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Local structure of nitrogen-hydrogen complexes in dilute nitrides
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We have investigated the structure of nitrogen-hydrogen complexes in GaAs;_,N, and In,Ga;_,As;_;N,
dilute nitride alloys by performing x-ray absorption near-edge structure spectroscopy (XANES). We simulated
the spectra based on first-principles calculations of the most recent defective structures proposed in the litera-
ture for hydrogenated materials. The comparison between the experimental data and simulations allows us to
clarify that the core of the defect is a complex with C,,, structure in the neutral charge state, in agreement with
the expansion of the lattice parameter measured by x-ray diffraction. Our results are compatible with the
presence of H satellites bound to neighboring Ga atoms but not with complexes involving more than two H
atoms bound to the same N. Nevertheless, we were not able to determine uniquely the number of H satellites,

which may depend on growth conditions. Strain related to the epitaxial growth has a very little effect on the
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I. INTRODUCTION

Hydrogen (deuterium) incorporation in GaAs;_ N, and
In,Ga,_,As;_,N, provides a way to tailor the emission prop-
erties of these materials and discloses potential opportunities
in defects and band-gap engineering. As a matter of fact,
hydrogenation of such alloys reverses'? the counterintuitive
band-gap redshift caused by N incorporation,>* expands dra-
matically the lattice palrametelr,5 and restores the values of the
effective mass® and gyromagnetic factor.” Moreover, all
these effects are fully reversible by simple thermal anneal-
ing, which permits tuning of the emission wavelength after
the growth within a range of great interest in telecommuni-
cation and photovoltaic technologies.® The possibility of ob-
taining structures with lateral band-gap variation on the mi-
crometer scale by hydrogenating dilute nitrides using
patterned masks has been recently demonstrated®!? and, with
an improvement of miniaturization, hydrogenation will have
the possibility to produce nanostructures with in-plane con-
finement, with potential impact in the engineering of optical
circuits.!!

The effects of hydrogenation have been accounted for by
the hypothesis of formation of specific N-H complexes, and
the number and location of H atoms around N has been de-
bated in the literature for the last six years. The initial pre-
diction of complexes involving two H atoms, one linked to N
and the other to a neighboring Ga in an in-line configuration
(called H3) (Refs. 12-14) has been excluded by infrared-
absorption (IR) measurements'> which have never provided
evidence of a Ga-H bond-stretching mode in GaAs;_,N,. At
the same time, the presence of a different complex involving
two H atoms linked to the same N in a C,, geometry was
proposed:'®!7 such complex accounted for the presence of
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two N-H stretching modes'? in the absorption spectrum. Re-
cently, by using N K-edge x-ray absorption near-edge struc-
ture spectroscopy (XANES) and full multiple-scattering
(FMS) simulations based on density-functional theory (DFT)
calculations, we were able to provide firm evidence that the
basic structure of most complexes is the C,, one either in a
symmetric or asymmetric configuration.'® Straight after, two
different groups published calculations'®?’ showing that a
canted or asymmetric C,, complex [see Fig. 1(a)], described
by the C;, symmetry, has vibrational properties consistent
with the IR experiment.

Nowadays, it is common opinion that C,, complexes
should be in the neutral charge state [Cgv, Fig. 1(a)] since
this is the only one which yields recovery of the lattice con-
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FIG. 1. (Color online) Sketch of the different N-H complexes
under investigation.
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TABLE I. Sample characteristics and measured Aa | /a, parameter (see text) along with predictions based
on selected N-H complexes models; for samples A and B, q is defined as the GaAs lattice parameter while
for sample C it is defined as the lattice parameter of a In((37Gag9s3As alloy. The last column contains the

values of Aa, /ay normalized to the N concentration.

N In Thickness Aa, /ay

Sample (or model) % % (nm) Treatment (%) (Aa, /ap)/ (%N)
A 1.22+0.02 0 223+10 Deuterated  0.17 £0.01 0.14+0.01

B 1.22+0.02 0 223+10 Deut+anneal  0.0*+0.1 0.00+0.08

C 343+0.06 3.70£0.15 149+t3  Hydrogenated 0.35+0.04 0.10*+0.01
Cgv 3.12 0 66 atoms DFT 0.00=0.01  0.000=0.003
C,,-H® 3.12 0 67 atoms DFT 042+0.01 0.135+0.003
C,,-2H° 3.12 0 68 atoms DFT 0.39+0.01  0.125+0.003

521

stant comparable with that measured via x-ray diffraction.
It is worth remarking here that, despite this assumption, our
previous XANES simulations were done for doubly charged
complexes [C;g, Fig. 1(d)] and no analysis of neutral com-
plexes has been done up to now. Due to the rather different
distances between Ga atoms surrounding the N one predicted
for charged and neutral C,, complexes,?* the XANES spec-
trum of neutral C,, could be a priori different from that of
charged C,, and incompatible with the experimental data:
this point urges to be clarified.

