formation of
dislocation half-loops at the SiNx interface. The interaction takes
place between dislocations with a distance of only a few nano-
metres, which correlates with the distances and sizes of the SiNx

nano-islands. Detailed investigations and explanations on this
Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
annihilation process of the pure edge a-type TDs at a SiNx

interface itself have been carried out in our previous studies
[16]. Here, the fractional coverage of the SiNx and its distribution
seems to be of major importance to obtain high annihilation
efficiency. As it is known that dislocations can end at epitaxial
interfaces [26], it would be conceivable that the propagation of
the TDs is stopped at the SiNx interlayer when regarding such
layer as an epitaxial interface. Such termination was not observed
in our samples. Instead, the lateral overgrowth of the SiNx nano-
mask by AlGaN and the associated formation of closed dislocation
dipoles are essential for the defect reduction, which is in general
accordance with the growth studies for pure GaN published in
Ref. [27]. However they ascribed the formation of the half-loops
to the coalescence of primary GaN islands in the overlayer. In our
samples the formation of closed dipoles cannot be directly
attributed to the coalescence of primary AlGaN islands in the
oi:10.1016/j.jcrysgro.2011.03.050

dx.doi.org/10.1016/j.jcrysgro.2011.03.050


O. Klein et al. / Journal of Crystal Growth ] (]]]]) ]]]–]]]4
overlayer, as these islands can have a distance of several micro-
metres and the formation of dislocation half-loops takes place
between dislocations with a distance of only a few nanometres as
mentioned above. We will revisit this in more detail in this work,
when we come to the question why we obtain different annihila-
tion efficiencies along the SiNx interface. The WBDF image in
Fig. 4 shows an overview of the dislocation structure in sample
S1. The areas with high annihilation grade at the SiNx interface,
already shown in Figs. 1 and 3, are clearly visible, whereas the
dislocations propagate unhampered through the SiNx interface
between these areas (inset of Fig. 4). Most remarkable is the
unusual but characteristic bending and bundling of the disloca-
tions in areas with still high dislocation densities above the SiNx

interface. Regions of high annihilation efficiency in combination
with the bundling effect lead to areas at the surface of several
mm2 with low defect densities between the bundles.

3.2. On the origin of the dislocation bundling—development of an

AlGaN growth model

As described in the previous chapter, we observed a very
characteristic dislocation structure for the growth of Al0.2Ga0.8N
on a SiNx nano-mask. Regarding these investigations, it was
necessary to clarify the reasons for the dislocation bundling and
the variations in the annihilation efficiency, to achieve further
progress in the reduction of the defect density in AlGaN layers
with high Al content. Two basic driving forces can be considered
for the bending and bundling of the dislocations: First, a strain
induced propagation changing of the dislocations during the
epitaxial growth of the AlGaN overlayer and second, variations
Fig. 4. Low magnification WBDF image exploiting the (2-1-10) reflection. The

image shows a very unusual but characteristic bending and bundling of the a-type

TDs, observed in the whole sample. The bundling (continuous arrows) always

points away from the areas with high annihilation grade, leading to large areas of

several mm2 with low defect densities at the surface between the bundles. The

inset of Fig. 4 shows an unhampered propagation of the dislocations through the

SiNx interface.

Fig. 5. SEM images of the surface of sample S2 (a) and S3 (b) after a growth time of 4 an

clearly visible, increasing in lateral size.

Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
of the epitaxial growth directions of the AlGaN, deposited on the
SiNx nano-mask. The latter only hardly can be retraced by a
finished grown 1-mm-thick AlGaN overlayer with a flat surface
like in sample S1. Thus, we carried out cross-sectional TEM
investigations on growth interrupted samples for the AlGaN
overlayer, grown under the same growth conditions as sample
S1. This enabled us to investigate the AlGaN growth in different
growth stages. We used two samples S2 and S3, where the growth
of the AlGaN overlayer on SiNx was stopped after 4 and 13 min,
respectively. Fig. 5 shows SEM images of the AlGaN surface after 4
(Fig. 5(a)) and 13 min (Fig. 5(b)) overgrowth time. The SEM
micrographs illustrate the growth of primary hexagonal-shaped
AlGaN islands, increasing in lateral dimension. The coalescence of
adjacent AlGaN islands after 13 min of overgrowth is clearly
observable. Regarding the investigations on pure GaN published
in Ref. [28], one could assume, that these islands are located at the
SiNx gaps, so that the SiNx layer between the islands in Fig. 5 is
free from AlGaN. However, Fig. 6 shows a different situation. The
WBDF image in Fig. 6(a) of sample S2 as well as the BF images in
Fig. 6(b) and (c) of sample S3 clearly illustrate the growth of
primary AlGaN islands, marked by dashed lines. But in the flat
regions between the AlGaN islands we observe an 80-nm-thick
AlGaN layer already after 4 min of overgrowth time. These regions
show high defect densities at the surface with straight dislocation
lines due to a low annihilation efficiency of the subjacent SiNx

mask, also visible in the 230-nm-thick flat regions in Fig. 6(c) after
an overgrowth time of 13 min. By contrast, the AlGaN islands are
almost free of defects due to a high annihilation efficiency of the
SiNx mask below the islands. The initiating bending of the
dislocations away from the islands and the resulting dislocation
bundling as mentioned in Section 3.1 are already observable in
sample S2 and S3. The change between the growth of flat AlGaN
regions and exposed AlGaN islands in combination with their
respective variations in the dislocation propagation indicate
different growth modes with epitaxial growth directions in
vertical as well as in lateral directions. As the growth of the
AlGaN islands and the flat regions correlate with different
annihilation grades, we assume, that variations in the SiNx

masking, resulting in different annihilation efficiencies, are
responsible for different growth modes of the AlGaN overlayer.
Fig. 6 also shows some special regions marked by rectangles,
numbered by 1, 2 and 3. We will revisit these regions in detail in
the further discussion.

A more detailed view on the dislocation structure is given by
the WBDF images of sample S3 in Fig. 7. The image in
Fig. 7(a) shows an area between two primary not yet coalesced
AlGaN islands. The dashed arrows specify the general direction of
the propagation of the TDs, not annihilated by the SiNx mask.
Between the islands the dislocations propagate unhampered
parallel to the c-axis, whereas the bending of the dislocations
d 13 min of the AlGaN overlayer. The growth of primary hexagonal AlGaN islands is

oi:10.1016/j.jcrysgro.2011.03.050
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Fig. 7. WBDF images of sample S3 between two AlGaN islands (a, b) and in the centre of one island (dashed lines). The dashed arrows indicate the general propagation

direction of the TDs in the AlGaN overlayer. Between not coalesced islands (a) the TDs run straight and the bending of the TDs away from areas with high annihilation

grade is visible in all three images. The coalescence of two islands (b) leads to very small areas with TDs at the surface due to the bundling and the formation of dislocation

loops (white arrows in b). The annihilation of the dislocations due to the bending effect is also possible (white arrows in (c)).

Fig. 6. Cross-sectional overview images of sample S2 (a) and S3 (b, c). The WBDF image (a) as well as the BF images (b, c) clearly show the growth of the primary AlGaN

islands (dashed lines). The flat regions between the islands are not free of AlGaN (80 nm and 230 nm thickness). The low defect density and high annihilation grade always

below the AlGaN islands is notable, whereas high defect densities and low annihilation grade is observed in the flat regions.
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close to the defect-free areas away from the islands is evident.
Thus, between the islands in areas with flat surface the deposition
of the AlGaN overlayer occurs epitaxially in vertical c-direction.
The growth of the AlGaN islands introduces an epitaxial growth
component in lateral direction, leading to the dislocation bending
and bundling. This leads to very small areas with high dislocation
density at the surface, if two or more nearby AlGaN islands
coalesce during growth, clearly visible in Fig. 7(b). Apart from
the dislocation bundling, the lateral coalescence of the AlGaN
islands has a defect reducing effect due to the formation of
dislocation half-loops (white arrows in Fig. 7(b)). Also the bending
itself leads to an interaction and annihilation of the dislocations at
the interface between lateral and vertical growth (white arrows in
Fig. 7(c)). Referring to Fig. 4, we receive a flat surface over the
whole specimen after the growth of a 1-mm-thick AlGaN over-
layer, regardless of an occurring or not occurring coalescence. This
was additionally confirmed by AFM measurements also for larger
overgrowth thicknesses, published in Ref. [29]. If two islands do
not coalesce due to their large distance, relatively large areas in
Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
mm range with high dislocation densities at the surface develop
due to less tight dislocation bundling. However, this also means,
that the epitaxial growth in c-direction between the islands
reaches the same level as the primary AlGaN islands after a
specific growth thickness. When a flat surface is reached for the
whole layer, the growth continues with a pure epitaxial growth in
c-direction without lateral component. The bundled dislocations
will then further propagate parallel to the c-axis. This is exactly
the situation we have in Fig. 4.

