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We performed In K-edge x-ray absorption fine-structure spectroscopy on �InGa��AsSbN�/GaAs quinary
quantum well samples exposed to annealing of different durations, in order to investigate their microstructures.
Spectra neither evidence large modification as a function of annealing, nor are sensitive to In-N preferential
ordering with the concentration at play. Nevertheless, we observed a shoulder on the low-R side of the
Fourier-transformed spectra of all samples. This feature can be properly simulated under the hypothesis of
formation of a complex where In atoms see a heavy nearest neighbor at a rather short distance. Mass and
distance of the complex are compatible with a Sb-N split interstitial with the Sb atom located close to In. The
concentration of this complex structure �roughly 2–3 % of the total In atoms� does not change substantially
after the 800 °C annealing processes.
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I. INTRODUCTION

The group of �In,Ga��As,N� materials has attracted con-
siderable interest in the last 15 years due to their unusual
electronic properties which make them suitable candidates
for GaAs-based quantum-well �QW� lasers working in the
wavelength of 1.3–1.55 �m. It was found that in different N
composition range, the dilute alloys show different electronic
properties. This is believed to be due to the different N
neighborhood structures. The different microstructure of the
alloy lead to different electronic structures of the material,
and thus affect subsidently the optical properties and device
performance.1–5 In the study of fundamental properties, the
change in microstructure of alloys in different N composition
range makes the testification of the present theories interpret-
ing the large band-gap lowing of this group of materials6–11

rather difficult. Thus, a better understanding of the details of
the N-induced microstructure is of great importance.

On the other hand, annealing processes are generally used
to improve the quality of dilute nitride alloys; such annealing
induces an unwanted blueshift of the band gap12–16 and the
alloy microstructure is believed to change during
annealing.17–20 Thus, the investigation on the structural ef-
fects of different annealing processes in dilute nitrides is also
important.

X-ray absorption fine-structure spectroscopy �XAFS� has
been already used in the study of the local structure of dilute
nitride �InxGa1−xAs1−yNy �Refs. 21 and 22��, nitride-
antimonide �GaAs1−y−xNySbx �Ref. 23�� and, more recently,

dilute bismide alloys �GaAs1−yBiy �Ref. 24��. The same tech-
nique played an important role in solving simple defective
structures in GaAs-based alloys, such as that of N-H com-
plexes in GaAs1−yNy �Ref. 25� and Mn-H complexes in
Ga1−xMnxAs.26 In the present work, we used In K-edge
XAFS to study the local structure around In atoms in quinary
�InGa��AsSbN� QWs, materials of particular importance for
the manufactory of laser devices working near the second
minimum of attenuation in optical fiber �1.55 �m�,27 and
possible atomic-dimensional structural changes during ther-
mal annealing with different durations.

II. EXPERIMENT

The samples were grown by solid-source molecular-beam
epitaxy on semi-insulating GaAs �100� substrates.27 The
growth chamber was equipped with a radio-frequency
plasma cell as the N source. Growth temperature for the
quantum wells was 410 °C. The samples consist of
multiquantum-well structures �3 repetitions� of thickness 8
nm separated by 15 nm of GaAs and covered by a GaAs cap
50 nm thick. Annealing was performed at 800 °C. The as-
grown sample �QW0� and samples after annealing of 15 s
�QW15� and 60 s �QW60� were studied in this work, photo-
luminescence �PL� measurements �not reported here� showed
a blueshift of the emission peak of 135 nm for QW60 with
respect to QW0. The concentration and annealing conditions
of the three samples under study are reported in Table I.

TABLE I. Characteristics of the �InGa��AsSbN� samples under study, including concentrations, annealing
temperature, and duration.

Sample
In

�%�
N

�%�
Sb
�%�

Tanneal

�°C�
Time

�s�

QW0 38 2 7.5 No No

QW15 38 2 7.5 800 15

QW60 38 2 7.5 800 60

PHYSICAL REVIEW B 82, 125303 �2010�

1098-0121/2010/82�12�/125303�7� ©2010 The American Physical Society125303-1

http://dx.doi.org/10.1103/PhysRevB.82.125303


XAFS measurements were performed at the BM29 beam
line of the European Synchrotron Radiation Facility �ESRF�
using a two crystals Si �311� monochromator. Higher-order
harmonics were rejected by exploiting two Pt-covered mir-
rors and detuning the monochromator crystals. The
In K-edge absorption cross-section energy dependence was
taken in the fluorescence mode with a 13-element Ge hyper-
pure detector. We measured the three QWs and InAs, InSb,
and InN standard samples in the same experimental condi-
tions for energy calibration and analysis purpose.