Moreover, recent high-resolution x-ray diffraction
(HRXRD) experiments performed by some of us?' have pro-
vided evidence of compressive strain in as-deuterated
samples which cannot be accounted for by the formation of
bare C,, complexes, and a nuclear reaction analysis/
channeling investigation?® showed that the ratio between H
and N atoms concentrations is close to three (instead of two).
DFT calculations?® demonstrated the stability of structures
involving additional H “satellite” atoms (one or two) in the
proximity of the C,, defect [Figs. 1(b) and 1(c)], such struc-
tures are predicted to produce compressive strain in good
agreement with that measured by HRXRD.?! Even if these
last results speak for the presence of H satellites around the
core complex, several issues still remain controversial; as a
matter of fact, theoretical calculations predict that the final
step of the hydrogenation process should involve two H sat-
ellites (i.e., four H atoms in total),>> with an expected H/N
ratio of four, which is different from the one experimentally
determined.”® Even for the case of C,, complexes with addi-
tional H satellites, no XANES simulation is available in the
literature at the present. Furthermore, in a very recent and
detailed study, Kleekajai et al.>* were able to account for all
the features observed in the IR spectrum (including wagging
modes) based on the only asymmetric C,, core, at least for
samples hydrogenated at 300 °C. Finally, based on
secondary-ion-mass spectroscopy and photoluminescence
(PL) data, Buyanova et al.”® suggested that the H/N ratio in
GaAs;_,N, and GaP,_,N, should be larger (from three to
five), and the formation of complexes involving the presence
of up to five H atoms correlated with a single nitrogen.

In the present paper we performed detailed FMS simula-
tions of the N K-edge XANES for different nitrogen local
configurations, exploring the most recent complex structures
proposed in the literature. In particular, considering C,, com-

plexes, we studied the effect of different charge states and
the tetragonal distortion of the unit cell due to the epitaxial
growth on GaAs. Also, we investigated the presence of ad-
ditional H atoms yielding H/N ratio =3, both directly linked
to N atoms and in satellite position close to the core of the
defect. We compared the simulations to experimental spectra
of deuterated/hydrogenated GaAs,_,N, and In,Ga,_,As,_,N,
samples. Our method is based on calculation of atomic su-
percells around a central N atom performed by using DFT.
Such method is becoming a powerful tool in the study of the
local structure of defects in semiconductors2® and, after pub-
lication of our first results on N-H complexes in dilute
nitrides,'® similar approaches have been successfully used,
for example, in the study of N-doped oxides?’ and indium
oxynitrides.?

II. EXPERIMENTAL AND THEORETICAL METHODS

We measured two GaAs;_,N, samples (A and B) and one
In,Ga,_,As, sample (C), their characteristics are shown
in Table L.

A GaAs_ N, epilayer was grown by solid source
molecular-beam epitaxy on (001) GaAs substrates with an rf
plasma source for N. Sample growth was performed at
500 °C after having grown a 500-nm-thick GaAs buffer
layer at 600 °C. Nitrogen was mixed in the plasma with
argon and the rf source power used was in the 60-70 W
range. Postgrowth thermal annealing at 660 °C for 60 min
was used in order to improve the optical properties of the
samples. The thickness of the samples and the nitrogen con-
centration were determined by HRXRD, based on a previous
verification of the validity of the Vegard’s law by means of
nuclear reaction analysis (NRA) measurements.?’ After the
growth, the epilayer was deuterated. Deuteration was per-
formed with a Kaufman source at 300 °C and D fluences
dp=5>10' ions/cm? was employed in order to obtain full
N passivation. The samples were irradiated with an ion-beam
current density of 38 wA/cm?. Then, while one piece of the
epilayer (sample A) was not treated anymore, a second peace
(sample B) was softly annealed at 250 °C for =13 h.

Sample C was grown on (001) GaAs substrate by gas-
source molecular-beam epitaxy using a radio-frequency
plasma source, growth temperature was 430 °C (Ref. 30);
thermal annealing was performed in a rapid thermal anneal-
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ing (RTA) furnace under N, flow at 700 °C for 300 s. An-
nealing strongly enhances the photoluminescence signal. In-
dium concentration was determined by Rutherford
backscattering spectrometry (RBS), nitrogen concentration,
and sample thickness by HRXRD (as for the ternary
samples). After growth, hydrogenation was performed with a
Kaufman source at 300 °C and H fluences dy=5.8
X 10" ions/cm?, with beam current density of 32 uA/cm?.

