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Deuterium (hydrogen) incorporation in dilute nitrides (e.g., GaAsN and GaPN) modifies dramatically the
crystal’s electronic and structural properties and represents a prominent example of defect engineering in
semiconductors. However, the microscopic origin of D-related effects is still an experimentally unresolved
issue. In this paper, we used nuclear reaction analyses and/or channeling, high resolution x-ray diffraction,
photoluminescence, and x-ray absorption fine structure measurements to determine how the stoichiometric
[D]/[N] ratio and the local structure of the N-D complexes parallel the evolution of the GaAsN electronic and
strain properties upon irradiation and controlled removal of D. The experimental results provide the following
picture: (i) Upon deuteration, nitrogen-deuterium complexes form with [D]/[N]=3, leading to a neutralization
of the N electronic effects in GaAs and to a strain reversal (from tensile to compressive) of the N-containing
layer. (ii) A moderate annealing at 250 °C gives [D]/[N]=2 and removes the compressive strain, therefore the
lattice parameter approaches that of the N-free alloy, whereas the N-induced electronic properties are still
passivated. (iii) Finally, annealings at higher temperature (330 °C) dissolve the deuterium-nitrogen complexes,
and consequently the electronic properties and the tensile strain of the as-grown GaAsN lattice are recovered.
Therefore, we conclude that the complex responsible for N passivation contains two deuterium atoms per
nitrogen atom, while strain reversal in deuterated GaAsN is due to a complex with a third, less tightly bound

deuterium atom.
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I. INTRODUCTION

The incorporation of a few percent of nitrogen in GaAs or
GaP leads to the formation of the so-called dilute nitrides.
This particular type of material has attracted a lot of experi-
mental and theoretical interest after the discovery that the
introduction of nitrogen into the group V sublattice strongly
affects the electronic, optical, and structural properties of the
host matrix."? In particular, the incorporation of a few per-
cent of N atoms in GaAs leads to a substantial reduction in
the band-gap energy? and to a large distortion of the conduc-
tion band structure, with sizable changes in the transport,*-°
spin,” and structural properties® of the host crystal. More-
over, dilute nitrides are excellent candidates to overcome the
current limits of the strain and band-gap engineering and to
allow the design of a variety of devices such as high-
efficiency hybrid solar cells and long wavelength lasers.?

It has been shown that all the effects associated with N in
GaAs (and GaP) are dramatically affected by H irradiation,
which restores in a controllable manner the pristine GaAs
(and GaP) electronic properties (e.g., band-gap energy,’!!
electron effective mass,'>!'3 and gyromagnetic factor’). Fur-
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thermore, hydrogenation produces an astonishing reversal of
the GaAsN lattice strain, from tensile to compressive.!4-1
These H-related effects are particularly interesting since they
provide an additional opportunity for defect and band-gap
engineering in dilute nitrides.'’

Therefore, a full comprehension of the microscopic
mechanisms associated with N passivation in dilute nitrides
is essential, and substantial efforts have been devoted in or-
der to theoretically model the reaction between hydrogen and
nitrogen in GaAsN and to account for all the experimental
evidence.

To date, theoretica and experimenta studies in-
dicate that a N-2H complex (formed by two H atoms bound
to a single N atom), whose symmetry is distorted or canted
from C,, to Cy,, can explain most of the physical properties
of hydrogenated dilute nitrides, except for the remarkable
expansion of the lattice shown by high resolution x-ray dif-
fraction (HRXRD) measurements in fully hydrogenated
GaAsN.!#"16 To this respect, it is important to notice that a
moderate thermal annealing at 250 °C fully removes the lat-
tice compressive strain but does not affect nitrogen
passivation.!> This fact suggested that the hydrogenation-
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induced compressive strain could be due to excess hydrogen
atoms weakly bound to the N-2H structure. This picture has
been supported recently by a theoretical study that indicates
a N-4H complex (namely, four H atoms per N atom) as the
final product of GaAsN hydrogenation.?® This complex could
account both for the compressive strain and for nitrogen pas-
sivation. Moreover, this complex could lose the two satellite
H atoms and transform to the N-2H complex under mild
annealing treatments, in qualitative agreement with experi-
mental HRXRD results.!> Secondary ion mass spectrometry
(SIMS) and photoluminescence (PL) measurements have
also recently tried to pinpoint the exact [H]/[N] ratio in
GaAsN/GaAs multiple quantum wells exposed to a H
plasma for about 7 days.?* Based on those measurements, it
has been argued that up to five H atoms are bound to a single
N atom and at least three H atoms are required to passivate
N. However, it has been pointed out by the authors that this
ratio may depend on the hydrogenation conditions, which in
that case resulted in a severe sample etching. In conclusion,
the number and type of N-H complexes responsible for ni-
trogen passivation and the value of the stoichiometric
[H]/[N] ratio in these complexes are still debated and are
important issues.

