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The electronic properties of quaternary AllnGaN devices significantly depend on the homogeneity of the
alloy. The identification of compositional fluctuations or verification of random-alloy distribution is
hence of grave importance. Here, a comprehensive multiprobe study of composition and compositional
homogeneity is presented, investigating AllnGaN layers with indium concentrations ranging from 0 to
17 at% and aluminium concentrations between 0 and 39 at% employing high-angle annular dark field
scanning electron microscopy (HAADF STEM), energy dispersive X-ray spectroscopy (EDX) and atom
probe tomography (APT). EDX mappings reveal distributions of local concentrations which are in good
agreement with random alloy atomic distributions. This was hence investigated with HAADF STEM by
comparison with theoretical random alloy expectations using statistical tests. To validate the perfor-
mance of these tests, HAADF STEM image simulations were carried out for the case of a random-alloy
distribution of atoms and for the case of In-rich clusters with nanometer dimensions. The investigated
samples, which were grown by metal-organic vapor phase epitaxy (MOVPE), were thereby found to be
homogeneous on this nanometer scale. Analysis of reconstructions obtained from APT measurements
yielded matching results. Though HAADF STEM only allows for the reduction of possible combinations of
indium and aluminium concentrations to the proximity of isolines in the two-dimensional composition
space. The observed ranges of composition are in good agreement with the EDX and APT results within
the respective precisions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Besides the matching of polarisation, homogeneity of the alloy
as well as defect density and morphology of the interfaces governs

Quaternary AllnGaN has attracted increasing attention in the
past years for the design of blue light emitting diodes (LEDs) [1,2]
and field-effect transistors (FETs) [3,4]. The material benefits from
its additional degree of freedom opposed to ternary systems,
which to a certain extent allows an independent choice of either
bandgap and lattice constant, allowing for the realisation of lat-
tice-matched structures, or bandgap and polarisation, enabling the
so-called polarisation-matched growth of AllnGaN/GaN hetero-
structures. In these structures, polarisation effects such as the
quantum-confined Stark effect are reduced, which is expected to
lead to an increase in efficiency [5].
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the electronic properties of AllnGaN-based devices [6-9]. Spectral
width and efficiency of the emission of light from quantum wells
(QWs) strongly depend on the distribution of indium, aluminium
and gallium atoms within the wells. Some publications reported
observations of indium-rich cluster formation, catalysed by the
presence of aluminium in the quaternary material opposed to
ternary InGaN [10,11]. Matsuoka [12] even found an unstable
mixing region covering most of the quaternary composition space,
whereas Marques et al. [13] predicted a phase transition from
clustering to homogeneous mixing behaviour at ~800 °C growth
temperature. The present work demonstrates a comprehensive
investigation of compositional homogeneity in AllnGaN layers
grown by metal-organic vapour phase epitaxy (MOVPE) employ-
ing different high-resolution experimental methods, specifically,
energy dispersive X-ray spectroscopy (EDX), high-angle annular
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dark field scanning transmission electron microscopy (HAADF
STEM) and atom-probe tomography (APT).

HAADF STEM has already been successfully used for the in-
vestigation of composition and compositional homogeneity in
ternary materials such as AlGaN, InGaN or InAIN [14-16]. It ben-
efits from the reduced beam damage compared to parallel illu-
mination [17,15]. For the quaternary material AliIn,Gaj_x-yN,
however, measurement of indium and aluminium concentrations
would require two separate inequivalent measured quantities.
Thus, HAADF STEM measurements alone do not allow for de-
termination of the composition in AllnGaN.

EDX, however, which is available during STEM measurements
in modern electron microscopes, makes the simultaneous de-
termination of both concentrations possible. With high brightness
electron sources, probe correctors and windowless four-quadrant
X-ray detectors it can even reach atomic resolution today [18]. For
the investigation of possible clustering on the nanometer scale,
however, long acquisition times are necessary to reach sufficient
statistical significance, during which specimen drift can occur,
cumbering the statistical analysis. Furthermore, as the resulting
composition map is a two-dimensional projection of the specimen,
in general corresponding simulations would be necessary to un-
derstand the exact volume of interaction in dependence of probe
position.

