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While high-angle annular dark field scanning transmission electron microscopy �HAADF-STEM� has been
successfully used for the analysis of heavy atoms in a lighter matrix, the detection of light atoms in a heavy
matrix remains challenging. In this paper, we show that the combination of first-principles total-energy calcu-
lations with aberration-corrected HAADF-STEM experimental and simulated images can be used to overcome
this problem. The application of this methodology to the analysis of dilute nitrides of GaAs points to the
existence of a major proportion of �2NAs�nn in the alloy, which is a relatively stable configuration in GaAsN as
revealed by our energetic calculations. Our study has allowed us to shed light in the effect of the local
distortion of the lattice due to different configuration of atoms in HAADF-STEM imaging.

DOI: 10.1103/PhysRevB.80.125211 PACS number�s�: 68.37.Ma, 68.55.Ln, 68.65.Fg

I. INTRODUCTION

In the last decades there has been great interest in extend-
ing the possibilities for band-structure engineering in III–V-
based materials by alloying with N. The addition of small
quantities of N to III–V compounds produces a large band-
gap bowing that gives place to a substantial extension of the
emission wavelength range1,2 allowing, for instance, opera-
tion at the transmission windows of optical fibers �1.55 �m�
in GaAs related compounds. This unusual behavior is a con-
sequence of the small size and high electronegativity of N
that strongly modifies the conduction band, although nowa-
days there is an intense debate on the role of anticrossing3

and cluster state models4 to find a complete explanation for
this behavior.5 In any case, the accurate control of the pho-
toluminescence emission wavelength can be only achieved
by a careful control of the N content in the alloy and a
perfect stabilization of the structure.6 The inventory of the
ternary and quaternary dilute-nitride alloys based on III–V
compounds has been rising in the last decade exploring all
the combination between III elements �Al, Ga, and In� and V
elements �P, As, and Sb�. Among them, the dilute nitrides of
GaAs have logically been the first and the most scrutinized
and they have shown properties not usual in conventional
III–V.7,8 In spite of this, many features are not well under-
stood yet and the key reason for this is the lack of knowledge
of how the nitrogen atoms are inserted into the zinc-blende
structure of III–V compounds.

First, although the thermodynamic solubility of N in
GaAs is extremely low �less than 1014 cm−3�,9 GaAsN alloys
with N content as high as 10% have been reported.10 This
anomalous behavior has been associated with specific sur-
face reconstructions during the epitaxial growth11 and the

formation of alternative N complexes in the alloy.12 Second,
an instability of as-grown samples exists and the subsequent
annealing treatments cause a severe degradation of the
minority-carrier lifetimes.13,14 The formation of point defects
such as N-N split interstitial15 and the AsGa antisite16 have
been suggested as electron traps in the Ga�In�NAs alloy, and
also clustering of N atoms has been reported to dominate the
emission in dilute nitrides of GaAs,17 creating energy levels
below the conduction-band energy that get deeper as the
number of N atoms increases.18 The degradation of the struc-
tural quality of the alloy has been directly related to the
initial configuration of N at atomic scale19,20 and therefore its
characterization is of primary interest to understand the elec-
trical and optical properties and thus optimize the perfor-
mance of this system.

Yet the direct observation of individual atoms and their
neighborhood in a material remains challenging and it has
been the subject of intensive effort over the last few decades,
dating back to 1970s when Crewe et al.21 first reported the
observation of single atoms �U and Th� on a thin carbon film
using scanning transmission electron microscopy �STEM�.
More recently, the development of aberration corrector
lenses and the associated improvement in spatial resolution
has allowed the high-angle annular dark field �HAADF-�
STEM technique to be used to image single atoms in mate-
rials such as semiconductors and catalysts22–24 and, in com-
bination with electron-energy-loss spectroscopy �EELS�, the
identification of single La atoms inside CaTiO3.25 A shared
characteristic of all these experiments, however, is the fact
that they deal with the detection of heavy atoms on/in a
lighter matrix, where the contrast due to these atoms is rea-
sonably high and their detection feasible. However, there are
no previous results for the detection of light atoms in a heavy
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matrix �which is required for N in GaAs�, where the relative
change in contrast due to the light element is very small.

The reason for this lies in the basis of the technique.
HAADF-STEM is an advanced microscopy technique that
allows obtaining pure compositional information from a ma-
terial by scanning an atomic scale focused probe over a zone-
axis oriented crystals and collecting the high-angle scattering
with an annular detector. As we become concerned with
higher scattering angles, the coherent Bragg scattering is
overtaken by thermal diffuse scattering �TDS�, which is the
main contribution to the image. TDS is directly related to the
average Z number of the material and, in general, it has been
considered that the HAADF signal is a function of Zn where
n ranges between 1.6 and 2.26,27 According to this, a heavy
atom can be evidenced inside of a lighter matrix but a light
atom is tricky to detect in a heavy matrix. Thus, the possi-
bility to detect a light atom in a heavier matrix should be
related to other factors affecting HAADF imaging

