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Nearest-Neighbor Configuration in (GaIn)(NAs) Probed by X-Ray Absorption Spectroscopy
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Ga1�xInxNyAs1�y is a promising material system for the fabrication of inexpensive ‘‘last-mile’’
optoelectronic components. However, details of its atomic arrangement and the relationship to observed
optical properties is not fully known. Particularly, a blueshift of emission wavelength is observed after
annealing. In this work, we use x-ray absorption fine structure to study the chemical environment
around N atoms in the material before and after annealing. We find that as-grown molecular beam
epitaxy material consists of a nearly random distribution of atoms, while postannealed material shows
segregation of In toward N. Ab initio simulations show that this short-range ordering creates a more
thermodynamically stable alloy and is responsible for blueshifting the emission.
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nearest neighbor (nn) configuration around N atoms in equilibrium atomic configurations, while partial local
The astonishing growth of the Internet and data trans-
mission volume in recent years is resulting in increased
bandwidth requirements for fiber-optic networks, espe-
cially at the metro-area (MAN) and local-area (LAN)
levels. The lack of low-cost, high-speed optoelectronic
components for MANs and LANs introduces severe
bottlenecks in the overall network. New materials
and architectures are required to solve this problem.
Ga1�xInxNyAs1�y [1] is a promising material system
for enabling the fabrication of low-cost components on
GaAs operating at the communications wavelengths of
1:3–1:55 �m, such as vertical-cavity surface-emitting
lasers [2]. The addition of small amounts of N to GaAs
has the remarkable effect of sharply lowering the band
gap, an effect that was unexpected due to the greater band
gap of GaN relative to GaAs. The addition of In allows the
lattice constant to be closely matched to GaAs for epi-
taxial growth, while further reducing the band gap.

As-grown GaInNAs quantum wells generally exhibit
inefficient photoluminescence (PL). Rapid thermal an-
nealing (RTA) at �720–850 �C for 1–2 min improves
the PL efficiency dramatically, but also produces an
undesirable blueshift in the peak emission wavelength
[3,4]. Understanding the origin of the band gap shift
and the mechanism of annealing is critical for successful
engineering of the growth and processing of GaInNAs
devices.

Theoretical studies have shown that the detailed
atomic configuration in a semiconductor crystal can sig-
nificantly affect its optical properties [5,6]. Previous
studies on GaInNAs grown by organometallic vapor
phase epitaxy have used photoreflectance in tandem
with tight-binding calculations [7], and Fourier transform
infrared spectroscopy on low In-content material [8] to
examine N bonding. In this Letter, we show that the
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GaInNAs modulates the band gap and varies from a
nearly random configuration at growth to a more thermo-
dynamic distribution after RTA. The nn configuration was
measured using x-ray absorption spectroscopy (XAS),
both in the near-edge (x-ray absorption near-edge struc-
ture, or XANES) and extended-edge (extended x-ray
absorption fine structure, or EXAFS) regions. Data anal-
ysis was assisted by ab initio computer simulations of the
band structure. The observed change in N nn configura-
tion toward increased N — In bonding is shown to be
responsible for blueshifting the band gap after RTA.

Ga1�xInxNyAs1�y alloys, with x� 0:3 and y� 0:03,
were grown on GaAs substrates using solid-source mo-
lecular beam epitaxy (MBE) [4,9,10]. Atomic N was
provided by a rf plasma cell at 250–300 W power and
0.1–0.5 sccm flow rate. A low substrate temperature of
�420 �C was used to inhibit phase segregation. GaNAs
samples were also grown for reference.

Nitrogen K-edge XANES spectra were taken in fluo-
rescence from both as-grown and annealed samples. The
measurements were performed at beam line 4.0.2 of the
Advanced Light Source using a high-resolution super-
conducting tunnel junction x-ray detector operated at
�0:1 K [11]. Indium K-edge EXAFS spectra were meas-
ured at beam line BL01B1 of SPring-8 using a liquid
N2-cooled Ge detector.