In the present work, we face these issues by combining
selected nuclear reactions analyses (NRAs) and Rutherford
backscattering spectrometry (RBS) with HRXRD, PL, and
x-ray absorption near edge spectroscopy (XANES) measure-
ments.

NRA concentration depth profiles show that D
incorporation® initially proceeds in a “layer-by-layer” fash-
ion leading to the formation of a N-3D complex, where three
D atoms are bound to a single N atom. This complex induces
both N electronic passivation and compressive strain. When
the whole GaAsN layer has been passivated, D in excess is
present in the samples. It is not bound to nitrogen and its
concentration depth profile slightly extends into the GaAs
substrate. The amount and the depth reached by this excess
D are related to the hydrogenation conditions, which, on the
contrary, do not affect the formation of the N-3D complexes.

The evolution of the N-3D complexes has been followed
by investigating the deuterium concentration depth profiles,
GaAsN lattice strain, and band-gap energy for different ther-
mal annealing temperatures and times, up to the complete
desorption of deuterium from the lattice. Upon a moderate
annealing at 250 °C, the compressive strain vanishes, N is
still electronically passivated, and the N-3D complexes con-
vert into N-2D complexes. At temperatures equal to about
330 °C, the N-2D complexes dissociate, N passivation is
lost, and the tensile strain is recovered. However, some ex-
cess deuterium, which is not bound to N, remains within the
layers. Finally, at even higher temperatures (~600 °C), ex-
cess D atoms are fully removed from the sample and the
hydrogen-free GaAsN lattice structure is completely recov-
ered.

II. EXPERIMENT

GaAs;_,N, epilayers were grown by solid source molecu-
lar beam epitaxy on (001) GaAs substrates with an rf plasma
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TABLE 1. Sample name (first column) and thickness and com-
position (columns 2 and 3, respectively) measured by HRXRD
rocking curves. Columns 4 and 5 report, respectively, the total ni-
trogen and deuterium doses for all the samples in which passivation
of the whole layer was reached. N dose was determined from the
YN(d, @) '2C reaction; D dose was determined from the H(d,p)*H
reaction.

Thickness N concentration dy dp
Sample  (nm) (at. %) (10" at./cm?) (10" at./cm?)
E008 82+3 2.93+0.01 6.57+0.46 25.36+£2.07
E271 28010 1.27+0.01 7.85+0.47 28.31+£2.31
E389 223+10 1.22+0.02 6.43+0.46 25.34+2.05
E510 1105 1.40+0.02 3.23+0.45 13.00+£1.18

source for N. Sample growth was performed at 500 °C after
having grown a 500 nm thick GaAs buffer layer at 600 °C.
Some samples had a few nanometers thick GaAs cap layer.
Nitrogen was mixed in the plasma with argon and the rf
source power used was in the 60—70 W range. In some
cases, postgrowth thermal annealing at 660 °C for 60 min
was used in order to improve the optical properties of the
samples. The nitrogen concentration and thickness of the
samples were determined by HRXRD (see Table I).
Deuteration” was performed with a Kaufman source at
300 °C and D fluences dp in the range 0.7X10'8-5
X 10'® ions/cm? were employed in order to follow the evo-
lution of the deuteration process up to full N passivation. The
samples discussed in this paper were irradiated with an ion
beam current density of 38 wA/cm? Deuterated samples
were also produced by varying the current density from
7 to 65 uA/cm?. The cooling procedure after deuteration
was also varied.

Measurements of the lattice parameter were carried out
using a Philips X’Pert PRO MRD diffractometer. The pres-
ence of a parabolic mirror and of an Anton Paar DHS 900
hot stage allowed us to collect high intensity (fast) and in situ
(during annealing) diffraction measurements in a N, atmo-
sphere. The x-ray wavelength was A¢, Kay = 1.540 56 A and
the angular acceptance was 12 arc sec (triple axis configura-
tion).

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.