In this sense, it should be highlighted that the static
atomic displacements �SAD� associated to lattice defects in
imperfect crystals could play a major role in HAADF-STEM
imaging. Although these effect of SAD in the image intensity
of HAADF-STEM micrographs was pointed out in early
studies by Perovic et al.28 and Treacy et al.,29 only few pa-
pers have been published discussing this subject after that,
and in general the effect of SAD in HAADF-STEM has not
been analyzed and quantified in as much detail as needed to
completely understand HAADF-STEM images of nonperfect
crystals. In this sense, Grillo et al.30 have recently published
an exhaustive analysis of the effect of SAD due to the intro-
duction of heavier In atoms in GaAs. Moreover, the effect of
SAD has been brought up to explain the unexpected contrast
reversal observed in B-doped Si quantum wells28 as well as
N containing GaAs wells,31 although the differences in con-
trast due to different possible configuration of atoms around
the N have been neglected.

The aim of this work is twofold. First, we have used a
methodology based in the combination of first-principles
total-energy calculations with aberration-corrected HAADF-
STEM experimental and simulated images to shed light in
the behavior of the smaller alloy constituent N in GaAs�N�
quantum wells �QWs�. The results of this analysis point to
the existence of alternative N-related complexes beside sub-
stitutional N in the dilute nitrides of GaAs, which would
have a strong effect in its optoelectronic properties. Second,
this study has allowed us to investigate the effect of SAD in
HAADF-STEM images for different configuration of atoms
of the same nature, e.g., different substitutional and intersti-
tial N complexes in GaAs, and for different N compositions.
This study demonstrated the strong influence of the distribu-
tion of atoms in the intensity of HAADF-STEM images.

II. EXPERIMENTAL DETAILS

The studied GaAsN QWs were grown on a GaAs�001�
substrate in a VG V80H molecular-beam epitaxy �MBE� sys-
tem equipped with an Oxford Applied Research HD25 radio-
frequency plasma source for N. The N composition was con-
trolled by monitoring the optical intensity of the atomic N

plasma emission. The sample consisted of four groups of
three GaAsN quantum wells with a thickness of 8 nm sand-
wiched between GaAs barriers. Every group of wells was
grown with a different composition in N: 0.1%, 0.4%, 1%,
and 2.5%, and separated from the next group by AlAs mark-
ers. The sample was grown at 460 °C and no postgrowth
thermal annealing was applied.

The sample was thinned to electron transparency in cross-
section geometry using a standard sample preparation tech-
nique. After grinding, dimpling and polishing, a Fishione Ar+

ion miller was used with a 3 kV beam at an 8° incident angle
cooled by liquid N2. After a hole was milled in the specimen,
the surface of the sample was cleaned by milling at 1.5 kV
during 20 min also cooled with liquid N2.

The high-resolution HAADF-STEM study was performed
using an aberration-corrected VGHB501 dedicated STEM
operated at 100 kV with spatial resolution of the sub-
angstrom level. A detector angular range of 72–210 mrad for
a convergence angle of approximately 20 mrad was used:
under these conditions, the contribution of Bragg diffraction
effects to the image is minimal.32 The low-resolution
HAADF-STEM images were obtained in a JEOL 2500
�S�TEM, operated at 200 kV with a detector angular range of
55–143 mrad.

In this study, we are comparing the HAADF-STEM inten-
sity obtained from different GaAsN wells. In order to be able
to compare quantitatively the intensity of different HAADF-
STEM images, attention should be paid to microscope- and
sample-related parameters during the acquisition. For each
microscope, the series of images used for the comparison
were acquired under the same conditions of the lenses, ex-
posure time, and brightness/contrast settings, which was pos-
sible given that all the wells are integrated in the same struc-
ture. Attention was paid to calibrate the black level of the
images to obtain a true value for the image intensities33 and
also to avoid saturation of the intensity in any part of the
images. With regard to the sample, the thickness of the foil
under study is a determining factor affecting the contrast in a
STEM micrograph.34 Low-loss electron-energy-loss spectra
using intensity ratios of the area under the zero-loss peak to
that under the whole spectrum was used to measure the
thickness of the TEM foil35 for the different QWs. The thick-
ness of the sample foil for the experimental study was cho-
sen as 70 nm; while this is certainly thick for high-resolution
TEM imaging standards, it provided an ideal compromise for
this particular study: it is relatively thick to avoid surface
stress relaxation contributions36 but still thin enough so scat-
tered intensity from the whole sample foil contributes to
atomic structure images.34

Although rarely reported, the introduction of N dopants
may also lead during the thinning procedure to different
sputtering rates of the quantum wells and the GaAs substrate
under the ion beam. The presence of any preferential drilling
was therefore closely monitored by relative thickness mea-
surements by EELS. Grooves at the interfaces between the
substrate and the doped wells were indeed observed on oc-
casion and the N-rich wells were measured to be around 3%
thicker on average than the undoped GaAs, irrespective of
the N concentration. The intrinsic uncertainty in this method
is relatively high,38 up to 10–20 %:37,38 the recorded values
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were nevertheless taken as indicative of the general trend and
these thickness variations were taken into account when
comparing experimental results with simulations.