III. DATA ANALYSIS

A. Data treatment and analysis strategy

The XAFS oscillation extraction was executed by using
the IFEFFIT package.28 The E0 was determined by the deriva-
tive minimum at the pre-edge and a cubic spline was used to
interpolate the background. The ��k� data were multiplied by
a weighting function k2, multiplied by a window and then
Fourier transformed into real space.

In the simulation, a theoretical model was built by giving
as input to the FEFF8 code29 a trial structure. The theoretical
signal was expressed as a sum over the paths of the photo-
electron. Each term in this sum is the contribution to the
XAFS signal by a component of the photoelectron that trav-
els from the absorbing atom and then is scattered from one or
more neighboring atoms and finally returns to the absorbing
atom, following a specific path.30 For each path there are
several adjustable parameters optimized by IFEFFIT to fit the
data. These parameters include the passive electron reduction
factor �S0

2�, the number of identical paths �Ndegen�, the rela-
tive mean-square displacement �Debye-Waller �DW� factor�
of the atoms included in path i ��i

2�, an energy shift for each
path ��E0i�, and a change in the path length in path i ��ri�.
Several of our models include as many as four paths, and
therefore, several constraints were used to reduce the number
�and correlation� of fit variables and maximize the degrees of
freedom of the fit. These constraints are discussed in detail in
the following: �a� S0

2 Ndegen and S0
2 are both constant multi-

plication factors in the XAFS theory used to construct the
models. Therefore, only the product NdegenS0

2 can be deter-
mined. In K-edge data of a InAs standard sample was col-
lected to decouple these constants. The crystallographic
structure for InAs is known, so Ndegen is no longer a fitted
parameter. Thus the value for S0

2 of 1.0428�0.0283 was de-
termined by the fitting of the XAFS data of the InAs standard
sample taken in transmission mode.

�b� Debye-Waller factor. According to the correlated De-
bye and Einstein models of mean-square relative
displacement,31,32 DW factor of an absorber-backscatterer
pair is reversed proportional to the effective mass of the two-
atom system,

M =
M1M2

M1 + M2
. �1�

In Eq. �1�, M1, M2 are the atomic mass of the two atoms,
respectively while M is the effective mass of the two-atom
system. In the fitting procedure, the DW factors for In-Sb,

In-N bonds were set based on the DW factor of the In-As
bond according to Eq. �1�.

When comparing two models, we used the reduced chi-
square �RCS� as a measure of the goodness of fit, according
to the definition of the FEFFIT code.33 A decrease in the RCS
value of one-sigma error ��2 /k� �where k is the degrees of
freedom of the fit� is regarded as the criterion of substantial
improvement of the fit result. This determines when a param-
eter has to be treated as a variable itself or constrained to a
function of the values of other variables.

B. (InGa)(AsSbN) samples and fit models

The experimental data were simulated by three different
theoretical models. The three models contain two paths
�In-As and In-Sb�, three paths �In-As, In-Sb, and In-N�, and
four paths �In-As, In-Sb, In-N, and In defect�, respectively.
In each model, we used a common edge energy shift variable
for all paths ��E0�. The DW factor of the In-As path was set
as free of varying and the DW factor of other paths �In-Sb,
In-N, and In defect� were set according to Eq. �1� as de-
scribed above �variables used in the simulation are summa-
rized in Table II�.

The In-As bond length in the tetrahedral binary com-
pounds �2.6233 Å�,34 which was tested by fitting the XAFS
data of our standard sample, was given as a starting value for
the length of the In-As path in the quinary samples, which
was let free of varying in the simulation.