Following the procedure described in Ref. 8 and 26, a 1.2
D* beam delivered by the CN accelerator at the Laboratori
Nazionali di Legnaro (Italy) was used in order to perform
RBS and nuclear reaction analysis with the 2H(d,p)*H and
the "N(d, @) '*C reactions. Two silicon solid state detectors
were connected to independent acquisition electronic sys-
tems in order to permit the simultaneous collection of NRA
and RBS spectra both in random and in channeling condi-
tions. NRA random spectra allowed getting the fotal nitrogen
and deuterium doses, while [001] axial dips, simultaneously
recorded on GaAs, nitrogen, and deuterium signals, allowed
us to evaluate the alignment of the different elements to the
matrix.
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However, the D-induced reactions do not permit depth
profiling. This is a strong limitation in the case of deuterium,
whereas it is not important for nitrogen which has a constant
concentration profile, as deduced by measuring constant
depth-strain profiles in the as-grown samples. In order to
obtain the deuterium concentration depth profiles, we used
the less conventional He(d,p)*He nuclear reaction.2’%
Since this reaction was never used before in the case of di-
lute nitrides, its feasibility has been carefully analyzed. After
preliminary measurements in which the ion beam energy was
varied in the interval 600—800 keV, the beam energy was set
at 750 keV. This choice allows us to get the maximum of the
cross section value at a depth into the samples corresponding
to the GaAsN-GaAs substrate interface, while the cross sec-
tion in the surface region was reduced by less than 8%.

The *He beam was delivered by the AN2000 accelerator
at the Laboratori Nazionali di Legnaro (Italy). Also in this
case, two independent acquisition systems allowed us to
record contemporarily both RBS and NRA signals. The RBS
detector was mounted in IBM3® geometry at 150°, while a
1500 wm surface barrier detector was mounted in Cornell
geometry at the same scattering angle to detect the 13 MeV
protons produced by the reaction. A circular tantalum dia-
phragm (4.0 mm diameter, 0.5 mm thick) was placed in front
of the detector, together with a 10-um-thick Mylar™ foil, in
order to stop all the spurious particles. NRA spectra were
collected with both normal and 60° tilt angle incidences, the
latter enhancing depth resolution by a factor of 2. Deuterium
depth profiles were obtained by analyzing the spectra with
the SIMNRA program.’! In any case, it was verified that the
deuterium integral derived from the concentration depth pro-
file was consistent (within the error bars) with the corre-
sponding dose measured with the H(d,p)>H reaction. This
constraint, applied to the simulation procedure, allowed us to
reach a best depth resolution of 50 nm.

N K-edge XANES measurements were performed at the
ELETTRA synchrotron radiation facility in Trieste on the
ALOISA undulator beamline.?> The photon flux on the
sample was of the order of 5 X 10! photons/s in a focal spot
of 0.2X 0.5 mm?; the value of the undulator gap was syn-
chronized 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 x-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.

III. RESULTS

A. Complex formation

We have already shown'® that, independent of the growth
technique (molecular beam or metallic-organic vapor phase
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FIG. 1. (Color online) (a) (004) x-ray diffraction rocking curves
of a 280-nm-thick GaAs9g73N0 0127 sample before (bottommost
curve) and after deuterium irradiation with doses dp=7 X 10'” and
1.2 10'8 cm™? (middle and topmost curves, respectively). (b) Peak
normalized photoluminescence spectra at 7=290 K of the same
samples displayed in (a). The same laser power density was used
for all samples. (c) Deuterium depth profiles derived from NRA
using the 3He(d,p)*He reaction in the sample after different D ir-
radiation fluences. Zero on the abscissa axis indicates the sample
surface The experimental spectrum of the 1.2 X 10'8 cm~2 irradiated
sample, with its best simulation, is shown in the inset.