So far we obtained a very detailed understanding about the
growth process of the AlGaN overlayer, deposited on a SiNx nano-
mask. To get a comprehensive understanding of the growth
mechanisms and to develop a complete growth model, it has to
be clarified, why the nucleation of the primary AlGaN islands is
always located in areas with high annihilation grade and what is
the possible reason for different annihilation efficiencies. The EDX
measurements in Fig. 8, taken with same collection times of 60 s
directly at the SiNx interface, lead to an explanation for the
different annihilation grades. A spread illumination of the sample
oi:10.1016/j.jcrysgro.2011.03.050
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Fig. 8. EDX spectra taken with same collection times from two different areas at the SiNx interlayer by using a spread illumination parallel to the interface to obtain a Si

signal despite low concentrations. The EDX spectrum of area 2 shows a clear Si peak, whereas the Si is almost not measurable in area 1. It is remarkable, that Si is almost

not detectable in areas with high annihilation grade. In addition variations in the Ga and N concentration are also observed.
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parallel to the SiNx interface was used, to get the chance for the
detection of silicon despite the low silicon concentration in a
nominal SiNx monolayer. Silicon is almost not detectable in areas
with high annihilation grade, whereas a clear silicon signal in
areas with low annihilation efficiency was received. This is at first
a very unexpected result, as one could think, that the defect
reducing effect of the SiNx interlayer should be enhanced in
regions with higher silicon concentrations. However, the inter-
pretation of this is quite obvious. In areas with high annihilation
grade the bottom AlGaN layer is only fractionally covered with
SiNx nano-islands, which leads to the formation of the dislocation
half-loops by lateral overgrowth and an almost not measurable
silicon concentration. In areas with a closed SiNx coverage and
thus a measurable silicon concentration by EDX the closed
dislocation dipoles cannot be generated due to the missing lateral
overgrowth. In these areas the AlGaN overlayer is deposited
epitaxially in c-direction and the dislocations further propagate
unhampered through the SiNx layer parallel to the c-axis (see
inset of Fig. 4). Thus, a closed coverage with SiNx does not
preclude the AlGaN from nucleating on the anti-surfactant. This
is in very good accordance to the investigations regarding the
annihilation process of the dislocations at the SiNx nano-mask,
mentioned in Section 3.1. The fact that the AlGaN also grows on
areas with a closed SiNx coverage is consistent with the investiga-
tions published in [30] where the AlGaN is described to be less
selective in growth than GaN. As the nucleation of the AlGaN
overlayer is more favourable in regions between large SiNx islands
where the subjacent AlGaN layer is only fractionally covered by
SiNx nano-islands, a prior deposition of AlGaN with a balanced
ratio of the epitaxial vertical and lateral growth component
occurs after the lateral overgrowth of the SiNx nano-islands is
completed. This is the origin for the formation of the primary
AlGaN islands. The vertical growth component in the central
region of a primary AlGaN island is indicated by TDs not
annihilated at the SiNx mask in regions of high defect reducing
efficiency, propagating to the surface without bending (visible
between the two left bundling marks in Fig. 4). To get on one step
further regarding the defect reduction, it is essential to clarify the
reason for the varying SiNx distribution, leading to different
Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
annihilation efficiencies. In addition to our first EDX measure-
ments in Fig. 8, locally resolved EDX data were acquired along
two manually operated scan-lines below and above the SiNx layer
parallel to the interface to measure the Al, Ga and N concentration
in an area of an AlGaN island (Fig. 9). The local resolution was in
the range of 70 nm, given by the illuminating beam diameter. The
quantitative evaluation of the spectra clearly shows an increasing
substitution of Al by Ga below the SiNx interface in the area where
the AlGaN island is located. The nominal Al, Ga and N concentra-
tions in Al0.2Ga0.8N of 10, 40 and 50 at%, respectively, change to
concentrations of 5 at% for Al and 45 at% for Ga, whereas the Al,
Ga and N concentrations stay stable in the range of their nominal
values above the SiNx interface. In the regions to the left and right
of the AlGaN island the Al and Ga concentrations below the SiNx