The spectra of all samples were first simulated with the
model constructed with two paths: In-As and In-Sb. In each
simulation, the amplitude of the In-As path was reduced by
weighting with �1−y� and the In-Sb path amplitude was in-
creased by weighting with y to account for the contribution
of Sb atoms to the backscattering of the first atomic shell.
The In-Sb distance was varied within values less than the
bond length of the binary compound �2.8057 Å �Ref. 35��
from 2.7063 to 2.8055 Å. The assumption of this construc-
tion of the trial structure is that in the main skeleton of the
�InGa��AsSbN� crystal, In-Sb atomic bond is expected to re-
main very close to the value it has in the corresponding bi-
nary compound, with a small reduction only.36 The propor-
tion of Sb atoms in the In neighborhood �y� was varied from
0.01 to 0.1. Varying both the In-Sb distances and Sb concen-
tration y, we constructed a two-dimensional mesh with 70
trial structures. For each point of the mesh, we performed a
fit with fixed bond length and concentration, testing the abil-
ity of each trial structure to reproduce the XAFS experimen-
tal data.

TABLE II. Paths and variables used to simulate In K-edge data
�first shell analysis� with the four models used in this work.

Path Atomic type �r �i
2 Fraction

First In→As �r1 �1
2 1−x−y

Second In→Sb �r3 �1
2�0.767 y

Third In→N �r2 �1
2�3.63 x

Fourth In→defect �r4 �1
2� ratio z
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Subsequently, the spectra were simulated with trial struc-
tures composed of three paths: In-As, In-Sb, and In-N. In the
simulation, the length of the In-Sb bond and the Sb fraction
used in the fitting was the value with minimum RCS from
the 2-path fitting. The In-N distance was varied around the
bond length value in the binary InN alloy37 �2.1356 Å� from
2.0785 to 2.3816 Å. The proportion of N atoms in the In
neighborhood �x� was varied from 0.01 to 0.1.

Finally, we added a fourth path to mimic possible defec-
tive structures close to In atoms, as it will be detailed in Sec.
IV. In the 4-path model, the relative In-Sb and In-N coordi-
nation numbers, and In-Sb and In-N bond lengths were fixed
to the best fit values of the 3-path fitting.

IV. RESULTS

The In K-edge XAFS spectra from the three samples
�k2�chi�k�� and their Fourier transforms in R space are dis-
played in the inset and body of Fig. 1, respectively. The
Fourier-transformed spectra show clearly the peak corre-
sponding to the first coordination shell: the amplitude of such
peak is similar for all samples, indicating that the number
and type of In nearest neighbors should not change signifi-
cantly upon annealing. Peaks corresponding to the second
and third shells were not observable in the spectra, indicating
that the local environment of In atoms is characterized by a
high degree of structural disorder in the quantum wells.
Negative interference between the In-In and In-Ga II shell
paths gives an important contribution to the smoothing of the
second shell peak. However, since second and third signals
were not distinguishable from the noise, we focused on the
analysis of the first shell only.

We first analyzed data from sample QW15 since its spec-
trum showed the highest signal to noise ratio among the
three samples under study. The fitting range was
1.589–2.708 Å in R space and 4.247–14.936 Å−1 in K
space. Using the 2-path model, the smallest numerical value
for RCS was obtained with a Sb fraction of 2% and a In-Sb
distance of 2.7410 Å: such values were fixed while fitting

with the 3-path model, as anticipated in the previous section.
After the fitting with the 2- and 3-path models with varying
In-Sb and In-N distances and Sb, N concentrations y and x,
we found the RCS resulting from these fits to lie close to
each other. No one trial model is obviously better than the
others. Upon fitting with In-Sb distances from 2.7063 to
2.8055 Å and Sb concentrations from 0 to 10%, the RCS
values of 62 out of the 71 resulting models are within one-
sigma error. The addition of an In-N path in the trial model
resulted in increased RCS values, in the range of In-N dis-
tances of 2.0785–2.3816 Å and N atom concentrations of
0.5–10 %. This means that, with the concentration at play,
we are not very sensitive to In-cation preferential binding, if
existing. Only, we can exclude situations in which the rela-
tive In-Sb concentration number is higher than 7% and, at
the same time, the In-Sb distance is either too close to the
binary side �longer than 2.77 Å� or too short �smaller than
2.72 Å�. This may give an indication that the relative In-Sb
coordination number is smaller than the average nominal Sb
concentration reported in Table I, but for central values of the
bond length �2.74–2.75 Å� a In-Sb concentration=7.5%
still lays within the one-sigma error bar of the lowest RCS.
The result of the best fit obtained with the 3-path models is
shown in Fig. 2 �top spectrum�; actually, in case of sample
QW15, this is a 2-path model fit being the In-N coordination
set to zero due to the insensitivity to small In-N signals.