APT-investigations overcome both disadvantages, as in these
reconstructions both the type and the initial position of each de-
tected ion are determined, allowing for a three-dimensional in-
vestigation of the spatial distribution of all species with respect to
all other species. The crystal volume which is accessible in one
measurement is, however, limited even compared to the nan-
ometer-thin TEM-lamellas due to the sharp needle shape of the
APT specimen.

In the following, a comprehensive study of composition and
homogeneity of AllnGaN with various concentrations using all
methods mentioned above is presented. Samples with nominal
compositions as listed in Table 1, comprising layers with four
different aluminium concentrations between 0 and 39 at% and
12 at% In as well as AlGaN layers with nominal 39 at% Al, were
investigated.

2. Specimens and instrumentation

The specimen primarily investigated here consists of 5 con-
secutive layers of AllnGaN of different concentrations embedded
in GaN. It was grown by MOVPE on GaN/sapphire templates. Each
layer is ~10 nm thick and is separated from the next layer by a
barrier of %50 nm GaN. They were grown far from thermodynamic
equilibrium [19] at a temperature of 760 °C and a pressure of
200 hPa. A more detailed description of the growth and in-
vestigation of the surface morphology is given in the publication of
Ahl et al. [20]. Two of the layers consist of InGaN and AlGaN,

Table 1

Nominal aluminium and indium concentrations of the five investigated composi-
tions and the values measured by the different methods. The given errors were
estimated from consecutive measurements of the same sample.

Composition Nom. (at%) XPS (at%) [20] EDX (at%) APT (at%)

Al In Al In Al In Al In
no. 1 0 12 0+0 1341 0+0 10+4 040 1242
no. 2 13 12 13+1 18+1 1743 1443 16+2 1642
no. 3 22 12 22+1 2041 2343 1643 25+2 16+2
no. 4 39 12 39+1 1941 3343 14+3 3142 17+2
no. 5 39 0 - - 39+3 0+0 36+2 0+0

I—no.l —n0.2 —™no0.3 — no.4

intensity [a. u.]

380 400 420 440
wavelength [nm]

360

Fig. 1. PL-spectra of composition nos. 1-4: besides a blue-shift of the quaternary
peak with rising aluminium content an increase of the peak-width can be observed.
While the ternary material no. 1 exhibits a full width at a half maximum of 10 nm
this increases to ~27 nm for the composition with the highest aluminium content.
The oscillations for wavelengths above the GaN peak are caused by Fabry-Perot
interference in the GaN substrate.

respectively, providing ternary references for the investigations.
Single-layer specimens with thicker layers but with the same
nominal compositions were grown under identical conditions.
These samples were used for the EDX measurements as they
provide larger areas for simultaneous data acquisition within
rectangular shaped areas of interest.

The first four compositions in Table 1 were pre-characterised by
X-ray photoelectron spectroscopy (XPS) and photoluminescence
spectroscopy (PL) [20]. The concentrations determined by XPS are
also given in Table 1, whereas the spectra gained from the PL-mea-
surement are depicted in Fig. 1. Besides the expected blue-shift for
increasing aluminium concentrations, a broadening of the quaternary
luminescence peak is observed. In the present paper, it is in-
vestigated, whether this increasing width is solely caused by the local
concentration fluctuations inevitably occurring in a random alloy,
which increase with the number of different constituents, or whether
in addition indium clustering contributes to this effect.

A very thin sample was conventionally prepared by mechanical
grinding and subsequent ion polishing for HAADF STEM, whereas
for the EDX analyses, lamellas were prepared with a focused ion
beam (FIB) using the lift-out method [21]. The samples were
afterwards milled with low-energy Ar ions at 400 eV to remove
etching damage [22]. The needle-shaped tip specimens for APT
measurements were likewise prepared with a FIB using the lift-out
method described in Ref. [23] and sharpened while successively
reducing the ion energy from 30 kV to 2 kV.