All epilayers were found by HRXRD reciprocal space
mapping to be pseudomorphic to the GaAs substrate. Mea-
surements of the lattice parameter were carried out using a
Philips X’Pert PRO MRD diffractometer. The x-ray wave-
length was A\, ga1=1.540 56 A and the angular acceptance
was 12 arc s (triple axis configuration). PL was excited with
a neodymium-vanadate laser (A=532 nm) and spectrally
analyzed by a single grating 0.75-m-long monochromator
coupled to a cooled InGaAs linear array detector. PL spectra
were taken at a temperature of 10 K or at room temperature.
NRA-channeling measurements,” together with polarization
dependent N K-edge XANES,*' guarantee that N is totally
substitutional to As in the zinc-blende lattice. The fact that
samples A and B have been deuterated instead of hydrogen-
ated is related to the needs of stoichiometric characterization
previously performed on the same samples;>* however deu-
terium modifies electronic and structural properties of dilute
nitrides as hydrogen does so that the different postgrowth
treatment does not affect the results presented in this work.*?
In the following, we will always use “H” in the complex
labels.

N K-edge XANES measurements were performed at the
ELETTRA synchrotron-radiation facility in Trieste at the
ALOISA beamline.*® The photon flux on the sample was of
the order of 5X10'" photons/s on a focal spot of 0.2
X 0.5 mm?. The value of the undulator gap was synchro-
nized with the photon energy selected by the monochro-
mator. Fluorescence detection was used in order to guarantee
bulk sensitivity. The setup is based on the use of a window-
less hyperpure Ge detector with a detection area of
~100 mm? placed in the horizontal plane at 90° to the im-
pinging photon beam at a distance of =5 mm from the
sample. The high brilliance photon beam coupled to the
highly efficient detection scheme is mandatory in order to
record good signal-to-noise ratio spectra from dilute ele-
ments in the soft Xx-ray range. A test measurement performed
on a N-free sample (not shown) demonstrated that the N
contamination on the surface is definitely negligible with re-
spect to the signal originating from the bulk. The energy
position of the absorption edge in all experimental spectra
reported in the present paper has been calibrated by collect-
ing the XANES in real time with gas absorption spectros-
copy on the N, K edge using specific instrumentation avail-
able at the ALOISA beamline.’® As explained in detail in a
previous paper,* such procedure guarantees energy calibra-
tion of the XANES spectra with a precision of =15 meV.

XANES spectra were simulated in a real-space FMS ap-
proach based on the Green’s function calculations in the
complex plane using the FEFF8 code.® Such code employs a
Barth-Hedin formulation for the exchange-correlation part of
the potential and the Hedin-Lundqvist self-energy correction.
Calculation of the potential was performed by using a self-

PHYSICAL REVIEW B 79, 165205 (2009)

(a)l | GazI&s NI (b)l | I I I
Ly y

y=122%

deuterated
(sample A),

deuterated

PL Intensity (arb. units)

untreated
: GaAs

X . substrate ) ' | \
32.8 329 33 331 332 333 1.10 1.30 1.50
o (degree) Energy(eV)

Log diffraction intensity (arb. units)

FIG. 2. (Color online) (a) HRXRD (004) rocking curves for the
GaAs 9373N0 0122 epilayer before deuteration (bottommost line), af-
ter deuteration (middle line, sample A), and after deuteration fol-
lowed by a mild thermal annealing at 250 °C (topmost line, sample
B); (b) corresponding PL spectra.

consistent field within a 5.2 A radius, a distance which in-
cludes the second coordination shell of a central nitrogen in
hydrogenated GaAsN for any N-H complex analyzed in this
work (such radius is bigger than the one previously
employed'®). Atomic coordinates for each N-H complex
were taken from DFT calculations,?” repeating eight times a
64-atoms supercell and translating the positions in order to
drive a N atom to the center of the cell. Clusters exploited in
the FMS calculations consisted, indeed, of 512 atoms for
GaAsN, 520 for monohydrogen complexes, 528 for dihydro-
gen complexes, and 536 and 544 atoms for complexes in-
volving three and four H atoms correlated with N, respec-
tively. The full multiple-scattering radius was fixed to 20 A
in order to enclose all input atoms without using any extra
scattering paths. The use of such large clusters is mandatory
to reproduce the region of the absorption spectrum close to
the edge, where the photoelectron mean-free path can reach a
few tens of angstroms. In the modeling of epilayers pseudo-
morphically strained on the substrate, we considered all pos-
sible orientations of the complexes and averaged them ac-
cording to their statistical abundance. DFT calculations were
performed in a supercell approach by using separable ab ini-
tio pseudopotentials.’®3”7 Geometry optimization has been
performed by fully relaxing the atomic positions in 64-atom
supercells with the PWSCF code.*® Further details on the the-
oretical methods have been reported elsewhere.!®!7

III. RESULTS AND DISCUSSION
A. X-ray diffraction and optical spectroscopy

For clearness of exposition, we show in Fig. 2 HRXRD
and PL data for samples A and B already discussed in a
previous work?! while Fig. 3 shows the same data for sample
C.