epitaxy) and of the N host lattice (GaAs or GaP), the
hydrogen- or deuterium-induced compressive strain in fully
hydrogenated and/or deuterated samples depends linearly on
nitrogen concentration. Here, the evolution of the hydroge-
nation process has been investigated by measuring the
HRXRD rocking curves (RCs) of samples irradiated with
increasing deuterium fluences. These curves are shown in
Fig. 1(a) for a 280-nm-thick GaAs;gg73Ngg127 sample
(E271), as-grown and irradiated with d}, equal to 0.7 X 10'8
and 1.2 X 10'® ¢m™2. From the RC simulations, one finds that
the thickness of the deuterium containing layers is equal to
130+10 and 160+20 nm for the lower and higher dp, values,
respectively. P measurements in these same samples show
that the GaAs peak (corresponding to the N passivated layer)
gains relative intensity with increasing dp, consistently with
RC results, see Fig. 1(b). The “N(d, @) '*C and *H(d,p)*H
nuclear reactions®® allowed us to get the total nitrogen and
deuterium doses, while the corresponding D depth profiles,
as measured by the ’H(*He,p)*He reaction, are shown in
Fig. 1(c). Notice the good agreement between the thickness
of the deuterated layers derived from HRXRD data in Fig.
1(b) and those found by NRA depth profiles displayed in Fig.
1(c). The inset shows the experimental spectrum with its
simulation for the sample irradiated with dp=1.2
X 10" cm™2. To get a further confirmation of the thickness
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FIG. 2. Deuterium depth profile of a 223-nm-thick

GaAs( 037sN0 0122 (dp=3.0X 10" cm™?) as derived from NRA us-

ing the “He(d,p) He reaction. Zero on the abscissa axis indicates

the sample surface. The experimental spectrum with its best simu-
lation is shown in the inset.

and the shape of concentration profiles derived from NRA,
these samples were also measured with SIMS finding a very
good consistency between the two techniques. SIMS was not
used further due to the difficulty of getting good standards
for the concentration and to avoid possible matrix effects.

Deuterium incorporation proceeds with a sharp front and
a constant concentration into the reacted layer. From the ni-
trogen (2.82 X% 10%° cm™) and deuterium (8.52 X 10%° cm™)
concentrations measured in the D-containing part of the
samples, one obtains that there are three D atoms per N
atom, within experimental error, for both dy, values.

In order to get full passivation of the layers, most of the
samples were deuterated with higher D fluences [(3-5)
% 10! jons/cm?]. Table I gives the total nitrogen and deute-
rium doses for all the samples in which passivation of the
whole layer was reached. The corresponding GaAsN layer
thickness and nitrogen concentrations are also reported. By
looking at the data in Table I, it appears that in all the
samples, the [D]/[N] ratio reaches a value which is consis-
tently higher than 3, in disagreement with the findings on
partially reacted samples. However, it has to be pointed out
that the values reported here come from NRA measurements
performed with the deuteron-induced reactions, which only
give the integral doses, disregarding the shape of concentra-
tion profiles.

The explanation of this discrepancy is provided by look-
ing at D concentration depth profiles, as shown in Fig. 2 for
sample E389 having N concentration equal to 1.22% (see
Table I). The corresponding NRA spectrum and its simula-
tion are shown in the inset. The concentration profile which
gives the best simulation has a constant value up to a depth
corresponding to the layer/buffer interface. However, a tail
with a low concentration value extending into the GaAs
buffer is necessary to get the best simulation of the experi-
mental profiles. This deuterium in excess, which is obviously
not bound to nitrogen, was never evidenced before. We al-
ways observed it in all the fully deuterated samples, and the
parameters which govern its shape and the depth of its ex-
tension into the buffer are not completely clear at present.
Nevertheless, it is clear that it influences the [D]/[N] ratio
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values, and its presence requires extreme care in determining
the stoichiometry of the N-D complexes. A way to get a
confirmation of the number of deuterium atoms bound to
nitrogen in fully reacted samples is to consider a [D]/[N]
ratio interval whose limits are set by the ratio computed by
considering all the deuterium in the GaAsN layer or the same
deuterium amount after subtraction of a constant value cor-
responding to that of the maximum concentration in the ex-
cess tail. This is a rather rough procedure, and the [D]/[N]
ratios obtained have values ranging from 3.5 to 2.5 for all the
samples.

In summary, on the basis of the whole set of results ob-
tained both in fully and in not fully passivated samples
where the extra D contribution is smaller, if any, we can
conclude that the complex giving rise to both compressive
strain and nitrogen passivation has three hydrogen atoms per
single nitrogen atom.

B. Complex dissolution

We now address the issue of how many D (H) atoms are
required to passivate a single nitrogen atom. It has been al-
ready shown that the compressive strain disappears upon a
moderate  annealing while nitrogen atoms remain
passivated.'® This could be due either to a redistribution of
the three D atoms in the N-3D complex or to the diffusion of
one (or more) D atoms away from the N atoms. In order to
distinguish between these two scenarios, the variations in the
[D]/[N] ratio as determined by NRA measurements have
been correlated with the changes evidenced by diffraction
measurements in deuterated samples submitted to different
thermal annealings.