Looking at the figure, one can note that there is a shoulder
on the low-R side of the first coordination shell peak �S1� that
cannot be reproduced with the structural models employed
until now. In particular, although a similar feature observed
in �InGa��AsN� was previously attributed to preferential In-N
binding,21 we have showed here that it cannot be accounted
for by simple addition of a In-N path. On the other hand,
considering that our �InGa��AsSbN� samples were grown un-
der nonequilibrium conditions, it is likely that some amount
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FIG. 1. �Color online� Fourier transform of the In K-edge XAFS
data of samples QW15 �filled circle�, QW0 �open square�, and
QW60 �cross�. Inserted are the k2�chi�k� spectra of the three
samples.
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FIG. 2. �Color online� Fourier transform of the In K-edge data
of sample QW15: experimental data �continuous line, top and bot-
tom� and fits with a 3-path model �circles, top� and fits with a 4-path
model �circles, bottom�.
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of structural defects is present within the samples. According
to previous studies by other techniques on dilute nitrides,
there are several kind of defects possibly existing in this kind
of alloys.3,19,38 Indeed, we made the hypothesis that the
shoulder at the low-R side of the first shell peak �S1� is due to
a defective complex at a distance somewhat shorter than the
average first shell distance.

In order to mimic the possible defect responsible for this
feature in the spectra, we constructed models with a fourth
path composed of atoms with different atomic masses and
distances from the In atom, and tested their ability to repro-
duce the spectra. This was just an approximation to roughly
identify the mass and the distance of the unknown defect.
Table III lists the minimum RCS value obtained for each
defect mass, the distance from In atoms and relative concen-
tration of the defect, along with the name of the element used
to mimic the defect �in brackets�. The simulation showed a
much reduced RCS value for atoms with mass of
122�20 a.u. The minimum RCS value �0.346� was ob-
tained for the mass of 122 a.u. �Sb�. The RCS of this fit is
sensibly lower than those of the models constructed with
only 2 or 3 paths �Table IV�. The simulation result obtained
with this 4-path model is also shown in Fig. 2 �bottom spec-
trum�. Improvement of the fit in the shoulder region is evi-
dent. This indicates that the S1 related defect would have a
mass close to 122 a.u., a In-defect distance of 2.035 Å, and
concentration of about 2% of the total In atoms. Note that
absolute values of the RCS extracted by FEFFIT �see software
manual� do not have strict statistical sense, due to the poor
estimation of the measurement uncertainty of the data and
dependence on the Fourier transform parameters used, hence
values smaller than 1 are perfectly possible for a good model
and the basic rule when comparing two models is that the fit
with the lowest RCS is the best.

In order to make sure that the low-R side shoulder �S1� is
not due to noise at the high k values which might induce
errors in the background extraction, we changed the k-fitting
range imposing a lower maximum k value of 12.091 Å−1. In
this simulation, the resulting change in RCS is in agreement
with the fit result in the 4.247–14.936 Å−1 k range. In fact,
in the 4.247–12.091 Å−1 k range, the fit with four paths
resulted in an RCS value about 0.5 smaller than the one for
the 3-path model. Figure 3 shows the best fitting results ob-
tained with the 3- and 4-path models in the
4.247–12.328 Å−1 k range. Despite the loss of resolution at
low R due to the more drastic cutoff at high K, the fit with
the 4-path model is still visually better than the others in the
region of the shoulder.

We applied the same simulation procedures to the other
two samples. The fitting range of the first coordination shell

was 1.676–2.689 Å for QW0 and 1.751–2.692 Å for
QW60. The fitting ranges in k space for QW0 and QW60
were 3.902–14.938 Å−1 and 3.964–13.523 Å−1, respec-
tively. Similar results were obtained in the simulation of
these two samples. Visually, the introduction of the fourth
path always improves the fit. The RCS values obtained for
the three samples using the different fitting models are listed
in Table IV. In the simulation of sample QW0 data using the
2-path model, RCS values for 64 out of the 71 models were
within one-sigma error, while using the 3-path model, 42 out
of 55 mesh points were within one-sigma error. The fit with
the 4-path model resulted in a RCS value �0.72� 1.51 lower
than the best fit for the models with 2 and 3 paths �Table IV�.
The best fits obtained with the 3- and 4-path models on
sample QW0 are shown in Fig. 4.