Ab initio calculations were performed using theVienna
Ab Initio Simulation Package [12], which is based
on the Kohn-Sham density-functional theory using a
plane-wave basis set. Ultrasoft Vanderbilt pseudopoten-
tials [13] were employed, using the local density approx-
imation for the exchange-correlation functional. The
atomic potentials were generated using theoretical calcu-
lations on atoms, without fitting to experimental proper-
ties. Total energy calculations were used to determine
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density of states (PLDOS) calculations were used to
simulate XANES spectra. For total energy calculations,
a 3 � 3 � 3 Monkhorst-Pack k-point mesh [14] was used,
while a 6 � 6 � 6 mesh was used for PLDOS. Band
structures were calculated using 51 k points. The basis
set cutoff energy was 26–32 Ry. Supercells of 64 atoms
were used to simulate Ga1�xInxNyAs1�y with x�
0:25–0:30 (8–10 In atoms) and y� 0:03 (1 N atom).

GaInNAs is nominally a zinc-blende random alloy,
with the Group III elements (Ga and In) sharing one fcc
lattice and the Group Velements (As and N) occupying a
second interpenetrating fcc lattice. Each N atom sits in
the center of a tetrahedron, surrounded by a total of four
Ga and/or In atoms, as shown in Fig. 1(a). If the arrange-
ment of atoms in the alloy were random, the probability
distribution for finding a given number of In atoms
surrounding any Group V atom is shown in Fig. 1(b),
for x � 0:3. In the following, we adopt the notation
‘‘GaInNAs�n�’’ to denote a model crystal with n In nn’s
around each N atom (i.e., GaInNAs�0� indicates a crystal
where every N atom is bonded to four Ga atoms).

The XAS experiments were motivated by atomic relax-
ation simulations that showed a decrease in total energy
by > 10 kcal=mol when two or more In atoms are bonded
to N, despite an increase in overall lattice constant lead-
ing to a slight increase in compressive strain energy when
growing GaInNAs epitaxially on GaAs [see Fig. 1(c)].
The decrease in chemical energy with increasing number
of N — In bonds is due to overall decreases in individual
bond strains, since the longer N — In bond is stretched
less from equilibrium than the N — Ga bond. Further-
more, band structure calculations show an increase in
band gap of �150 meV for the thermodynamically
favored GaInNAs�3� over GaInNAs�0�, consistent with the
observed PL blueshift upon anneal [15].
FIG. 1. (a) The chemical environment around N is charac-
terized by the ratio of Ga:In nearest neighbors. (b) The prob-
ability of finding a given number of In nearest neighbors to any
Group V lattice site is plotted for a random alloy with 30% In.
(c) The variation of lattice constant and total energy is calcu-
lated as a function of N chemical environment.
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Figure 2(a) shows N K-edge XANES spectra taken
from 3000 �A thick samples of as-grown and annealed
GaInNAs, as well as from a GaNAs reference sample.
The GaNAs spectrum shifts �0:2–0:3 eV when In
is added and an additional �0:1 eV after annealing.
Intensity changes are also observed between 400.5–
401.5 eV, as well as at the edge peak.

Interpretation of the XANES spectra requires accurate
band structure calculations to determine the joint DOS
for the probed transition, which is the experimental
quantity measured by XANES [16]. The joint DOS is
dominated by the DOS of the final state in this case, since
the initial state (the N 1s core-level) is sharp in energy.
The final state lies within the empty 2p states on the N
atom where the excitation took place, thus the spectra are
properly described by the N-2p PLDOS.