The signal differences involved in this study are minute: a
careful and systematic processing was applied to the high-
resolution micrographs in order to measure the relative in-
tensity on the atomic columns and the space between col-
umns as a function of N content. Up to six and no fewer than
three images were included for each of the four N concen-
trations. In order to avoid possible contamination buildup
and minimize beam damage, only one image was recorded
for each well, moving over to the next well in the sets of
three available at every N concentration. Due to the high
magnification necessary to retain a good enough visibility of
the dumbbells, the entire well could not be included in one
single frame. Care was therefore taken to include images
from both the right- and left-hand sides of the well, thus
taking into account any remaining contrast or thickness dis-
parity across a single well.

Patches were cut out from the images of the GaAsN wells
and the GaAs barrier, cross correlated across those regions
and averaged; the areas close to the well boundaries, which
may exhibit some interface grooving and subsequent inten-
sity artifacts as sometimes observed in the experimental
thickness profiles, were excluded from the cross correlations.
These averaged patches were then analyzed to generate the
intensity data points from the atomic columns and from the
valleys between the columns. For consistency, the areas de-
noted by “on the atomic columns” or “valley between the
columns” were systematically defined as follows: line pro-
files were taken across the atomic columns, with a line width
corresponding to the estimated microscope point spread
function. These profiles were used to select a box around the
dumbbells for which the intensity lay above the half point
between the peaks and average background value. The set of

all such boxes was defined as on the atomic columns, and the
complement region was defined as valley between the col-
umns, as shown in Fig. 1.

The probe profile calculations were based on the aberra-
tion coefficients measured before recording the series of im-
ages and yielded an estimated full width half maximum of
the probe of 1.082 Å, for a corresponding 59% intensity
radius d59=1.396 Å.39 The errors shown in the plot corre-
spond to the standard error of the mean when taking the
average over the various images.

HAADF-STEM image simulations were carried out con-
sidering different substitutional and interstitial N-containing
complexes, and with the experimental parameters of the
VGHB501 microscope. The equilibrium lattice positions of
the atoms in fully relaxed GaAsN complexes used as input in
the simulations as well as the energy of these complexes
were calculated using density-functional theory �DFT�
within the local-density approximation, as implemented in
Vienna ab initio simulation package.40 For this, the electron-
ion interactions were described by projector-augmented
wave pseudopotentials.41 The valence wave functions were
expanded in a plane-wave basis with cutoff energy of
400 eV. All the calculations were performed using 64-atom
cubic cells. A 2�2�2 grid was used for the k-point sam-
pling of Brillouin zone. All the atoms were relaxed to mini-
mize the Feynman-Hellmann forces to below 0.02 eV /Å.
The defect formation energy is defined as:

�Hf = �E − �
i

ni��i + �i
ref� + q��VBM + � f� , �1�

where �E is the energy difference between the defect-
containing and defect-free supercells, and ni is the difference
in the number of atoms for the ith atomic species between
the defect-containing and defect-free supercells. �i is a rela-

FIG. 1. Definition of the on the atomic columns and valley between the atomic columns areas in the averaged patches �patch from a 1%N
well shown here�. Line profiles are used to define the “on the column” boxes, as symbolized left; the complement image defines the off the
column intensity.
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tive chemical potential for the ith atomic species referenced
to �i

ref. For Ga and As, �Ga
ref and �As

ref are the chemical poten-
tials for bulk Ga and bulk As, respectively. For N, �N

ref is
taken as half of the energy for an isolated N2 molecule. The
q parameter in Eq. �1� is the defect charge state and � f is the
Fermi energy referenced to the valence-band maximum
�VBM�, �VBM. For the calculation of the energy of the com-
plexes, we have set �N=0, according to the N-rich condi-
tions of the growth process.

HAADF-STEM images were computed using the simula-
tion software SICSTEM, fully described in Ref. 42. Elastic
scattering was implemented following Kirkland’s approach,
while TDS was included using a local TDS absorptive po-
tential approach, according to Refs. 43 and 44. Simulation
results have been successfully compared to Ishizuka’s fast
Fourier transform multislice approach theoretical results and
to STEM for WINHREM™ software. Due to the high compu-
tational requirements needed in analysis such as the one de-
scribed in this paper, the software runs in 256-parallel xenon
cluster, allowing an improvement of approximately 350
times in processing time when compared to a single-node
machine.