interface also deviate slightly (�2 at%) from the concentrations
measured above SiNx. These correlations were confirmed by
additional EDX line-scans similar to Fig. 9 at three different AlGaN
islands, always showing the same behaviour of the concentration
variations. Similar local compositional variations of AlGaN
epitaxial films measured by EDX have been reported in Ref. [6].
In their work concentration fluctuations during AlGaN growth
were ascribed to morphological irregularities of the nucleation
layer and occur during the initial growth stage. Additional CL and
PL measurements on such AlGaN islands, published in Ref. [31],
showed, that the amount of Al and Ga incorporated during growth
can depend on the orientation of the growth facets. Unfortunately
it is hard to say, if the changing of the Al/Ga concentration is
directly responsible for the variation of the SiNx distribution and
thus for the annihilation efficiency of the SiNx mask. However, the
correlation between the variations in the Al/Ga concentration and
the areas with high annihilation grade and the corresponding
position of the AlGaN islands is obvious. It could be inferred from
the measurement of an increased Ga concentration in the AlGaN
layer below areas of high annihilation efficiency, that the Ga/Al
terminated layer directly beneath SiNx also has an increased Ga
concentration, directly influencing the SiNx deposition and
distribution.

Based on our measurements, Figs. 10 and 11 illustrate schema-
tically the whole growth process of the AlGaN overlayer on the SiNx
oi:10.1016/j.jcrysgro.2011.03.050
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Fig. 9. Measurement of the Al, Ga and N concentrations along a primary AlGaN island directly above and below the SiNx interface by performing locally resolved EDX line-

scans. An increasing Ga and decreasing Al concentration can be observed in regions below the AlGaN island, whereas the Al, Ga and N concentrations stay stable in the

range of their nominal values of 10, 40 and 50 at% above the interface, respectively.

Fig. 10. Growth model for the coalescence of two nearby primary AlGaN islands, illustrated in consecutive growth steps (a–f). The nucleation of the islands is located in

areas with high annihilation efficiency, i.e. in areas where the AlGaN is only fractionally covered with SiNx nano-islands. The arrows in (b) indicate the lateral overgrowth

of the SiNx nano-mask, responsible for the formation of the dislocation half-loops. The arrows in the images (c)–(f) show the epitaxial vertical and lateral growth directions.

The latter leads to the dislocation bending and bundling. The coalescence results in only very small areas at the surface with high dislocation densities (f).
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nano-mask with a different distribution of the SiNx nano-islands. As
mentioned above, two growth mechanisms can be distinguished,
depending on the distance of two primary AlGaN islands. Fig. 10
shows the growth and coalescence of two nearby islands, leading to
small areas with high defect densities at the surface. The situation in
Fig. 10(d) is exactly what can be observed in the TEM images
(Fig. 6(a) and Fig. 7(a) and (c)). The almost finished coalescence in
Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
Fig. 10(e) is visible in the highlighted area 1 in Figs. 6(b) and 7(b). If
two AlGaN islands are widely spaced like in Fig. 11, the epitaxial
growth in c-direction between the AlGaN islands will reach the level
of the islands before they can coalesce. This leads to larger areas
with high defect densities at the surface. The growth stage in
Fig. 11(c) and (d) is exactly what we obtained in TEM in the
highlighted area 2 in Figs. 6(c) and 4, respectively.
oi:10.1016/j.jcrysgro.2011.03.050
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Fig. 11. Growth model in case of two fairly distant AlGaN islands, illustrated in consecutive growth steps (a–d). In contrast to Fig. 10, the not occurring coalescence leads to

large areas at the surface with high dislocation densities (d).

