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GaAsN alloys belong to a class of semiconductors with fascinating physical properties. Indeed, a small
amount of nitrogen incorporation in GaAs leads to a counterintuitive and large band-gap reduction, and to an
unexpected sudden increase in the effective mass of electrons. Even more surprisingly, both electronic and
structural changes can be reversed fully and in a tunable manner by hydrogen incorporation. In this paper, we
combine x-ray absorption spectroscopy at the nitrogen edge withab initio simulations to investigate the atomic
geometry of N-H complexes in hydrogenated GaAsN. In this way, we provide experimental evidence that
dihydrogen-nitrogen complexes withC2v symmetry are the most abundant species in hydrogenated GaAsN.
This finding contradicts previous predictions of “in-line” N-H2

* complexes as the predominant species, and
accounts for recent infrared absorption experiments.

DOI: 10.1103/PhysRevB.71.201301 PACS numberssd: 61.72.Bb, 61.10.Ht, 71.15.2m, 71.55.2i

Dilute nitride alloys such as GaAsN have been of tremen-
dous recent interest because of the strong and unexpected
modifications exerted by nitrogen on the physical properties
of the host lattice. These changes include a giant band-gap
reduction1 and a decrease in the rate at which the band gap
depends on external perturbationsssuch as hydrostatic
pressure2–4 and temperature4,5d and a peculiar dependence of
the electron effective mass on the nitrogen concentration.6

All these effects render dilute nitrides attractive for the fab-
rication of light emitters in the telecommunications wave-
length range and of high-efficiency solar cells. Very surpris-
ingly, the dramatic changes induced by nitrogen in dilute
nitrides can be reversed fully by hydrogen irradiation.7–12

Figure 1 summarizes some of the most striking effects of H
irradiation as observed in GaAsN. Continuous and dashed
lines are the x-ray diffractionsXRDd data of a H-irradiated
and untreated GaAsN sample, respectively. As reported
previously,11 XRD of hydrogenated GaAsN shows a disap-
pearance of the diffraction peaks associated with the GaAsN
epilayer and a recovery of the GaAs lattice parameter. Con-
comitantly, H irradiation leads to a nearly full reopening of
the band gap, as shown by the photoluminescence spectra
shown in the inset of Fig. 1. Other important physical quan-
tities as the electron effective mass,10 and the temperature
coefficient of the band gap12 are strongly affected by H, too.
Such effects are technologically relevant since hydrogen is
present in most growth processes and mass-production steps
of semiconductor devices. In addition, hydrogen could be
used in dilute nitrides as an unique tool for patterning the
electronic properties of the crystal on a nanometer scale.

The effects of H irradiation in GaAsN, InGaAsN, and
GaPN have triggered many theoretical studies aimed at dis-

covering the microscopic hydrogen-nitrogen complex re-
sponsible for the experimental observations.13–21All present
theories predict that an in-line dihydrogen-nitrogen complex,
named N-H2

*, is responsible for hydrogen-related effects in
dilute nitrides. In the N-H2

* complexfN-H2
* sad in Fig. 2g,

two strong Ga-HBC and N-HAB bonds are formed, which
involve, respectively, a HBC atom in bond center position
sBCd between the Ga and N atoms and a HAB atom in the
opposite position with respect to the same nitrogen atom
santibonding position, ABd. Very recently, infraredsIRd ab-
sorption measurements have shown that the local vibrational
mode related to the Ga-N bond disappears in GaAsN after H
irradiation.18 However, no evidence for a Ga-HBC mode was
found, contrary to the expectations of the N-H2

* sad model.
In that study, two N-H stretching modes due to asame
H-N complex have been detected, instead. It has been re-
cently proposed, based on computation of the defect energet-