Simulated XANES spectra for the different model
structures, shown in Fig. 2(b), were obtained by convolv-
ing the N-2p PLDOS by a 0.35 eV (FWHM) Gaussian to
account for the finite monochromator resolution and for
lifetime broadening. The PLDOS were calculated relative
to the Fermi levels in each model and were shifted to
match the absolute edge energy. Relative offsets between
the spectra were determined from calculated core-level
shifts (�c) and conduction band offsets (CBO). The CBO
were taken directly from band structure calculations,
since the model structures are nearly identical and there-
fore the average bulk local potentials can be assumed to
be the same [17]. In practice, the core-level shifts domi-
nate the band offsets by 2 orders of magnitude anyway.
Core-level shifts are calculated in the initial state approx-
imation by computing the average electrostatic potential
V on the N ion for each model, via
GaNAs
GaInNAs(0)

GaInNAs(1)

GaInNAs(2)

GaInNAs(3)
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FIG. 2. (a) Measured N K-edge XANES spectra, and
(b) simulated spectra from N PLDOS.
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V �
Z

V�r��test�jr�RNj� d3r; (1)

where V�r� denotes the potential throughout the unit cell
and �test is a normalized test charge placed a distance
jr�RNj from the N center at RN. Then,

�c � �V 2 � EFermi;2� � �V 1 � EFermi;1�; (2)

with Vi referenced to the respective model’s Fermi level.
Figure 2(b) shows that increasing the degree of N — In

bonding shifts the N K-edge to lower energies. In addi-
tion, the �c calculated between GaNAs and GaInNAs�0�

is negligible, indicating that first nn bonding is the critical
parameter in determining the shift. Thus, the shifts ob-
served in Fig. 2(a) are due to In segregation toward N.
The relation between nn bonding and �c can be under-
stood through the traditional theory of chemical shift in
XANES spectra: the modification of the core potential
resulting from a perturbation of the screening potential.
The N — In bond has a greater electronegativity (�)
difference than the N — Ga bond, which causes N
to extract more charge from In than from Ga (�In �
1:78, �Ga � 1:81, �N � 3:04). The additional negative
charge around N reduces its core-level (1s) binding
energy and shifts the spectrum to lower energies. In
fact, our simulations show increasing charge localization
on N when bonded to more In atoms, causing a progres-
sive increase in polarity of the N — In bond.

By comparing quantitatively the measured and calcu-
lated shifts in Figs. 2(a) and 2(b), we conclude that our
as-grown material is nearly random in configuration. The
observed shift of �0:2–0:3 eV between GaNAs and as-
grown GaInNAs, and the additional �0:1 eV shift after
RTA, is consistent with a distribution of bonds dominated
by GaInNAs�1� before annealing and GaInNAs�3� after
annealing. Figure 1 shows that this corresponds to the
random configuration before annealing and the thermo-
dynamic configuration after annealing. This result is not
surprising, as our low-temperature MBE growth pro-
FIG. 3. (a) Measured In first nn RDF, from K-edge EXAFS (in
calculated from bond-length distributions in the model structures.
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motes a kinetic product, while increased thermal dosing
during RTA moves the material toward equilibrium. A
previous theoretical study using Monte Carlo simulations
also predicted a thermodynamically preferred configura-
tion favoring N — In3Ga clusters, but did not consider the
effects of annealing or high In content [6].

While nn bonding directly impacts the spectrum shift,
finer details of the bonding appear as differences in the
precise edge shape (i.e., the oscillations above the edge).
The increases in intensity observed around 401 eV and at
the edge peak both can be attributed to increased numbers
of N — In bonds, as shown in Fig. 2(b). Our simulations
show strong oscillations due to the artificial long-range
periodicity introduced by the supercells and also finite
k-point sampling.While averaging several supercells may
better model the alloy effects, a previous study has shown
this to have only a minor effect on the DOS [18].
Additional effects such as second nn interactions and N
clustering could affect the spectra to second order, but we
have not considered these effects here.