Fig. 12. HRTEM images of sample S1 from the [11–20] zone in the range of the SiNx interface. The images show the formation of basal-plane stacking faults directly above

the SiNx mask. The black arrows mark the propagation of the TDs. Image (a) clearly shows the formation of dislocation half-loops as mentioned in Section 3.1. In contrast,

image (b) illustrates the formation of BSFs by dissociation of a single TD, not further propagating to the surface.
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3.3. Formation of stacking faults in accordance to the growth mode

variations

As mentioned already in Section 3.1, a fractional coverage with
an optimum distribution of SiNx is essential for high annihilation
efficiencies, enabling the dislocations to form half-loops by lateral
AlGaN overgrowth. In addition another defect reducing effect has to
be considered precluding the TDs from propagating further to the
surface. We could observe the formation of basal-plane stacking
faults (BSFs) in areas correlating with specific regions in our growth
model. The HRTEM image from the [11-20] zone in Fig. 12(a) shows
an accumulation of BSFs directly above the SiNx interface in a region
of high defect reduction, whereas the AlGaN overlayer is free of BSFs
in regions more than 30 nm away from the SiNx interface. This
suggests, that the formation of the BSFs is related to the SiNx nano-
mask, introducing lateral growth directions into the AlGaN over-
layer. The lateral overgrowth of SiNx by AlGaN and the subsequent
coalescence of the AlGaN nano-islands can lead to the formation of
BSFs. The formation of several dislocation half-loops as we know
already from our previous investigations is also visible in Fig. 12(a).
In contrast, Fig. 12(b) shows a single dislocation which does not
further propagate to the surface where the BSF is located. In general
it is known, that vertical dislocations can disappear at BSFs, formed
in low temperature pure GaN buffer layers [32]. Here we assume,
that these stacking faults can be formed directly after dissociation of
a perfect dislocation with b of type 1/3 [2–1–10] in two Shockley
partials, as this process is known as the most likely case for the
formation of BSFs in connection with perfect dislocations in GaN
Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
[14]. The stacking fault is then terminated by two Shockley partial
dislocations with Burgers vectors b¼1/3 [1–100] and 1/3[10–10],
which can glide on the {0001} slip plane. Fig. 13 shows the HRTEM
analysis of a single BSF close above the SiNx interface. The magnified
area in Fig. 13(b) definitely identifies the planar defect as a BSF with
a single violation in the stacking sequence, i.e. ABABABCBCBCBC.
Such intrinsic I1 type stacking fault has to be bounded by a Frank–
Shockley partial dislocation with Burgers vector b¼1/6 [20–23]. It is
known, that the I1 type BSF is likely to be formed during the growth
process and not due to distortions induced by stress during or after
growth [33]. This confirms the assumption, that the BSFs are formed
during the growth process due to the lateral coalescence of the
AlGaN nano-islands, induced by the overgrowth of the SiNx anti-
surfactant by AlGaN.

Also remarkable is a special arrangement of most BSFs in a
direction correlating with the interface of interacting vertical and
lateral growth directions in our growth model. Fig. 14 shows this
relationship. BSFs with a stacked arrangement along the bound-
ary of the dislocation bundling can be observed, reaching deep
into the AlGaN overlayer away from the SiNx interface. The
investigated region is marked in Fig. 14(a) and correlates with
regions where vertical and lateral growth directions of the AlGaN
overlayer coincide alternately. The respective region in our
growth model is given in Fig. 14(b) and the placement of the
experimentally observed BSFs is also illustrated in the model. The
HRTEM image in Fig. 14(c) clearly shows some TDs not further
propagating to the surface at BSFs similar to the process described
above. The formation of these BSFs by dissociation of perfect
oi:10.1016/j.jcrysgro.2011.03.050
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Fig. 14. Formation of basal-plane stacking faults (white arrows in c) with increasing distance to the SiNx interface. Regarding our growth model (b), the special

arrangement of the stacking-faults correlates with the interface of interacting vertical and lateral growth directions. The disappearance of the TDs (black arrows in c) at

BSFs is clearly visible.