The N atoms were located in random positions in three
dimensions in the simulated structure and the same image
processing treatment as in the experimental images was ap-
plied in order to average the contrast along the images, sepa-
rately for the atomic columns and for the space between the
columns. The thickness of the simulated structures was cho-
sen in agreement to the experimental ones. In order to simu-
late different compositions in the supercell, the following
procedure was applied. First, a pure GaAs 10�10�70 nm
supercell was generated. Then an As atom in the supercell
was randomly chosen. The As atom in the supercell was
substituted by a N atom, modifying as well the atom posi-
tions around it according to the DFT cell. Following this
procedure iteratively, different numbers of DFT cell were
added depending on the N concentration. Twenty different
supercells with around 4000 atoms were generated from five
different DFT cells �substitutional and interstitial N� and four
different N ratios: 0.5%, 1%, 1.5%, and 2%. For each DFT
cell-composition pair, different thickness supercells were
built �1.25, 7.5, 13.75, 20.0, 26.25, 32.5, 38.75, 45.0, 51.25,
57.5, 63.75, and 70.0 nm�.

The whole images were simulated in each case to reduce
the error in the measurement since at low concentration the
N content is not the same in each atomic column. In a ran-
dom distribution of N, the intensity profiles vary among the
dumbbells since they depend not only on the number of N
atoms inside the atomic column but even on their position on
the column �in the beginning or in the end of the electron
path reducing the top bottom effect� and the atomic neigh-
borhood. The simulation of square areas that includes up to
ten dumbbells allowed us to obtain a more realistic average
of both peak and valley intensities similar to the experimen-
tal ones.

The dumbbell spacing has been also measured from simu-
lated and experimental images in order to obtain information
on the strain state of the wells. Provided the appropriate sta-
tistical and image-processing precautions are taken, it has
been shown that lattice spacings measured from aberration-

corrected HAADF images could be used to quantify strain.45

Lines profiles were taken across the each of the experimental
and simulated dumbbells with a linewidth corresponding to
the estimated microscope point spread function. The profile
was then fitted through a nonlinear least-squares algorithm to
a double Gaussian curve: the distance between the centers of
the two Gaussians was taken as a measure of the �004�
“dumbbell” spacing.

As we are dealing with relatively small differences in
contrast/dumbbell spacing for the experimental and simu-
lated images, we have performed a statistical analysis of the
data to confirm that the differences found are significant so
we can extract information from them. Initially, for each
group of measurements we have computed the mean, the
standard deviation and the standard error. Then, the analysis
of variance by the one-way ANOVA procedure has been car-
ried out, where an overall-ANOVA parameter less than 0.05
implies that at least two or more populations have statistical
different means. Since the ANOVA test assumes that all the
samples are drawn from normally distributed populations
with equal variance, the Levene test was used to compare the
variance of the data. After this, the Bonferroni posthoc
means comparison was used to determine the number of
pairs of data groups that show significant differences be-
tween them. As some of the data do not completely fulfill the
requirements of the ANOVA test �which is reasonable due to
the low N concentrations used, where there are atomic col-
umns with N and others without it�, a Kruskal-Wallis
ANOVA �KWANOVA� test was also performed since it does
not require the normal distribution of the population and it
places less restriction on the comparison. In all the cases, we
set the significance level as 0.05.

III. HAADF EXPERIMENTAL RESULTS

Figure 2�a� shows a low magnification HAADF image of
the GaAsN0.025 QWs where, as it can be observed, the wells
appear brighter than the GaAs barrier. As mentioned before,
the intensity in HAADF-STEM imaging of perfect crystals is
considered proportional to Zn.26,27 The substitutional change
in As�Z=33� by N�Z=7� leads to a reduced average atomic
number of the well in comparison to the barrier and conse-
quently, a reduced intensity would be expected when consid-
ering strictly the Z number rule. HAADF-STEM images of
the wells with lower N composition also showed higher in-
tensity than the GaAs barrier, as shown in Fig. 2�b� for
0.1%N and, as it can be observed, the contrast is decreased
with the reduction in N composition. Figure 2�c� shows a
plot of the contrast GaAs1−xNx-GaAs �C= �IGaAsN-IGaAs� /
IGaAs� vs %N �x�. As we can see, the evolution of contrast
with the N content does not follow a linear behavior: the
slope of the curve for low N concentration is relatively large
and for the higher N content the curve levels off. Though the
origin of this anomalous contrast may rely on the local dis-
tortion of the lattice due to the introduction of N, this behav-
ior is not immediately clear for what is supposed to be a
random substitutional alloy.

To investigate the origin of the observed evolution of con-
trast with %N, the QWs were analyzed by high-resolution
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HAADF-STEM with aberration corrector, as can be ob-
served in Fig. 3 for 2.5%N. A detailed analysis of these im-
ages led us to a remarkable result. We have measured, sepa-
rately, the contrast from the valley between the atomic
columns and from the atomic columns themselves, and plot-
ted it vs %N in Figs. 4�a� and 4�b�, respectively. In order to
assess whether the contrast for the different N compositions
found in our analysis shows significant differences, the

ANOVA test was applied. This test has shown that the con-
trast from the valleys for the different N contents are mean-
ingfully different at the 0.05 level �overall ANOVA=4.85
�10−5� whereas the differences in contrast from the peaks
are not significant �overall ANOVA=0.128�.