In addition to N XANES, we also measured the nn
radial distribution function (RDF) around In for as-
grown and annealed 80 �A GaInNAs quantum well sam-
ples. The results, shown in Fig. 3(a), were obtained by
k-space filtering and taking the Fourier transform of In
K-edge EXAFS spectra. The RDFs for both as-grown and
annealed material show a dominant In — As peak at
�2:25 �A and a smaller shoulder at shorter bond lengths.
The shoulders correspond to the In — N bond, whose
precise length is shown by simulations to depend on the
number of Ga atoms around N [see Fig. 3(b)]. The sharp
curves in Fig. 3(b) show the distribution of In bond
lengths calculated for the different model crystal struc-
tures. Simulated RDFs were then obtained and fit to the
experiments by convolving the bond length distributions
with a mixed Gaussian-Lorentzian function and assum-
ing that annealing drives the material from a distribution
with mostly GaInNAs�1� to mostly GaInNAs�3�. The In —
N shoulder in the RDF becomes more prominent after
annealing because the number of In — N bonds increases
set). Arrows indicate the In — N bond. (b) Simulated RDFs,
The insets show closeup views of the component peaks.
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and also because the peak radius shifts further from the
center of the overwhelming In — As peak. There is an
excellent match between the simulation and experiment,
and again we conclude that annealing increases the de-
gree of N — In bonding.

Finally,‘‘fat bands’’ analysis, where the band structure
is decomposed into contributions from various atomic
orbitals [19], was performed to further understand
the relationship between the arrangement of N — In(Ga)
bonds and the band gap shift/annealing behavior.
Qualitatively, the band structure of GaInNAs and
GaNAs (with relatively high N content * 1%) is similar
to that of GaAs (or InGaAs), with a notable exception
[15]. As in GaAs=InGaAs, near !, a valence band rich in
As-4p states forms, with a conduction band rich in Ga-4s
and In-5s states forming �1–1:5 eV higher in energy. For
the nitrides, a new conduction band forms between these
two bands, �0:7–1:0 eV below the original conduction
band, that is characterized by s-orbital interactions be-
tween N and its four nn’s. The N concentration is high
enough that these semilocalized states form a band by
interacting weakly through the electron density of the
matrix. The upper conduction band is dominated by
Ga(In) — As bonding far from the N atoms. The disper-
sion of the N band is more than 1 eV in bandwidth and is
similar in shape to the GaAs or InGaAs conduction band.
As more In atoms bond to N in GaInNAs, an appreciable
amount of In-5s contribution from the upper conduction
band shifts to the lower N band, and the N band simulta-
neously increases in energy. Since the N band, which
determines the band gap, is dominated by N nn bonding,
we can understand why the band gap increases when the
number of N — In nn’s increases. Total energy calcula-
tions show that, when both Ga and In are bonded to N, the
Ga — N bond is stretched further from equilibrium than
the In — N bond. Additionally, the Ga — N bond is fur-
ther stretched when fewer In atoms are bonded to N. In
this way, the degree of valence electron interaction be-
tween the atoms is modulated by the Ga:In ratio. When
the N conduction band is dominated by N — In bonding,
the band gap is larger since the reduced bond stretching
leads to stronger interatomic interactions. Details of
the atomic relaxations in each environment lead to a
nonlinear variation of the band gap with number of
N — In nn’s [15].

Because of the importance of the In-5s contribution to
the blueshifted N band, it is possible that the same
mechanism that blueshifts the PL upon annealing also
contributes somewhat to increasing the PL efficiency by
creating additional N — In ‘‘active sites.’’ Of course other
factors related to annealing, such as the removal of point
defects, are important in improving PL efficiency as well.
We are currently working on temperature-dependent ab-
sorption measurements to elucidate the details of our
proposed band structure model and its implications for
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optical emission, but it is at least consistent with exper-
imental results published by other groups [7,20].

In conclusion, we have found that annealing GaInNAs
drives the creation of additional N — In bonds beyond
what is statistically expected for a random alloy, but
consistent with the thermodynamically predicted most
stable structure. Our as-grown MBE material has a nearly
random distribution of N and In atoms, while annealed
material contains an increased number of N — In bonds.
This nearest neighbor reconfiguration is responsible for a
large part of the PL blueshift observed after annealing,
and probably has some role in the increase of PL effi-
ciency as well. The N — In bond contributes significantly
to a low-energy conduction band responsible for the
reduced band gap of this material, explaining the ob-
served behavior.
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