In Fig. 2(a), the (004) rocking curves (RCs) of the as-
grown GaAs ¢375Np 0122 €pilayer (bottommost curve), and of
the same sample both after deuteration (middle curve,
sample A) and subsequent moderate annealing (250 °C, 13
h) (topmost curve, sample B) are shown. By comparing the
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FIG. 3. (Color online) (a) HRXRD (004) rocking curves for a
Ing 037Gag 963A80.0657N0.0343 epilayer with x=3.70% and y=3.43%
before hydrogenation (bottommost curve), after hydrogenation (top-
most curve, sample C), and for a piece of epilayer undertaking the
same annealing procedure as during hydrogenation but with the H
source switched off (middle curve); (b) corresponding PL spectra.

RCs of the as-grown and of the deuterated samples, it is clear
that the deuteration process is the origin of the GaAs;_\N,
epilayer (004) Bragg-peak shift from larger to smaller angles
with respect to the substrate peak. This means that, after the
formation of N-H complexes, the original epilayer tensile
strain, due to the insertion of substitutional N in GaAs, is
reversed into a compressive one. Moreover, previous
HRXRD measurements on several other fully hydrogenated
or deuterated GaAs]_yN’V films, including sample A, have
shown that the compressive strain induced by hydrogenation
only depends on the initial N concentration (i.e., on the ten-
sile strain) in the nonhydrogenated as-grown material.?! In
particular, it was deduced that

ap, —ap _(524+027) A

2N Ao

Yy, (1)

where ap,, is the lattice parameter (in angstroms) along the
growth direction of the GaAs;_,N, epilayers after the hydro-
genation, aj is the lattice parameter of bare GaAs, and y is
the N concentration. In addition, (004) HRXRD spectra col-
lected in situ during annealing of the deuterated epilayer
have shown that, after moderate annealing (250 °C, 13 h),
the GaAs;_ N, Bragg peak almost completely disappears
[Fig. 2(a), topmost curve], i.e., its strain is zero.”!

In Fig. 2(b) we show the corresponding PL spectra for the
sample exposed to these different postgrowth treatments. The
intense band that peaked at 1.21 eV in the bottommost spec-
trum, recorded on the untreated sample, is due to carriers
recombining in the GaAs;_,N, layer. The much less intense
band at 1.42 eV is caused by carrier recombination in the
GaAs buffer layer. Irradiation with deuterium changes dra-
matically the PL spectrum (middle line). No carrier recom-
bination can be observed from the GaAs;_,N, band-gap en-
ergy and the wavelength of all emitted photons is blueshifted
at the band-gap energy of GaAs. This phenomenon has been
reported in previous works and it is ascribed to the electronic
passivation of nitrogen determined by the formation of the
N-H complexes discussed in Sec. I. The topmost spectrum
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refers to the same deuterated sample described above after a
mild thermal annealing at 250 °C. Apart from a modest
broadening of the PL linewidth and a decrease in the PL
signal, no change in the PL peak energy can be detected thus
indicating that nitrogen atoms are still passivated despite of
the major changes observed in the x-ray diffraction pattern.
On the basis of these results it was established that both the
optical passivation of N and its tensile strain neutralization
are consequence of the formation of the same N-H complex,
characterized by the C,, structure suggested by XANES,!8:23
while the strain overshooting is possibly due to the presence
of a more weakly bound satellite H atom.?!?3

With the help of RC simulations, we can measure the
strain status of samples A and B through their perpendicular
mismatch, i.e., the quantity:

(Aal> _ay—ag 2
ao /(AB) 20 ’

where a | is the lattice parameter along the growth direction
of the GaAs,_ N, epilayer while q is the lattice parameter of

. Aa
GaAs. Moreover, based on the linear dependence of a—: on

N concentration, we can consider also the perpendicular mis-
match normalized to N concentration y:

(ﬂ) =(ﬂ)/(%N). 3)
ao / (A,B)(%N) ap

This last quantity, which has been reported in the last column
of Table I, permits an easy comparison between experimental
and theoretically calculated perpendicular mismatches. As
for sample A, (Aa , /ay)/(%N) is =—0.39 before deuteration
and =0.14 after deuteration while in sample B (deuterated
and annealed) (Aa, /ay)/(%N) is =0.00. DFT calculations,
performed on supercells with 3.12% N concentration, predict
(Aa, /ag)/(%N)=-0.346 for untreated GaAs,_,N,, and
(Aa, /ay)/(%N)=0.000, 0.135, and 0.125 for Cgv, C,,-HO,
and C,,-2H® complexes, respectively,?? so that the C,,-H°
and Cgv models give the best agreement with HRXRD re-
sults for samples A and B, respectively. Such association
would be compatible with the removal via annealing of the
less tightly bound D atom from a primitive C,,-H defective
structure, which leaves a C,, core, and would account for
NRA measurements>® which give a D/N ratio =3 for sample
A and =2 for sample B.