ics, that new dihydrogen complexes, N-2HBC
2+

, may form in
hydrogenated GaAsNsRef. 19d and GaPN;20 they consist of
two HBC atoms bound to asingleN atom. One complex has
a C2v symmetry, indicated asC2v-symm in Fig. 2. In a sec-
ond C2v-like complex sindicated asC2v-asymm in Fig. 2d,
one of the HBC ions is located off the N-Ga axes. TheC2v
complexes can lead to a recovery of the band-gap energy and
to a partial recovery of the lattice parameter.21 On the other
hand, they cannot account for the lattice parameter changes
shown in Fig. 1.21 The motivation of the present study is,
therefore, to investigate the local structure of the N-H com-
plex with a technique more direct and quantitative than IR
spectroscopy in order to determine whether complexes with
C2v-like symmetry are present.
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Since the early development of x-ray absorption spectros-
copy sXASd, it has been recognized that this technique could
provide precious information on the local geometric arrange-
ment of dopants and defects in semiconductors.22 Up to now,
the analysis of the extended part of the XAS spectrumsthe
extended x-ray absorption fine structure “EXAFS” regiond
has been used to determine the coordination of a number of
dopants in semiconductors.23 The use of the x-ray absorption
near-edge structuresXANESd has been limited or absent in
this field, most probably due to thesreal and/or perceivedd
difficulties in simulating the spectral region in which the
multiple scattering expansion of the XAS cross section does
not converge. However, there is a strong interest in applying
XANES since it is more sensitive to the three-dimensional
structure of defects than EXAFS, which to a large extent
performs a one-dimensional projection of the structure on the
interatomic distance axis. For the specific problem at hand,
the advantage of XAS as compared to IR spectroscopy is that
XAS inherently probes all the atomic geometries present
weighing the contribution of each one to the average spec-
trum with its relative abundance, thus avoiding the interpre-
tative problems of IR due to the varying cross sections of
vibrational modes; in fact, some IR linesse.g., specific wag-
ging modesd are predicted but have never actually been ex-
perimentally observed. The method we use also has a more
general interest, not limited to the particular field of semi-
conductors, and the present study of a defect with a relatively
simple structure can be considered as a test of the applica-
bility of XANES to the determination of defective local
atomic arrangements in condensed matter.

The structural properties of the N-H complexes in
GaAsN have been investigated by local density functional
sDFTd methods in a supercell approach by using separable

ab initio pseudopotentials.24,25 Geometry optimizations have
been performed by fully relaxing the atomic positions in 64-
atom supercells with thePWSCFcode.26 Further details on the
theoretical methods have been reported elsewhere.19,20

GaAsN/GaAs epilayers were grown by solid source
molecular-beam epitaxy on GaAss001d substrates, with a
typical thickness of 300 nm. Postgrowth atomic hydrogen
irradiation was performed by a low-energys100 eVd and
low-current sa few tens ofmA/cm2d Kaufman source with
the samples held at 300 °C.7,8 As-grown and H-treated
samples were characterized by low-temperatures10 Kd pho-
toluminescence, which is excited by the 515-nm line of an
Ar+ laser, dispersed by a single 1-m monochromator, and
detected by Ge detector cooled at liquid nitrogen. XRD mea-
surements were performed by using an unmonochromatized
Cu rotating anode.

XANES measurements were performed on the branch line
of the ALOISA beamline27 of the ELETTRA synchrotron
radiation facility in Trieste, Italy. The energy dependence of
the N-absorption cross section was monitored by recording
the intensity of NKa fluorescence photons using a window-
less hyperpure Ge detector. Recently, nitrogen-edge XANES
and relative simulations were successfully employed by
some of the present authors to study short-range ordering in
InGaAsN.28

The XANES spectra were simulated in a real-space full
multiple scattering approachsFMSd based on Green’s func-
tion calculations in the complex plane using theFEFF8

code.29 The code employs a Barth-Hedin formulation for the
exchange-correlation part of the potential and the Hedin-

FIG. 1. XRD data near thes004d reflection for GaAs0.986N0.014

before sdashed lined and afterscontinuous lined exposure to a hy-
drogen dose equal to 3.031018 ions/cm2. The inset reports the
low-temperatures10 Kd photoluminescencesPLd spectra for the
same samples shown in the main part of the figure. In the hydro-
genated sample, the low-energy peak is due to the passivated
GaAsN epilayer, the high-energy shoulder is likely related to the
GaAs substrate. PL multiplication factors are given. FIG. 2. sad Sketch of the NuH2

* sad and C2v symmetric and
asymmetric complexes. The NuH2

* sbd complex has an
NuHBCuGauHAB configuration; similar in-line configurations
characterize the NuHBC and NuHAB monohydrogen complexes.
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Lundqvist self-energy correction; calculation of the potential
was performed by using a self-consistent field within a 4-Å
radius, a distance that includes the second coordination shell
of a central nitrogen in GaAsN. Atomic coordinates for each
N-H complex were taken from the DFT calculations de-
scribed above, repeating eight times a 64-atoms supercell
and translating the positions in order to drive a N atom to the
center of the cell. The clusters exploited in FMS calculations
consisted of 512 atoms for GaAsN, 520 for monohydrogen
complexes, and 528 atoms for dihydrogen complexes. The
full multiple scattering radius was fixed to 20 Å in order to
enclose all the input atoms without using any extra scattering
paths. The use of such large clusters is mandatory to repro-
duce the region of the absorption spectrum close to the edge,
where the photoelectron mean free path can reach a few tens
of angstroms.