As it can be observed in Fig. 4�a�, the evolution of the
contrast from the valley between the atomic columns shows
a strong increase for the lower N compositions and then flat-
tens off for higher N contents, similar to the behavior ob-
tained from the low magnification images. �It should be
noted that although the evolution of contrast is similar for the
low- and high-resolution images, the absolute values are in-
evitably different given that they have been obtained with
different microscopes under different conditions�. However,
the increase in contrast from the atomic columns is negli-
gible as the statistical analysis has shown. The comparison
between these curves reveals that the increased intensity
found in GaAsN originates specifically from the valleys be-
tween the atomic columns rather than from the columns
themselves, dominating the contrast from the well. This is in
contrast to the results reported for the system SiGe/Si, where
an increase in contrast from both the atomic columns and the
background was observed.46 This peculiar behavior points at
an intrinsic characteristic of the lattice as the origin of the
observed contrast, given that artifacts as those related to
changes in thickness of the sample would give place to an
increased intensity of both atomic columns and the space
between them.34

Additionally, we have measured �also from individual
dumbbells� the average dumbbell spacing ratio �referred to
the GaAs dumbbell spacing� from the images and plotted
vs N content in Fig. 4�c�. The analysis with the ANOVA
test showed that there are significant differences between
these measurement �overall ANOVA=2.55�10−4 and
KWANOVA=7.85�10−8�. As it can be observed in Fig.
4�c�, the evolution of the dumbbell spacing with N content
shows a nonlinear reduction when increasing the N content.
This behavior is likely caused by the introduction of an ad-
ditional strain component due to the incorporation of N in
the lattice. However, different N configurations have been
proposed for dilute nitrides of GaAs and its effect on the

FIG. 2. Low magnification images of the samples with �a�
2.5%N and �b� 0.1%N; �c� plot of the evolution of contrast
�IGaAsN-IGaAs� / �IGaAs� vs N content from the low magnification im-
ages of the GaAsN QWs.

FIG. 3. High-resolution HAADF-STEM image of a QW with
2.5%N.
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local distortion is likely to be different. Our hypothesis is
that the differences in the HAADF image parameters will
allow elucidation of the predominant N configuration in the
alloy using for this the comparison between experimental
and simulated images.

IV. HAADF SIMULATIONS

In order to explain the origin of the obtained results,
simulations of the HAADF-STEM images for different N
configurations in GaAsN were performed. As mentioned be-
fore, first-principles total-energy calculations were used to
determine the equilibrium lattice positions of the atoms in
fully relaxed GaAsN cells. These lattice sites where used as
the input for the HAADF-STEM simulations. It is worth
highlighting that care should be taken in the comparison of
the absolute values of intensity in HAADF-STEM images
obtained experimentally and from simulations, given that
with the current codes used for the simulations this compari-
son may not be straightforward. A mismatch of 2–4 times
between TEM �Ref. 47� or STEM �Ref. 34� images and
simulations has been usually reported and the contribution of
a nonexpected background in experimental HAADF-STEM
images has been observed to increase monotonically with
thickness and to reflect the Z number of the crystal.34 This
huge contrast mismatch �known as Stobbs factor� has been
associated to an overestimation of the degree of coherence in
the electron source, measured recently for zero-loss peak,
plasmon loss and phonon-loss electrons as 0.3.48 Our analy-
sis through this paper will be based in the evolution of con-
trast with composition, not aiming to compare absolute val-
ues of intensity, so this contrast mismatch in not expected to
alter our results significantly.

To begin with, we will consider the substitutional case,
where N is located in the As lattice position. In general, this
is the target in the successful growth of ternary or quaternary
alloys with optoelectronic properties.

A. Substitutional case: The SAD effect

Figure 5 shows line profiles taken from simulated images
of substitutional GaAsN0.02 and pure GaAs structures in an
equivalent position of the structure. As it can be observed,
the profile corresponding to GaAsN shows an increased in-
tensity in the valley between columns in comparison to GaAs
�in good agreement with the experimental observations�,

FIG. 4. Plot of the contrast measured from the high-resolution
images �a� from the valley between the atomic columns and �b�
from the atomic columns vs N content; �c� plot of the experimental
average dumbbell spacing ratio vs. N content obtained from the
high-resolution images.

FIG. 5. �Color online� Line profiles taken from simulated im-
ages of pure GaAs �dotted line�, GaAs with a lattice distortion
similar to GaAsN �dashed line�, and relaxed GaAsN0.02 �solid line�.
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whereas for GaAsN the intensity in the peaks varies depend-
ing on the atomic column, given that the distortion is differ-
ent for each column. In order to separate the effect of the Z
number from that due to the deformation of the structure, the
simulation of a GaAs cell mimicking the local distortion of
substitutional N was performed, where the N atom of a re-
laxed GaAsN structure was substituted by As without chang-
ing the position of the surrounding atoms. A line profile from
this structure is also included in Fig. 5. As it can be observed,
the simulation of such a structure also exhibited an increased
intensity coming from the valley between columns, in the
same way as in the substitutional N GaAsN structure, evi-
dence that the intensity observed experimentally is basically
due to the distortion of the lattice. This result shows the
strong effect that the static atomic displacements can induce
in HAADF-STEM images. This distortion of the lattice has
an effect similar to the increase in lattice vibrations, enhanc-
ing the effective Debye-Waller factor of the host lattice49