In Fig. 3(a) the (004) RCs of a quaternary alloy of
In, Ga,_,As;_,N, with x=3.70% and y=3.43% are shown for
(i) the as-grown epilayer (bottommost curve), (ii) the same
sample after hydrogenation (topmost curve, sample C), or
(iii) thermal annealing in the same conditions as during hy-
drogenation (middle curve). First of all we can note that the
strain status of the as-grown sample is tensile, despite the
non-null In content (x=3.70%). This is due to the fact that
the compensation ratio between In and N is =2.8 (Ref. 29)
(i.e., the tensile strain induced by 1% N is compensated by
the compressive strain induced by 2.8% In) while, for sample
C, x/y=1.08. Also in this case hydrogenation switches the
strain from tensile (bottommost curve) to compressive (top-
most curve) while the annealing performed on an as-grown
piece of epilayer in the same conditions as during hydroge-
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nation but with the H source switched off (middle curve)
does not bring about an increase in the lattice parameter. If
we calculate the perpendicular mismatch % for the quater-
nary epilayer considering as a the lattice parameter of the
GaAs substrate, almost specular values for the as-grown and
hydrogenated states are obtained (—0.84% for the former and
0.83% for the latter, —0.91% for the annealed sample). Nev-
ertheless, if we want to highlight the neat effect of N and H
on the lattice parameter, we have to take into account the
presence of In. To this purpose, we redefine the perpendicu-
lar mismatch for sample C in the following way:

(Aai> — a) — dnGaAs (4)
©)

2N A | InGaAs

where a |, and a | ,G.as are the out-of-plane lattice parameter
of the quaternary epilayer and the out-of-plane lattice param-
eter of an In,Ga;_,As layer with the same In content as
sample C, respectively. For relatively small x concentrations,
Eq. (3) can be rewritten as

41 —a1mGaAs __ 91— 1mGaAs _ 41— 49 A1mGaas — %o

bl

A | InGaAs Ao ao )
(5)

where the first term of the last member is the measured mis-
match with respect to the GaAs substrate while the second
term can be calculated knowing the x concentration of
sample C (x=3.70%, determined by RBS), and exploiting
the Vegard law and elasticity theory.?® The N normalized
perpendicular mismatch, for sample C, is defined in the same
way used for samples A and B:

(Aal )
Ao/ (C)(%N)

=<Aai>«%Ny 6)

2N

For sample C, the last two columns of Table I report the
values determined using Egs. (3) and (6), respectively. The
resulting value of (Aa,/ay)/(%N) for the quaternary epil-
ayer is =—0.39 in the as-grown state and 0.10 after hydroge-
nation. The (Aa, /ay)/(%N) value for sample C is smaller
than for sample A (0.14), and closer to the value predicted in
case of formation of C,,-2H° complexes (0.125): this finding
supports the formation of complexes giving less compressive
strain than the C,,-H’ one in sample C.

Inspecting PL data for sample C [Fig. 3(b)], it is straight-
forward that hydrogenation brings about a dramatic opening
of the band gap as already observed for other samples. The
PL peak corresponding to the hydrogenated epilayer (at en-
ergy =1.431 eV) is not far from the value expected for the
band gap of a Ing3,Gagoe;As alloy at 10 K (1.484 eV).*0
The PL intensity of the hydrogenated sample is roughly
twice as the one of the untreated sample. The higher PL
intensity observed in the hydrogenated sample is attributed
to H passivation of nonradiative recombination centers,
which spoil optical efficiency in the untreated material. PL
recorded on a piece of sample C exposed to the same thermal
treatment as during hydrogenation but with the H source
switched off (referred to as “annealed at 300 °C” in Fig. 3)
shows no intensity decrease in the main peak with respect to
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FIG. 4. (Color online) N K-edge XANES simulations for se-
lected N-H complexes having an asymmetric C,, core and for N-H;
complexes (continuous line) compared to three experimental spec-
tra (dots, at the bottom); a very small energy shift of —0.25 eV is
applied to all simulations for a better matching with the experimen-
tal data.