Figure 3sad shows a comparison of the fluorescence-
detected nitrogenK-edge XANES experimental spectrum
with a simulation based on the atomic coordinates obtained
by density functional theory sDFTd calculations for
GaAs0.986N0.014. The excellent correspondence between the
experimental and simulated spectra demonstrates the sound-
ness of our method. We now consider the effect of H incor-
poration in GaAsN. Figure 3sbd shows the experimental
nitrogen-edge XANES for hydrogenated GaAs0.986N0.014
along with simulations for the most likely N-H complexes
ssee caption of Fig. 2 for their descriptiond. Sizable varia-
tions among the simulated XANES line shapes for the dif-
ferent N-H complexes can be observed. Most importantly,
only theC2v complexes both in the symmetric and asymmet-
ric configurations reproduce the main features of the experi-
mental spectrum; in particular the fact that the absorption
coefficient does not decrease suddenly after the first maxi-
mum sthe so-called “white line”d but rather exhibits an extra
peak between 405 and 408 eV. Instead, monohydrogen
sN-HBC, N-HABd and different dihydrogensN-H2

*d com-

plexes show large discrepancies with, and cannot account
for, the experimental XANES spectrum. Thus, afirm evi-
denceof the predominant formation of complexes of the
C2v-type in hydrogenated GaAsN is obtained.

We point out that the present method allows a much more
direct comparison between experiment and simulation than
IR spectroscopy; a full comparison of the experimental spec-
trum senergy position of the spectral features, their relative
intensities and widthd with simulations is indeed possible.
Also, the present method inherently probes all the atomic
geometries present, weighing the contribution of each one to
the average spectrum with its relative abundance, thus avoid-
ing the interpretative problems of IR due to the varying cross
sections of vibrational modes.

The present resultssid account for the existence oftwo
N-H stretching modes related to asameN-H complex as
found by IR measurements,18 andsii d support theoretical pre-
dictions of new dihydrogen complexes.19,20In addition, these
results give support to an assignment of vibrational frequen-
cies calculated for theC2v complexes to the main IR
lines.30–32 We notice that a dihydrogen-nitrogen complex,
similar to the present asymmetricC2v complex, accounts
well for the splitting experimentally observed in the IR local
modes of hydrogenated-deuterated GaAsN.31,32 The clear
evidence reported here that theC2v complexes are the most
abundant ones in hydrogenated GaAsN does not exclude that
other N-H complexes are present as a minor species. In fact,
while bothC2v and N-H2

* sad complexes explain the reopen-
ing of the GaAsN band gap upon H irradiation, only
N-H2

* sad complexes are predicted21 so far to fully neutral-
ize the changes in the lattice parameter reported11 in hydro-
genated GaAsN.

The success of our method depends on three main factors.
First, the high brilliance of x-ray beams recently achieved by
third generation synchrotron sources has allowed the record-
ing of high-quality fluorescence-detected N-edge XANES
spectra from dilute systems; fluorescence detection in the
soft x-ray region is particularly challenging due to low fluo-
rescence yield. Second, advances in the theoretical under-
standing of the x-ray absorption process have led to the
availability of reliable computer codes, able to accurately
simulate the XANES spectra. Third, finally, the reliability of
the local density DFT methods permits one to achieve accu-
rate results on the microstructure and energetics of defects
and complexes in both crystalline and amorphous systems.

The combined experimental-theoretical method adopted
here is of general interest in all research areas in which low
concentrations of dopants or defects are present. Examples of
possible applications include diluted magnetic semiconduc-
tors of interest for spintronics, where the site location of a
metal impurityse.g., Mnd or the formation of clusters repre-
sent acrucial point for understanding the physical properties
of the material.

Note added in proof. The C2v complexes considered in
this paper are doubly charged. After submitting the manu-
script we have performed DFT simulations onneutral C2v
complexes. These simulations indicate that neutralC2v com-
plexes sboth in the symmetric and asymmetric configura-
tionsd can recover the GaAs lattice constant. However, the

FIG. 3. sad Experimental and simulated XANES for the as-
grown sample before exposure to hydrogen;sbd experimental N
K-edge XANES for the hydrogenated sample of Fig. 1stopd and
corresponding FMS simulations based on the atomic coordinates
calculated via DFT in presence of the most stable monohydrogen-
and dihydrogen-nitrogen complexes.
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N-H2
* sad still results to be the most stable neutral di-

hydrogen complex, thus suggesting that it could be present
as a minor species.
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