and, in some cases as shown in the present work, it can
dominate over the Rutherford-scattering component. It
should be underlined that the origin of this strain contrast is
completely different to that typical in bright field �S-�TEM or
low-angle ADF-STEM, where the contrast in the image de-
pends on Bragg scattering effects and it is therefore coherent
imaging. In the present study, we are using large detector
inner angles �72 mrad� so the image is incoherent and the
observed strain contrast stems from an increase in TDS due
to the local displacement of the atoms.

It has been widely reported that the thickness of the
sample is a parameter with a major effect in the intensity of
HAADF-STEM images.34 In order to analyze possible
thickness-related artifacts in our study, the evolution of in-
tensity with this parameter was computed. Figure 6 shows a
plot of the contrast variations with the thickness, �C

�t , in
GaAsN vs sample thickness up to 70 nm for the four N
contents. As it can be observed, the contrast variations due to
thickness variations are important for thicknesses below
30–40 nm but all the composition trends to a very small
value for higher thicknesses. This means that the error in the

measurement of the thickness by EELS is not likely the ori-
gin of the increase in contrast found in our experiment.

Figure 7�a� shows a plot of the contrast GaAsN-GaAs
from the simulated images computed with the substitutional
N complex vs %N and Fig. 7�b� shows the evolution of the
dumbbell spacing ratio obtained from the same image. Both
the intensity and the dumbbell spacings were measured fol-
lowing the same procedure as in the experimental images.
The ANOVA test showed significant differences for the
dumbbell spacing ratio as well as for the contrast from the
peaks and the valleys, although in the case of the peaks only
one of the pairs of data showed significant differences in
Bonferroni test vs the five pairs of data for the valleys. As we
can observe, the contrast GaAsN-GaAs from the valleys
shows an increasing slope for higher N contents. If we com-
pare this evolution of contrast with the experimental result
shown in Fig. 4�a�, we can observe that there is a disagree-
ment between them, given that the experimental study
showed saturation for increasing N content. On the other
hand, the dumbbell spacing ratio also follows the opposite
tendency regarding the experimental study: in the experi-
mental one the dumbbell spacing is reduced while for the
simulation of substitutional N it increases with %N. This

FIG. 6. �Color online� Plot of the contrast from simulated im-
ages of substitutional N with different N content vs specimen
thickness.

FIG. 7. �a� Plot of the contrast from the valley between columns
�circles� and from the atomic columns �squares� and �b� dumbbell
spacing ratio vs N content measured from the simulated images of
GaAsN with substitutional N.
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different behavior suggests that we should consider the exis-
tence of alternative N configurations in the alloy besides ran-
dom substitutional N.

B. Other nitrogen configurations

In the literature, the existence of several N configurations
in GaAsN has been proposed. Thus, the existence of N-N
split interstitials, N-As split interstitials or �AsGa-NAs�nn pairs
in GaAsN has been suggested both theoretically11 and
experimentally.50,51 Also, the low solubility of N in GaAs
�Ref. 9� has been reported to induce the clustering of N
atoms52 in the alloy, although generally no specific configu-
rations are proposed. Both interstitial N and N clustering
could produce a change in the TDS from the GaAsN region.
According to this, we have performed the simulation of
GaAsN structures where N is incorporated in the group-V
lattice sites �substitutional N� both randomly and in incipient
clusters, and as interstitial configurations. Figure 8 shows a
schematic of the different N configurations considered in the
present work: �a� the �AsGa-NAs�nn pair, where nn stands for
nearest neighbor; �b� N-As split interstitial, which would in-
troduce a higher strain energy than the analogous with only
N due to the larger size of As atoms, �c� N-N split interstitial,
where the exceptionally strong N-N bond should be high-
lighted; �d� �2NAs�nn cluster, precursor of a phase separation
in the alloy.

Figures 9�a� and 9�b� plot the GaAsN-GaAs contrast from
the atomic columns and the valleys between columns, and
the dumbbell spacing ratio, respectively, measured from the
simulated images of the complexes �a�–�c� in Fig. 8 follow-
ing the same procedure as before. This plot shows that for
each complex, the intensity from the valley between the
atomic columns is higher than from the columns themselves
due to the strong local distortion, as observed in the substi-
tutional structure. Analyses of the variance of the measure-
ments were performed to examine whether there are signifi-

cant differences for the studied N contents. The results of
these tests reflect that in all cases the contrast from the val-
leys for the different N contents are significantly different at
the 0.05 level. With regard to the peaks, even though some
complexes pass the overall-ANOVA test, the Bonferroni test
showed that there are only significant differences between at
most one or two pairs of means, in contrast to the five-six
pairs obtained for most of the valleys. Similar conclusions
are obtained for the dumbbell spacings.