Fig. 13. HRTEM analysis of a single basal-plane stacking fault. The magnified area in image (b) identifies the planar defect as a single violation in the stacking sequence, i.e.

ABABABCBCBCBC.
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dislocations can be the reason for the occurrence of relatively
sharp boundaries between high and low defect regions in some
primary AlGaN islands. As an example, such region is given in the
highlighted area 3 in Fig. 6(c). The white arrows mark the line
where the BSFs are generated and the TDs disappear. We
conclude that growth induced BSFs and BSFs formed by dissocia-
tion of TDs occur in regions, which are associated with growth
mode variations in accordance with the growth model. Thus the
origin of these BSFs may be assigned to local irregularities in
AlGaN epitaxy, as these BSFs occur in regions where different
epitaxial growth directions interact with reference to the growth
model. The lateral growth component of AlGaN can change the
propagation of a TD into a basal direction. It is known that the
dislocation lying in the {0001} basal plane is easily dissociated
due to the low energy of the stacking fault in the basal plane
[34,35]. In addition, the dissociation of the TDs can reduce the
dislocation density as they do not further propagate to the
surface.
4. Summary and conclusions

In this work we presented a growth model for the growth of an
Al0.2Ga0.8N overlayer on a SiNx nano-mask. This was possible by a
phenomenological approach on the basis of cross-sectional TEM
Please cite this article as: O. Klein, et al., J. Crystal Growth (2011), d
studies on growth interrupted samples. We found that the
dislocation bending and bundling have to be ascribed to growth
mode variations of the AlGaN overlayer, depending on the SiNx

coverage and distribution. The growth of primary AlGaN islands
with a vertical and lateral growth component in areas with high
annihilation grade alternates with the growth of a flat AlGaN layer
with only a growth component in c-direction in areas with low
annihilation efficiency. The EDX measurements showed a high Si
concentration at the SiNx interface in regions where the TDs
propagate unhampered through the interlayer to the surface,
whereas Si was almost not measurable at the SiNx interface in
regions with high annihilation grade. Thus, to achieve a high
defect reducing effect of the SiNx nano-mask a fractional coverage
of SiNx with a distribution of the SiNx nano-islands in nanometre
range is essential for the formation of closed dislocation dipoles
by lateral overgrowth. This means that the formation of the
dislocation half-loops cannot be ascribed directly to the lateral
coalescence of the primary AlGaN islands, which can have
distances of several micrometres. In fact the formation of disloca-
tion half-loops as the main defect reducing process is attributed
to the overgrowth of nanometre-sized SiNx islands within one
primary AlGaN island. A closed coverage with SiNx induces no
lateral overgrowth and thus no defect reducing effect. However, a
second effect for the defect reduction has to be considered beside
the annihilation by the formation of dislocation half-loops.
oi:10.1016/j.jcrysgro.2011.03.050
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The formation of BSFs by dissociation of TDs into partial disloca-
tions precludes the TDs from further propagating to the surface. It
is remarkable, that growth induced BSFs and BSFs formed by
dissociation of TDs are observed in regions of the AlGaN over-
layer, which can be related to growth mode variations in accor-
dance with the growth model. We conclude that the key for a
uniformly low defect density at the surface of a MOVPE
grown Al0.2Ga0.8N layer is the optimum distribution of SiNx by
nanometre-sized SiNx islands over the whole template. Unfortu-
nately the SiNx deposition and distribution can only be engi-
neered indirectly by the growth temperature and the SiH4 inlet
time. However, our locally resolved EDX measurements also show
a connection between variations in the Al/Ga concentration below
the SiNx interface and the SiNx coverage. The WBDF analyses and
the high-resolution GPA measurements in connection with the
concentration measurements by EDX show, that an optimum
distribution of SiNx is obtained in regions where Al is increasingly
substituted by Ga with compositional variations in the range of
up to 5 at% in the previously grown Al0.2Ga0.8N buffer layer. Thus
the changing SiNx coverage, leading to growth mode variations
in the AlGaN overlayer, might be the consequence of variations
in the Al/Ga concentration. Therefore, compositional variations in
the AlGaN buffer layer seem also to be a decisive parameter
for the optimization of the SiNx distribution.
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