Finally, for sample QW60, in the 2-path approach 53 out
of 71 RCS values were within one-sigma error; in the 3-path
approach, 68 out of 78 RCS values were within the same
error bar. The best fitting results obtained for sample QW60
with the 3- and 4-path model are displayed in Fig. 5. The fit
with the 4-path model resulted a RCS value �0.336� 2.23
lower than the one of the best fit obtained with the 3-path
model �Table IV�.

V. DISCUSSION

There are several types of defects possibly present in the
�InGa��AsSbN� alloy. These include the N-N dimer, N-As,

TABLE IV. Best fit values for the path length �unit in Å� and the
relative In-anion coordination number obtained with the 3- �or 2�
and 4-path models, along with the RCS obtained with each model.

Sample No.

With 2- and 3-paths model With 4-paths model

Best model RCS Best model RCS

QW0 3 paths In defect

In-Sb 2.728 2% 2.23 2.078 4% 0.725

In-N 2.252 2%

In-As 2.576 96%

QW15 3 paths In-defect

In-Sb 2.741 2% 0.82 2.035 2% 0.346

In-N 0%

In-As 2.582 98%

QW60 3 paths In-defect

In-Sb 2.641 5% 2.58 2.165 4% 0.336

In-N 1.992 3%

In-As 2.581 92%

TABLE III. Minimum RCS values resulted with different defect masses in the 4-path simulation along
with the corresponding In-defect distances and defect first shell fraction in the models �and the atoms used to
mimic the defect�.

Mass �a.u.� 28�Si� 73�Ge� 101�Ru� 108�Ag� 122�Sb� 133�Cs� 158�Gd� 209�Bi�
In-defect distance �Å� 2.08 2.08 2.04 2.04 2.04 2.04 2.04 2.04

First shell fraction 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02

RCS 1.01 1.37 0.76 0.512 0.346 0.76 0.96 2.16
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and N-Sb interstitial pairs.19,21,39–41 If the defect was a N-N
dimer, both its average distance to the closest In atom and
mass would be far from the values we extracted from our fits.
Therefore we can exclude this possibility. We calculated also
the distance between the As and In atoms, Sb and In atoms
for the case of As-N or Sb-N interstitial pairs. We used the
same method as Chen et al.42 to introduce the interstitial pair
of Sb-N and As-N in the �InGa��AsSbN� crystal: in the �In-
Ga��AsSbN� alloy, the In atoms possess the group-III atoms’

positions and, if we put the middle point of the Sb-N/As-N
bond at the center of the tetrahedral composed with III-group
atoms �as shown in Fig. 6�, the distance between the Sb atom
and its nearest In atoms is 2.091 Å in the case of a Sb-N
pair, while the distance between the As and its closest In
atom would be 2.113 Å in the case of a As-N pair. The
average lattice constant of the �InGa��AsSbN� alloy in Fig. 6
was approximated according to Vegard’s law based on the
lattice constants of GaAs and InAs as

aInGaAs = 0.62aGaAs + 0.38aInAs, �2�

this approximation neglect N and Sb atoms �which effects, in
any case, compensate� in the determination of the average
lattice parameter, relying on their low concentration. The ef-
fective bond length between the Sb/As and N atoms is cal-
culated as

dSbN = �rSb + rN�/2 �3�

or
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FIG. 3. �Color online� Fourier transform of the In K-edge XAFS
spectrum of sample QW15, performed on a k range of
4.247–12.091 Å−1: experimental data �continuous line, top and
bottom� and fits with a 3-path model �circles, top� and with a 4-path
model �circles, bottom�.
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FIG. 6. �Color online� Configuration of Sb-N interstitial pair in
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dAsN = �rAs + rN�/2 �4�

where rSb, rAs, and rN are the covalent radii of Sb, As, and N
atoms.