According to Fig. 9, the N-As split interstitial and the
�AsGa-NAs�nn pair show an increase in the slope of the con-
trast from the valleys for higher N compositions, whereas the
experimental results showed a reduction in the slope for this
range. Moreover, the trend of the dumbbell spacing ratio
with N content is to increase in all the configurations and
they do not agree with the experimental observations. Con-
sequently the existence of these complexes in the GaAsN
alloy cannot explain the experimental results. For the N-N
split interstitial, both the GaAsN-GaAs contrast and the
dumbbell spacing ratio stays very stable with increasing N
content. In this complex, an As atom �atomic radius=1.2
�10−14 m� is replaced by two N atoms �atomic radius
=0.7�10−14 m�, therefore the local distortion is much

FIG. 8. �Color online� Schematic of the different N configura-
tions considered in the present work: �a� �AsGa-NAs�nn, �b� N-As
split interstitial, �c� N-N split interstitial, and �d� �2NAs�nn cluster.
The small dark balls �red� represent N, the big light ones �green� are
Ga, and the big dark ones �blue� are As.

FIG. 9. �Color online� �a� Plot of the contrast from the valley
between columns �closed symbols� and from the atomic columns
�open symbols� and �b� dumbbell spacing ratio vs N content mea-
sured from the simulated images of GaAsN with the different com-
plexes �AsGa-NAs�nn, �N-As�sply�N-N�spl.
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smaller than in the case of N-As split interstitial �strong com-
pressive strain� or substitutional N �strong tensile strain�,
which justifies the small variations in contrast/dumbbell
spacing with N composition for this complex and the ab-
sence of significant differences in the dumbbell spacing ratio
found in the statistical analysis. According to these results,
the formation of N-N split interstitials in GaAsN is not able
to produce the strong bright contrast observed in our experi-
mental HAADF-STEM images.

C. Cluster case

Up to now, we have simulated structures with N configu-
rations distributed randomly in the GaAs supercell. The hy-
pothesis of the nonproximity between complexes stems from
the repulsive interaction between stresses of the same sign.
However, the high interaction parameter of GaAs-GaN
�2.16�105 J /mol� gives rise to a solid phase miscibility gap
that would justify a trend of nitrogen to separate into a sec-
ondary GaN phase. The configuration of atoms in these ini-
tial stages of N clustering is not obvious. In this work, we
propose a configuration formed by two close substitutional N
�in the following called �2NAs�nn cluster, see Fig. 8�d��, pre-
cursor of the phase separation into N-rich and N-poor re-
gions. First-principles total-energy calculations were also
used in this case to assess the equilibrium lattice positions of
a fully relaxed cell containing this complex, which were used
for the image simulations.

Figure 10 shows the plot of the contrast GaAsN-GaAs
from the atomic columns and from the valleys between col-
umns, and the dumbbell spacing ratio, corresponding to the
simulated images of the �2NAs�nn cluster. The statistical
analysis showed significant dissimilarities for the contrast
from the valleys and from the peaks with the N content, as
well as for the dumbbell spacing ratio. As we can observe,
this complex is the only one for which the evolution of con-
trast with composition shows the same tendency as found in
the experimental micrographs, an increase in contrast with a
reduction in the slope for higher N contents. Moreover, the
evolution of the dumbbell spacing ratio for this complex is
also the only one where simulations and experimental im-
ages coincide, decreasing for higher N contents with the
same tendency. Thus, this dumbbell spacing ratio is reduced
for increasing %N with a slope very similar to the experi-
mental images in every computed composition step, as can
be seen from the comparison of the Figs. 4 and 10 �the slope
is −0.011 and −0.00247 in the simulation vs −0.017 and
−0.00223 in the experimental analysis for the intervals
0.5–1 %N and 1–2 %N, respectively�. This result shows
that the preferential formation of this complex in the alloy
over the interstitial configurations would explain our experi-
mental results by HAADF-STEM. In line with this, substitu-
tional N pairing up to four neighbor position in GaAs1−xNx
alloys with concentrations of x�0.025 has been reported
previously,53 in accordance with our experimental finding.

Even though we have obtained that the HAADF results
could be explained by the SAD effect from the �2NAs�nn
cluster, we should keep in mind that the existence of this or
other N configurations in the alloy strongly depend on the

thermodynamic stability of such configurations. Because of
this, in the following we will analyze the formation energy of
the different complexes considered in the present work.