EDX-maps were recorded with the XAntEM microscope of the
University of Antwerp, a cubed FEI Titan® 60/300 G2 TEM with
ChemiSTEM-design equipped with a high-brightness X-FEG, a
probe aberration corrector and a windowless Super-X EDX-de-
tector, which was operated at 300 kV. The HAADF STEM in-
vestigations were performed at a FEI Titan 80/300 G1 microscope
also operated at 300 kV and equipped with a Fischione Model
3000 HAADF detector spanning from 30 to approximately
250 mrad. Atom probe tomography was conducted using a Cameca
LEAP 3000X HR instrument.

3. Results and discussion

3.1. EDX-Investigation

First, the single-layer specimens with layers of the nominal
compositions given in Table 1 and a thickness of (20 + 5) nm were
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Fig. 2. Results of the EDX-investigation: (a) shows an HAADF STEM micrograph of
the investigated area with the quaternary layer of composition no. 4 marked. The
intensity fluctuations are caused by contamination during the long acquisition time
of 10 min. The concentration map is displayed colour-coded in (b). From this, the
histograms of indium, aluminium and gallium concentrations presented in (c) were
determined. (d) shows the histograms for the ternary InGaN sample (composition
no. 1) for comparison. The solid curves show the distributions expected for a
homogeneous alloy. (For interpretation of the references to colour in this figure
caption, the reader is referred to the web version of this paper.)

investigated by EDX. All samples were prepared as lamellas with a
thickness of (40 + 10) nm. EDX maps were acquired by drift-cor-
rected, repetitive scanning of an area as shown in Fig. 2a for the
quaternary specimen with the highest nominal aluminium con-
centration (no. 4 in Table 1), for which inhomogeneities are most
likely to occur [12,13]. The scan time was chosen 10 min per
spectrum-image with a pixel width of 6 A to obtain a sufficiently
high detection count rate for accurate quantification. For this the
Cliff-Lorimer method [24] implemented in the proprietary Bruker
ESPRIT software was used to evaluate the K-Lines of aluminium
and gallium and the indium L-line with calculated k-factors of
1.00, 2.11 and 3.05, respectively, while the background subtraction
was done with a polynomial fit from chosen background windows.

The resulting mean concentrations from averaging over the
entire layer area are presented in Table 1, showing a generally
good agreement with the nominal values. Fig. 2b displays the re-
sulting composition map for the aluminium-rich sample with
composition no. 4, which reveals an apparently homogeneous
distribution of In, Al and Ga. To investigate the distributions

quantitatively, histograms of the relative frequencies of local In, Al
and Ga concentrations were generated from the composition
maps. They are shown in Fig. 2¢ for the map in Fig. 2b and for the
ternary InGaN layer (composition no.1) in Fig. 2d for comparison.
Using the mean concentration values determined by EDX in Ta-
ble 1 as probabilities to detect In, Al and Ga atoms, a theoretical
distribution of concentrations was calculated by 100 independent
random draws per pixel, each of which results in the detection of
either indium, aluminium or gallium. The number of draws was
chosen to match the ternary sample best. It roughly corresponds to
the number of atoms stacked in an atomic column at this speci-
men thickness. The binomial distributions, which represent ideal
homogeneity due to the mutual independence of the draws, are
shown in Fig. 2c and d as solid curves. Both samples show good
agreement between measured and binomial distributions, no in-
creased deviation is observed for the quaternary specimen. Ad-
mittedly the assumption of a binomial distribution and especially
the reasoned but still somewhat arbitrary choice of 100 draws
complicates the quantification of homogeneity from these data.
For a less empirical model better knowledge of the interaction
volume of the electron beam within the specimen of the X-ray
propagation through the specimen and of the influence of detec-
tion and spectrum-quantification procedures would be required.
However, the good representation of the experiment by the bi-
nomial model and the agreement being equally good for both the
ternary and the quaternary sample are clear indications for a
homogeneous alloy, though the meaningfulness is limited due to
the mentioned lack of knowledge. Analogous evaluations were
executed for both other quaternary concentrations in Table 1
yielding similar results.