the spectrum of the untreated sample and only a minor red-
shift of the corresponding energy (smaller than 0.01 eV).
This last observation confirms that the main changes in the
material properties observed upon the hydrogenation proce-
dure (both optical and structural, reported in Figs. 3(b) and
3(a), respectively) are a neat effect of the interaction of hy-
drogen atoms with the crystal lattice. The 0.01 eV redshift
likely origins from a slightly higher N concentration in the
piece of sample exposed to annealing; this is also confirmed
by the higher tensile strain measured by HRXRD on the
same annealed piece [Fig. 3(a)]. The PL bands in the 1.35—
1.5 eV energy range observed for the untreated sample are
due to a fraction of N (about 0.15%) incorporated and/or
diffused in the GaAs buffer layer. The low-energy tail in the
PL spectrum of the hydrogenated sample and the 1.1-1.35
eV background region of the nonhydrogenated ones origin
from defect states related to several causes: the increased
degree of structural disorder induced by the higher N con-
centration with respect to samples A and B, and the incorpo-
ration of In, and the higher concentration of point defects
expected because of the lower growth temperature.*!'-43

B. XANES

In Fig. 4 we show FMS simulations of the N K-edge
XANES performed in presence of neutral asymmetric C,,
complexes (Cgv), neutral asymmetric C,, complexes deco-
rated with one (C,,-H%), and two (C,,-2H") H satellites,
along with the previously published simulation'® for the dou-
bly charged complex (C;g) and simulations for complexes
with three H atoms bound to the same N one in the +1 and
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+3 charge states [N-H3' and N-H3?, see Fig. 1(e)]. In order
to mimic as close as possible the experimental situation, we
took into account the effect of the tetragonal distortion of the
unit cell due to the pseudomorphic growth on the substrate.
Several charge states were explored for all the complexes
under study but only the most stable ones for each configu-
ration are reported here. Simulations are compared to the
experimental spectra for the ternary samples A and B, al-
ready reported previously,”® and for sample C, which con-
tains a small percent of In.

If we compare the spectrum of sample B with the simu-
lations, we note that the line shape and energy position of the
main spectral features (evidenced by vertical lines and by the
numbers 1-4) are very well reproduced by the simulation
based on the Cgv model, the only mismatch coming from the
fact that the experimental main peak 3 is less structured than
in the simulation. The simulation for such neutral complex
mimics the experimental data even better than the one based
on the C;g complex presented in our previous work,'® in
particular for what concerns features 1 and 2, the relative
amplitude of which is inverted in case of the doubly charged
complex. The difference between the XANES line shape of
the simulations for C9, and C}2 complexes can be attributed
to the fact that in the former case two dangling bonds are
induced on the Ga atoms involved in the broken Ga-N bond
so that these Ga atoms interact forming a weak Ga-Ga bond,
and their interatomic distance (=3.24 10\) is sensibly shorter
than the distances between the other Ga atoms. On the con-
trary, in the case of the C;’f complex the same Ga-Ga dis-
tance is much longer (=5.02 A) since the Ga atoms which
carried the dangling bond have lost their unpaired electron
and cannot form any Ga-Ga bond.?>?> Moreover, the angle
formed by the same two Ga atoms and centered on N is very
different for the two charge states, being ~61° for Cgv and
~89° for C}2: this difference in interatomic distances and
angles between atoms which are located very close to N is
directly reflected in a XANES change due to its strong local
sensitivity. The association of sample B with the Cgu model
accounts for the null strain measured by HRXRD (Ref. 21)
(Sec. IIT A), and the D/N ratio =2 measured by NRA (Ref.
23) on this sample.

The simulation for the C,,-H° complex, instead, is very
similar to the one for the bare Cgv in the same charge state
apart for a little shoulder positioned at lower energy than
feature 1. In this case, in fact, the distance between the two
Ga atoms involved in the breaking of Ga-N bonds is
~3.92 A, i.., closer to the value for Cgv than for C;’f; this is
also true for the distances between N and the same two Ga
atoms, and for the angle formed by these two Ga atoms and
N, centered on N (=72°): briefly, apart from the absence of
a third H atom, the local structure of N in a Cgv complexes is
closer to C,,-H’ than to C;’f The experimental spectrum of
sample A, which is in a configuration with D/N ratio =3
according to NRA investigation, is very similar to the one of
sample B, the only essential difference being the absence of
feature 1. The hypothesis of formation of C,,-H® complexes
in the as-deuterated GaAs;_,N, sample, which accounts for
HRXRD and NRA data, is also compatible with XANES
results for the following reasons: the match of the simula-
tions for Cgv and CZU—HO complexes, the resemblance of the
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experimental spectra for samples A and B, and, finally, the
intrinsic difficulty in reproducing the energy range around
and below feature 1 where the relatively large mean-free
path of the photoelectron makes us sensible to medium-range
order correlations larger than the maximum reasonable clus-
ter dimension that we can employ in the analysis. Neverthe-
less, some doubt related to the absence of feature 1 in the
experimental spectrum of sample A still remains. If we con-
sider other configurations yielding D/N ratio =3, in particu-
lar N-H complexes with three H atoms bound to the same N
(N-Hj3), the corresponding FMS simulations (the two top-
most curves in Fig. 4) are rather at variance with the experi-
mental spectra. This allows us to discard such configurations,
in agreement with theoretical results which predict that com-
plexes with three N-H bonds are metastable or unstable.??
We show here only the simulations for the +1 and +3 charge
states (N-H}' and N-H3%), with the simulation for the +2
state being very similar to that for the +3 one.