V. DEFECT FORMATION ENERGY

Figure 11 shows a plot of the energy of the different com-
plexes considered in this work vs As chemical potential
��As� obtained from first-principles calculations as explained
in Sec. II. As we can observe, the higher energy corresponds
to the interstitial complexes, mainly to �N-As�spl and
�AsGa-NAs�nn, which would then be the more unlikely con-
figurations in the alloy. This coincides with our simulation
study where the plots of contrast/dumbbell spacing for these
two configurations differ the most from the experimental re-
sults. On the other hand, substitutional N and �2NAs�nn are
the configurations of lower energy and thus more stable, be-
ing �N-N�spl located in an intermediate position. Our micros-
copy results have shown that �2NAs�nn is the configuration
where there is a better agreement of the evolution of contrast
and dumbbell spacing ratio between experimental and simu-
lated images. However, slight differences in the slope of the
curves have been observed, being reduced in �2NAs�nn with

FIG. 10. �a� Plot of the contrast from the valley between col-
umns �circles� and from the atomic columns �squares� and �b�
dumbbell spacing ratio vs N content measured from the simulated
images of GaAsN with the �2NAs�nn cluster.
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regard to the experimental observations. This could be due to
the probable existence of a mixture of different types of com-
plexes in the alloy, where �2NAs�nn would be majority thus
defining the main shape of the plots. Care should be taken
when considering the contrast corresponding to a structure
with a mixture of N complexes as equivalent to the sum of
the contrast associated to independent structures each one
with only one type of complex, given that this sum may not
be so straightforward due to a possible different behavior of
the electron beam when finding a different configuration of
atoms. However, qualitative general tendencies can be in-
ferred from the plots of the independent complexes. Accord-
ing to Fig. 9, the increase in contrast/dumbbell spacing due
to the existence of �N-N�spl in the alloy is very small, there-
fore a mixture of �2NAs�nn with �N-N�spl would produce a
reduction in the slope of the contrast with regard to pure
�2NAs�nn, contrary to our experimental results. Thus the ex-
istence of a big amount of this complex would not agree with
our experimental observations despite its relatively small as-
sociated energy. On the other hand and as shown in Fig. 11,
substitutional N is the complex of smallest energy, which
makes it a good candidate to be present in the alloy. The
existence of substitutional N would not change much the
contrast corresponding to the higher N composition �where
the bigger difference in slope between experimental results
and �2NAs�nn is� given that the obtained value is pretty simi-
lar to that corresponding to �2NAs�nn, and the dumbbell spac-
ing ratio follows the opposite tendency as in the experimen-
tal study, so at the sight of these results it is difficult to
estimate the proportion of this complex in the alloy. In order
to obtain a higher relative intensity for the higher N content
as observed experimentally, the existence of N-As split inter-
stitial is a possibility given that it shows the highest contrast
found in our study. However and as mentioned before, the
huge energy associated to this complex makes the existence
of a large proportion of this configuration in the alloy un-
likely.

The explanation of the predominance of N dimmer com-
plexes must be looked for in the methods to supply active
nitrogen species used for the growth of III-nitrides by MBE.

Radio-frequency nitrogen plasma sources are commonly
used for the growth of III-nitrides by plasma-assisted MBE.
Their output mainly consists of a mixture of atomic nitrogen
as well as metastable excited molecules.54,55 It has been
widely reported that the excited nitrogen metastable mol-
ecules are the species predominantly responsible for the
growth of III-nitrides.56 The incorporation of the N cluster
atoms may then occur on the surface of the structure during
the epitaxial growth by MBE. These N clusters may be fro-
zen into the lattice as the growth proceeds because the rela-
tively low growth temperature ��460 °C� does not allow
thermal equilibration. A different kinetic effect �involving
hydrogen� has also been invoked previously to explain the
similar N clustering in GaAsN grown by gas source MBE.57

The primary driving force for the N clustering could be the
low equilibrium solubility of N in GaAs.9 N can be incorpo-
rated substitutionally into epitaxially grown MBE films
thanks to the use of highly nonequilibrium growth conditions
but yet the tendency to form a secondary NN cluster9 can
never be completely suppressed. Proof of this is the observa-
tion of Ga depleted Ga�In�As areas with walls of a GaN-like
composition in Ga�In�NAs films with high N contents
��10%N�.52 The �N-N�spl cluster could evolve spontane-
ously to the �2NAs�nn configuration during the growth or even
the postannealing treatments due to the huge difference on
the formation energy between the complexes. Further work
is in progress to asses the weight of the �2NAs�nn configura-
tion in the total N content in GaAsN nitride dilutes alloys.

VI. SUMMARY

In summary, we have developed a complex methodology
involving aberration-corrected HAADF imaging and simula-
tions, first-principles calculations of different N complexes
and the statistical analysis of the results for the challenging
study of low Z number dopants in a heavy matrix. This meth-
odology has been applied to a complex but technologically
relevant system, namely, the dilute nitrides of GaAs. We
have found that the existence of a major proportion of
�2NAs�nn in the alloy, which is a relatively stable configura-
tion in GaAsN as our calculations have revealed, could ex-
plain our experimental results by HAADF-STEM, although a
mixture of this complex with some other N configurations is
obviously expected. Our study has allowed us to investigate
the effect of the local distortion of the lattice due to different
configuration of atoms in the intensity of HAADF-STEM
images, which has evidenced the importance of SAD is the
correct interpretation of HAADF-STEM images.
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