3.2. HAADF STEM study

To further investigate the homogeneity of the AllnGaN alloys by
statistical means, HAADF STEM images of AllnGaN crystals were
simulated for various thicknesses with 31 at% Al and 16 at% In,
corresponding to composition no. 4 in Table 1, where the metal
atoms were set according to a completely random distribution.
The simulations were conducted using the STEMsim software
package [25] with the frozen-lattice multislice method [26,27].
Static atomic displacements (SADs) caused by the different cova-
lent radii of the metal atoms were incorporated by force relaxation
with the LAMMPS program package [28] employing the empirical
Stillinger—Weber type potential proposed by Schowalter et al. [29]
for AI-N and Ga-N bonds, while for In-N interactions para-
metrisation from Ref. [30] was used. The nonuniform sensitivity of
the HAADF detector used in the following experiment was also
taken into account [15]. The resulting images, a section of which is
displayed in Fig. 3a, were evaluated atomic-column wise by aver-
aging over Voronoi cells as described in Ref. [16]. To avoid dis-
crepancies between experimental and simulated intensity dis-
tributions caused by slightly different mean concentrations, the
intensities were divided by their mean, thereby centering the
histograms around 1, as shown in Fig. 3b. This is justified, as
the overall spread of intensities is less affected by small con-
centration changes than the mean intensity.

The resulting intensity ratio distribution is visually in very good
agreement with a Gaussian distribution as can be seen in Fig. 3b.
This agreement was also statistically tested: a chi-square good-
ness-of-fit test, which allows testing the hypothesis that the si-
mulated values come from a Gaussian distribution by comparing
the relative frequencies of simulation and ideal Gaussian dis-
tribution, confirms this hypothesis with a significance of 10% at all
thicknesses. The one-sample Kolmogorov-Smirnov-Lilliefors test
[31], which is a modification of the well-known Kolmogorov-
Smirnov test taking into account that mean and standard
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Fig. 3. HAADF STEM simulation of a random-alloy AllnGaN crystal with 31 at% Al and 16 at% In: in (a), a section of the image simulated for a specimen thickness of 2 nm is
depicted. The red polygon exemplifies a Voronoi cell. Intensities averaged in Voronoi cells yield the histogram displayed in (b). The solid blue curve is the fitted Gaussian
distribution. (c) depicts the standard deviation of the intensity ratio plotted vs. specimen thickness. (For interpretation of the references to colour in this figure caption, the

reader is referred to the web version of this paper.)

deviation of the Gaussian distribution are not known in advance
here, accepts even with 20% significance.

It shall be stressed here that the statistical significance re-
presents the probability of erroneously rejecting the tested hy-
pothesis, in this case that the underlying distribution is Gaussian.
High significance does not necessarily imply that the probability to
only accept the hypothesis if it is true, which is called the statis-
tical power of the test, is also high, though it is commonly used to
asses the results of a test. The test power has therefore also be
checked which is done later in this section.

The standard deviation of the simulated intensity ratio is
plotted in Fig. 3c. For very thin crystals with thicknesses below
10 nm it is varying rapidly with thickness, but for thicker speci-
mens the variation of the standard deviation is smaller. A local
maximum can be found at ~15 nm. The following measurements
were hence executed at this thickness to avoid an artificial in-
crease of the obtained standard deviations by an error of the
measured specimen thickness.

High-resolution HAADF STEM images were acquired accord-
ingly at a specimen thickness of 16 + 2 nm, which was measured
from the intensity in the GaN areas. The intensity was normalised
to the incident intensity [14-16] and evaluated in the same way as
the simulated data before. An exemplary micrograph is shown in
Fig. 4a.

In the experiment, the intensity of atom columns varies even in
pure GaN. This noise is primarily caused by small thickness var-
iations and surface contamination. In the following, it was as-
sumed that the noise caused by these effects is the same in the
quaternary layers.

However, it might be even larger in the AllnGaN as selective
etching causing stronger thickness variations is more probable

there. Therefore, the noise with a standard deviation of 0.03
estimated from a GaN area as the one marked red in Fig. 4b can be
considered as a lower bound for AllInGaN.