The experimental spectrum of sample C, grown at lower
temperature than A and B, presents some differences com-
pared to the others. First, there is a remarkable redshift (of
almost 1 eV) of the main peak at =404.8 eV (referred to as
feature 6) with respect to the one of sample B. The energy
calibration procedure described in Sec. II assures that differ-
ences in the energy position of the features reported in Fig. 4
do not come from an artifact but originate from the physics
of the samples. A more detailed inspection of sample C spec-
trum reveals that the position of the first change in slope
(feature 1) corresponds to the one of sample B, with which
the peak referred to as feature 2 is absent, and the presence
of a second slope change at 402.1 eV (indexed as feature 5).
Shifts of the absorption edge in In,Ga,_,As;_,N, samples
could a priori originate as a consequence of preferential
binding of In atoms to N driven by minimization of the strain
energy related to this short-range ordering (SRO)
configuration.***> However, these shifts are usually tiny and,
according to Lordi et al.,* in a GaAs;_ N, sample with y
=3% the N K edge should shift by 0.1-0.2 eV upon incor-
poration of 30% In atoms and by further 0.1 eV upon anneal-
ing when the average number of In atoms nearest neighbors
(NN) to N varies from one to three. In the case of our sample
C, which was already measured by In K-edge extended
x-ray-absorption fine structure before hydrogenation,*® In
concentration is only 3.7% and SRO brings only a 10% of In
atoms in NN position with respect to N; this is confirmed by
the fact that the N K-edge XANES spectrum of sample C
before hydrogenation (not shown here) presents virtually no
difference compared to that of a pure GaAs;_,N,.*® This
means that, in the case of our sample, In incorporation and
ordering should bring about a shift of the N edge of the order
0.05 eV and cannot account for a shift of 1 eV. All these
considerations suggest that the differences between the
XANES of samples B and C reported in Fig. 4 come from
different structural changes induced by hydrogenation.

If we compare the experimental XANES of sample C to
the FMS simulation for the C,,-2H® complex, it is evident
that the simulation is able to reproduce the energy position of
feature 1, the absence of feature 2, and the change in slope
referred to as feature 5. Moreover, it well reproduces the
position of the main peak (feature 6) and the subsequent
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valley at 408.8 eV (feature 7), giving an overall line shape in
better agreement with the experimental spectrum than the
simulations for the Cgv and C,,-H° configurations. The latter
two simulations, in fact, show a peak in position 2 which is
not present in the spectrum of sample C, and the “center of
mass” of their main peak at =405.7 eV is not aligned with
the experimental feature 6. The differences between the
simulations of C,,-H° (C9)) and C,,-2H" complexes are
likely due to the longer distance between the two Ga atoms
involved in the breaking of the Ga-N bond (=4.26 A) pre-
dicted in the latter case, and related to the H saturation of the
two dangling bonds induced on Ga, and to the longer dis-
tances between such Ga atoms and the N one, even if the
value of the angle centered on N (=74°) is close to the one
predicted for the case of C,,-H’. Although such differences
are rather subtle, these observations suggest the formation of
C,,-2H° complexes in sample C. Such hypothesis is in
agreement with theoretical predictions according to which
the C,,-2H® complex should be the final product of the hy-
drogenation process,?> and with the smaller N-normalized
strain mismatch measured by HRXRD on this sample (Sec.
III A) with respect to previously published results.?! Never-
theless, the slight overestimation of the (Aa,/ag)/(%N)
value done even by the C,,-2H° model suggests that a frac-
tion of minority complexes yielding smaller or null compres-
sive strain and/or a small fraction of residual N atoms which
do not form complexes could be present, as well.

The formation of complexes with a different number of
satellites in samples A and C can be due to different accep-
tors concentrations in the untreated p-type material caused
by the different growth conditions (in particular the substrate
temperature, which was kept lower during the growth of
sample C). As a matter of fact, the creation and diffusion of
H* ions in the material during the hydrogenation process is
driven by the need of compensating the acceptors, and the
formation of N-H complexes when N and the surrounding
Ga atoms trap the diffusing H* ions is likely influenced by
the acceptors concentration.