Even if our model of the defect is simplified �we have not
calculated the relaxed atoms position via density-functional
theory�, we observe that in the hypothesis of formation of
Sb-N split interstitials with the Sb atom close to an In one
�such as in Fig. 6� the In atom would see a Sb atom �which
mass is =122 a.u.� at a distance similar to the one which
minimizes the RCS in our 4-path model �Table IV�. At the
same time, the XAFS signal from such In atom would be less
affected by the presence of the N atom in the pair since N is
a light backscatterer and is located further from the In atom
with respect to Sb. Indeed, the component to the In K-edge
XAFS signal due to backscattering from the Sb-N defective
complex would be very similar to the one of the model struc-
ture �a single Sb atom� which permitted us to very well simu-
late the experimental XAFS in the 4-path approach. The frac-
tion of defective complexes in the In first shell extracted
from the fit �Table IV� is in the range 2–4 %. This may also
justify the fact that the relative In-Sb coordination number
�we mean here of the Sb atoms in As-substitutional position
only, at about 2.7 Å� seems to be smaller than the average
nominal Sb concentration, as suggested by the RCS analysis
reported in Sec. IV: as a matter of fact, part of the Sb atoms
move out from their substitutional position to be involved in
the formation of Sb-N split interstitial defects.

Based on these considerations we propose that Sb-N split
interstitials are present in all samples and are at the origin, at
least in the case of �InGa��AsSbN�, of the low-R shoulder
observed in the XAFS Fourier transform. Last step of the
analysis was trying to monitor the change in the complex
concentration and structure upon annealing. The simulations
performed with the 4-path model revealed that the fraction of
complexes remains at the same level, within one-sigma error
bar, in the as grown sample and after annealing, as shown in
Fig. 7 where we plot the defect concentration and the In-

defect distance �in our picture, the Sb atom in the split inter-
stitial� as a function of annealing. This confirms the first
impression of the visual inspection of the Fourier-transform
amplitudes �Sec. IV�. However, with the uncertainties at
play, we can neither claim nor exclude that partial defect
annihilation or other process, including partial
reaction,21,39,40 occur during annealing. Finally, N-related de-
fects seem to play minor or no role in the large blueshift of
the band gap observed by PL upon annealing.

Therefore, the origin of the annealing-induced large band-
gap blueshift observed in �InGa��AsSbN� alloys remains still
an open question. Due to the low sensitivity to In-N prefer-
ential binding related to the low N/In concentration ratio in
our samples �in maximum ordering conditions In atoms
would see only 5.3% N atoms as nearest neighbors�, we can-
not exclude the presence of weak short-range ordering simi-
lar to the one observed in InGaAsN:22 this would give a
contribution to the blueshift. In parallel, mechanisms related
to the anion sublattice only, such as the breaking/
modifications of N pairs proposed for quaternary GaAsSbN
�Ref. 23� and annealing-driven homogenization of fluctua-
tion in N concentration at a nanometric scale16 can also con-
tribute to the blueshift. The coexistence of different micro-
structural mechanisms may explain the larger blueshift
observed in �InGa��AsSbN� �75 meV� with respect to
GaAsSbN �37 meV� and InGaAsN �27 meV� for similar an-
nealing conditions. An investigation of the N local environ-
ment by N K-edge x-ray absorption near-edge structure spec-
troscopy would help in addressing the N-neighbor structure
in these quinary quantum wells, however such experiment
would be much more challenging with respect to our previ-
ous ones because of the lower thickness of the samples and
the presence of a cap layer, in addition to the N dilution: in
these conditions nitrogen surface contamination becomes an
issue and the experiment would probably require UHV trans-
fer from the MBE growth station.

VI. CONCLUSION

In summary, we performed In K-edge XAFS on �In-
Ga��AsSbN� quinary quantum wells, both in the as grown
state and annealed under different durations. In the low-R
side of the Fourier-transform first shell peak, we observed a
shoulder that could only be simulated under the hypothesis
of formation of a small fraction of defective complexes.
Such defects are characterized by a large atomic mass at a
small distance from In atoms. Based on the model which
gives the best simulation of the experimental data, we sug-
gest that the complex structure is a Sb-N split interstitial,
where the Sb atom is located close to an In one. The concen-
tration of such complexes does not significantly evolve after
an annealing at 800 °C for 60 s, indeed they do not seem to
play a role in the annealing-induced band-gap blueshift ob-
served in these samples.
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