As standard deviations are added Pythagorean, the relative
contribution of this noise to the standard deviation of 0.08 mea-
sured in the quaternary material is less than 8%. The suchlike
characterised noise was added to the simulated data by adding
Gaussian distributed random numbers with the according stan-
dard deviation. The resulting histogram is shown in Fig. 4c in red.
With the noise added, the simulated data should be fully com-
parable to the experiment. Hence, the intensity ratio distribution
was also determined from the measured intensity of the AllnGaN
layer with composition no. 4 as marked in green in Fig. 4b, leading
to the green histogram in Fig. 4c. Apparently, both distributions
are similar. This could also be confirmed by various statistical
tests: not only is the one-sample Kolmogorov-Smirnov-Lilliefors
test accepting normality of the experimental distribution with 20%
significance, as it did for the simulation.

The two-sample Kolmogorov-Smirnov test, which checks
whether two samples are from the same not necessarily Gaussian
distribution, also confirms that the STEM intensity in the qua-
ternary material has the same distribution as the noise-in-
corporated simulation with an exceptional significance of 45%. In a
further statistical examination, the identity of the variances of
simulation and experiment was also accepted by a two-sample
F-Test and Bartlett's test, which allow testing this identity, with
30% significance. The unity of this test results strongly indicates
the identity of the measured HAADF-intensity and the one ex-
pected for an entirely random alloy and hence a homogeneous
composition in the quaternary material.

However, as mentioned before, despite the very high
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Fig. 4. Evaluation of the experimental HAADF STEM images: (a) is an overview of the investigated conventionally prepared specimen. The dotted rectangle marks the area, in
which the high-resolution micrograph in (b) was taken. Averaging the image intensity over Voronoi cells yields an experimental noise estimate. (c) shows the experimental
histogram from the analysis of the quaternary area marked by the green frame in (b) in direct comparison to the simulation results with incorporated noise marked by the
red frame. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this paper.)
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Fig. 5. Simulated HAADF STEM imaging of an indium-rich cluster: the supercell
shown in (a) contains an indium-rich cluster marked by the dotted frame. The
cubic-shaped cluster has a side length of 3 nm, the supercell is 15 nm high. The
resulting histogram is shown in green in (b) in comparison to the distribution of a
random alloy in black. (For interpretation of the references to colour in this figure
caption, the reader is referred to the web version of this paper.)

significance with which the identity of distributions was accepted,
the statistical power of the tests could still be small, if cluster-
formation did not strongly alter the intensity-ratio distribution. To
check against an error of this kind, another STEM simulation with
a single cubic cluster with a side length of 3 nm with increased
indium concentration of 40 at% and reduced aluminium con-
centration of 20 at% buried inside a supercell of 15 nm thickness
was conducted. Size and composition of this cluster lies well in the
range of inhomogeneities reported for AllnGaN [11,13]. The re-
sulting image was evaluated as described above. The result is
shown in Fig. 5 in direct comparison to the random-alloy dis-
tribution. These histograms are clearly different and in fact the
two-sample Kolmogorov-Smirnov test rejects their identity and
the one-sample Kolmogorov-Smirnov-Lilliefors test does not ac-
cept Gaussian distribution of the intensity ratio obtained for the
simulated cluster, not even for a significance of only 1%. It can thus
be concluded that the statistical analysis of HAADF STEM data
presented here powerful enough and hence well-suited to exclude
existence of nanometer-scale clusters with an indium concentra-
tion increased from approximately 20 at% to 40 at%. Therefore, the
AllnGaN-layer investigated here is shown to be homogeneous to
this extent.