In Fig. 5 we show simulations done for untreated
GaAs;_,N,, for monohydrogen N-Hpc complexes [Fig. 1(f)]
in neutral or charged states, and a replication of the simula-
tions for the C(z)u complex (referred to as “epitaxial”) and the
N-Hj' complex already showed above. It is clear that local
configurations with zero, one, two, and three H atoms bound
to N have very different line shapes, and show progressive
broadening and intensity homogenization in the near-edge
region (396-415 eV). A core of two atoms bound to N in a
Cgv configuration (possibly decorated by H satellites) is nec-
essary in order to obtain a reasonable agreement with the
experimental data, and the evolution of simulated spectra as
a function of the number of H nearest neighbors discourages
the hypothesis of formation of complexes involving more
than three atoms bound to the same N. We already showed in
our previous work!® that different dihydrogen N-H com-
plexes (not shown here) are not able to reproduce the experi-
mental spectra, either. We also show in Fig. 5 the XANES
simulation performed for the Cgv complex embedded in a
bulk crystal, i.e., without taking into account the tetragonal
distortion of the unit cell due to the pseudomorphic epitaxial
growth: simulations for relaxed and strained epilayers are
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FIG. 5. (Color online) N K-edge XANES simulations (continu-
ous line) for pure GaAs;_,N,, monohydrogen bond-centered com-
plexes (N-Hgc), dihydrog'en'CgU complexes in a bulk or strained
crystal, N—H;1 complex, and a Cgv complex where H atoms have
been artificially removed from the structure. The experimental spec-
trum of sample B is replicated at the bottom of the figure (dots).

virtually identical. This last point well illustrates the poten-
tiality of XANES in the investigation of the local structure of
defects in crystals and the complementarity with another im-
portant structural tool such as infrared spectroscopy. If on the
one hand IR is potentially more sensitive to the presence of
minority complexes since it does not limit to give average
structural information, on the other hand strain leads to a
broadening of the spectroscopic features and complicates the
interpretation of the IR data,*’ which is not the case for
XANES.

Finally, considering the influence of the interatomic dis-
tances between Ga atoms on the XANES line shape for the
different N-H complexes discussed above, one may wonder
whether the effects of H incorporation on the spectra limit to
changes related with the redistribution of the heavier neigh-
boring atoms. In order to clarify this point, we performed a
simulation taking a C(z)u cluster and arbitrarily removing all H
atoms from the input list without relaxation of the other atom
positions. This last simulation (referred to as Cgv “no H” in
Fig. 5) gives again a rather different line shape compared to
that of the Cgu complex and, in particular, a sharp pre-edge
peak at 398.43 eV which is not observed experimentally.
This indicates that the presence of hydrogen itself, despite its
very low backscattering power, has a neat effect on the near-
edge absorption cross section, which is yet another clue of
the important influence of multiple scattering on the XANES
signal.?6

IV. CONCLUSIONS

We performed detailed XANES FMS simulations for dif-
ferent N-H complexes in hydrogenated GaAs;_,N, taking
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into account the effects of different charge states, presence of
satellite H atoms, and epitaxial strain. We provided evidence
that the actual complex which forms both in hydrogenated
(deuterated) GaAs;_,N, and In,Ga,_,As,;_,N, is character-
ized by an asymmetric C,, core structure with two H atoms
bound to the same N, and that it is in the neutral charge state.
A very good correspondence has been found between the
XANES spectrum of a deuterated sample subsequently an-
nealed at 250 °C for 13 h and the simulation for the bare
neutral C,, complex (C9,), in agreement with the results of
NRA and HRXRD experiments.

The presence of further H atoms (satellites) decorating the
C,, core and saturating Ga dangling bonds in as-
hydrogenated (deuterated) samples recently proposed based
on DFT calculations is compatible with XANES results,
even if we were not able to uniquely determine the number
of H satellites, which may vary upon different growth con-
ditions. The experimental XANES spectrum of an as-
deuterated GaAs,;_,N, sample with y=1.22% is closer to the
FMS simulations performed for complexes with one
(Cy,-H?) or zero (Cgv) H satellites, being these two simula-
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tions very similar from each other; the first option would
give a H/N ratio of three, in agreement with recent NRA
results on the same sample. Instead, the XANES spectrum of
an as-hydrogenated In,Ga,_,As;_ /)N, sample with y=3.43%
and x=3.7% presents a significant energy shift of some spec-
tral features, and it is better reproduced by a simulation per-
formed in presence of two H satellites around the C,, core
(C,,-2HY). In any case, we can exclude the formation of
complexes with three H atoms bound to the same N.

Finally, we have shown that the tetragonal distortion of
the unit cell due to the pseudomorphic growth on the sub-
strate has little effect on the XANES spectra simulated in
presence of N-H complexes.
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