An attempt was also made to determine the indium and alu-
minium concentrations by simultaneous evaluation of HAADF in-
tensity and lattice strain measured from the high-resolution STEM
images as described by Grieb et al. [32]. However, this method
turned out to be less applicable for the AllnGaN material system as
is illustrated in Fig. 6: simulations as described above were con-
ducted for various compositions from the two-dimensional con-
centration space as reference for the intensity. Additionally, the
biaxial lattice strain in growth direction was calculated from
elasticity theory for comparison with the measured strain. The
isolines for both datasets, on which compositions with the same
HAADF intensity or the same strain lie, are shown for a fixed
specimen thickness of 50 nm. This is a common thickness for
quantitative HAADF STEM measurements in the AlGaN/InGaN-
system [15]. It becomes apparent that these isolines are nearly
parallel, meaning that the information which can be gained from
the measurement of HAADF intensity and lattice strain is quasi-
equivalent. Even with both quantities measured the simultaneous
determination of both the aluminium and the indium concentra-
tion is therefore impossible under experimental conditions as two
non-equivalent pieces of information would be necessary for this.
Using this method the possible compositional range is thus given
by a narrow region along the isoline that corresponds to the

40

HAADF-intens.
strain

30

20

In-concentration [at.%]

0 10 20 30
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Fig. 6. Comparison of HAADF STEM and strain reference data: The isolines of STEM
intensity (normalised to the incident probe intensity) simulated with the frozen-
lattice method and a specimen thickness of 50 nm are drawn in black, while the
isolines of biaxial strain calculated by elasticity theory are plotted in red versus
indium and aluminium concentrations. The red and black isolines run almost in
parallel. (For interpretation of the references to colour in this figure caption, the
reader is referred to the web version of this paper.)

measured normalised HAADF intensity.

This concentration range, however, was found to be in full
agreement with the other measurements in Table 1 as is illustrated
in Fig. 9. For the ternary InGaN layer (composition no. 1), where
the prior knowledge of vanishing Al concentration could be uti-
lised to get an exact concentration, the indium concentration was
determined to be (11 + 1) at% and for the AlGaN layer (composi-
tion no. 5) (38+1)at% Al was found, which is in excellent
agreement with the other methods.

3.3. APT-Analysis

The specimens investigated in the previous section were also
examined in a comparative APT study. The measurement condi-
tions were optimised for the material system based on the findings
of Mehrtens et al. [33] by cooling down the specimen tip to 20 K
and using a laser-pulse energy of 50 pJ at a pulse frequency of
100 kHz for a laser wavelength of 532 nm and a pulse length of
~10 ps. 60 million ions were detected during the entire measure-
ment. Due to the optimisation of acquisition parameters, a III:N-
ratio of 52:48 could be achieved, which is close to the expected 1:1
ratio. The deficiency of measured nitrogen has been reported to be
due to the dissociation of complex ions between evaporation from
the specimen and detection, causing inaccurate identification of
incident ions [34,33]. Fig. 7a shows an image of the reconstructed
specimen. All five AllnGaN layers were detected entirely. The layer
thicknesses and distances are in excellent agreement with the
STEM micrographs. An atomic-concentration profile was extracted
by averaging in lateral direction and for a bin width of 0.2 nm in
growth direction, which is presented in Fig. 7b. The average con-
centration of each layer is also given in Table 1 and illustrated in
Fig. 9, where fair agreement with the EDX results within the ac-
cording precisions becomes apparent.

The homogeneity was then statistically investigated similar to
the STEM data following Ref. [35]. The volume of each layer was
divided into voxels, each containing a fixed number of detected
ions. The concentration of each ion species was then calculated
and the respective concentration distribution inside each layer
was determined. The resulting histograms for Al-, In-, Ga- and
N»-ions for layer no. 4 and voxels containing 40 ions are displayed
in Fig. 7c in comparison with the binomial distribution expected
for a random alloy. The visibly good fit between both was tested by
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Fig. 7. Evaluation of the APT measurement: the reconstruction of the specimen is
shown in (a). (b) displays the resulting concentration profile along the growth di-
rection. In (c) the distribution of various detected ions inside a layer (bars) is
compared to the random-alloy expectation (solid curves). (d) is a plot of the ionic
concentration in dependence of the radial distance from indium ions. Indications
for non-random fluctuations are not found.

the chi-square test and accepted with a significance of 10% for all
detected ion types. The test was repeated for voxel sizes of 20, 100
and 200 ions, which corresponds to voxels with approximate side
lengths from 1.4 to 3.2 nm. It yielded an identity with a random-
alloy distribution with more than 5% significance in all cases. Si-
milar results were obtained for the other layers. Additionally, the
radial distribution around indium atoms was investigated by cal-
culating the radially averaged concentration as a function of the
distance to a central indium atom and then averaging over all
indium atoms. The result is shown in Fig. 7d for layer no. 4: for
indium-clustering, one would expect a significant increase in

_O
(e}
=

relative frequency

0 20 40 60
concentration [ion. %]

Fig. 8. APT evaluation of an inhomogeneous AllnGaN layer: intensity fluctuations
between atomic layers were observable in HAADF STEM micrographs as shown in
(a), the reconstruction in (b) revealed them to be caused by varying aluminium and
gallium concentrations, which caused distinct deviation of measured (bars) and
random-alloy (solid curves) distributions in the histogram (c).

indium concentration for small radial distances, which was not
observed. The radial distribution is almost constant. The APT study
hence does confirm the previous findings. All layers are found to
be homogeneous on various scales.

To check the power of the previous test, a test structure with a
single AllnGaN-layer of a similar composition as no. 4 was in-
vestigated with the same parameters as before. Due to a pulsed
MOVPE process, which involved an alternating injection of In-, Al-
and Ga-precursors, this sample exhibited a stripy appearance in
HAADF STEM images caused by monolayers of alternating differ-
ent compositions, as is shown in Fig. 8a. The stripes are also clearly
visible in the APT reconstruction in Fig. 8b, in which they were
identified as fluctuations of the aluminium concentration of ap-
proximately + 5 at% with a simultaneously constant indium con-
tent. This clearly inhomogeneous sample was also analysed by
testing the concentration distributions against the random-alloy
expectation with the chi-square test. The corresponding histo-
grams are shown in Fig. 8c. Random distribution of gallium and
aluminium was clearly rejected, while it was accepted for indium
and nitrogen with a significance of 20%. The test therefore clearly
proves its suitability to identify inhomogeneities caused by fluc-
tuations of the magnitude of 10 at% on the sub-nanometer scale.

4. Summary

In conclusion, an investigation of the homogeneity of AllnGaN
layers of different concentrations by statistical means using EDX,
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Fig. 9. Overview of the measured concentrations: the results of all investigated
compositions from the different methods are marked with their respective errors
(see Table 1). The concentration pairs of the quaternary composition nos. 2-4 that
are consistent with the measured HAADF STEM intensity are drawn as black iso-
lines (only reasonable part was plotted for better readability). The XPS-data was
taken from [20]. The values from EDX, HAADF STEM and APT coincide within their
error bars.

HAADF STEM and APT was presented. The layers were found to
exhibit random-alloy distribution with high significances down to
the sub-nanometer scale. The applicability of the tests to the two-
dimensional HAADF STEM data was confirmed by additional si-
mulations, in which the statistical power was demonstrated and
proved to be comparable to corresponding analyses on three-di-
mensional APT reconstructions.

The observed increase in width of the PL-emission peak can
hence be deducted to stem solely from local concentration fluc-
tuations inherent to a random-alloy distribution of elements. It
can be furthermore concluded that, in the studied composition
range, the MOVPE parameters used for the growth of the in-
vestigated layers do indeed allow epitaxy of homogeneous qua-
ternary AllnGaN without detectable phase separation. With re-
spect to the previous reports of indium cluster formation [10-13]
this conclusion does not apply to any growth setup in general.
Nevertheless it is shown that homogeneous MOVPE growth of
AllnGaN for these concentrations is possible.

Finally, the quaternary concentrations were determined and
consistent results were attained as is also illustrated in Fig. 9,
where the summarised results of all measurements presented here
are seen to coincide within their precisions, though with HAADF
STEM, the quaternary composition could not be determined un-
ambiguously, as a second non-equivalent information channel
would be needed. Nevertheless, it was demonstrated that the
statistical analysis of STEM micrographs by comparison to simu-
lations is sufficiently powerful to exclude the presence of nm-scale
chemical species clustering.
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