Figure 3(a) shows the evolution of the HRXRD rocking
curves for different annealing stages as obtained in the same
fully hydrogenated GaAsgg73N 0122 epilayer shown in Fig.
2.

By increasing the annealing time at a fixed temperature of
250 °C, the strain in the layer decreases with a monotonic
trend, and after ~13 h, its value in the GaAsN layer is about
null, i.e., the lattice parameter of N-free GaAs is almost
achieved. However, PL measurements performed on this and
similar samples at the end of the 250 °C annealing process
show that nitrogen atoms are still fully passivated.’> A sec-
ond transition from unstrained to a tensile strain has been
observed in this same GaAsN layer by raising further the
temperature, as shown in Fig. 3(b). After 20 min at 328 °C,
the strain in the epilayer starts becoming tensile. After
280 min of annealing, the lattice parameter of pristine
GaAsN is almost completely recovered as well as the band-
gap energy the sample had before D irradiation, as found by
PL measurements (not shown here). A full recovery of the
initial tensile strain is obtained, however, only after an an-
nealing at even higher temperatures (~600 °C). The evolu-
tion of the strain shown in Fig. 3, on one hand, confirms that
the deuteration process is completely reversible and, on the
other hand, indicates the existence of at least two different
dissolution stages of the N-D complexes, which form right
after D incorporation. Moreover, it shows that D removal
occurs rather uniformly over the whole GaAsN layer, in con-
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FIG. 3. (004) x-ray diffraction rocking curves of the same
sample shown in Fig. 2 after sequential postgrowth treatments as
indicated in the figure: (a) 7=250 °C and (b) T=328 °C. Annealing
step intervals are equal to 120 and 30 min for (a) and (b),
respectively.

trast with D incorporation that features a steplike behavior,
see Fig. 1(c). These conclusions are supported by the deute-
rium concentration profiles in the GaAsN epilayer (sample
E389) measured by NRA after the two annealing stages at
250 and 328 °C shown in Fig. 4. After annealing at the lower
temperature, the deuterium concentration lowers uniformly
within the whole GaAsN layer, where its value is constant.
The excess deuterium tail, already present in the as-
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FIG. 4. (Color online) Deuterium depth profiles derived from
the *He(d,p)*He reaction in a 223-nm-thick GaAsgog7sNo.0122
sample at the end of the deuteration process (line+full squares), at
the end of the 250 °C annealing stage (line+stars), and at the end

of the 328 °C annealing stage (line+open circles). Zero on the ab-
scissa axis indicates the sample surface.
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deuterated sample, slightly broadens. After annealing at the
higher temperature, the D concentration profile in the GaAsN
layer decreases further: only a low concentration of excess
D, quite broadened and peaked at the GaAsN/GaAs inter-
face, is measured. After subtraction of the excess D mea-
sured beneath the GaAsN/GaAs interface, the difference in
the [D]/[N] ratio determined before and after annealing at
250 °C (no compressive strain, full N passivation) is equal
to

[D]/[N]|as—deut - [D]/[N]Lmn 250 °C = 76 X 1020/27 X 1020
—4.7 %X 10%2.7 % 10¥°=1.1.

This shows that the compressive strain is produced by the
complex responsible for N passivation plus an additional,
weakly bound satellite D atom, which is released already by
the moderate energy supplied during the 250 °C annealing.
Two D atoms remain, instead, bound to a single N atom in a
N-2D complex, which passivates N and establishes a good
lattice match to the GaAs substrate. This result agrees well
with previous suggestions based on infrared absorption?! and
x-ray absorption?? measurements. Finally, looking at the ex-
tension into the GaAs buffer of the D profile recorded after
the second, higher temperature annealing stage, we can con-
fidently assert that the excess D is not bound to N. Moreover,
it does not affect sizably the lattice or the electronic proper-
ties of GaAsN. It is worth noting here that no deuterium
incorporation was measured, within experimental error, in
several GaAs homoepitaxial layers deuterated following the
same procedure used for GaAsN samples.

Data extracted from the deuterium concentration profiles
giving the best fit to the ’H(*He, p)*He spectra are reported
in Table II for two samples subjected to all the annealing
stages. The second and the third columns give the deuterium
doses measured in the GaAsN layer and in the GaAs buffer,
respectively, the fourth column reports what percentage of
the whole deuterium concentration (in GaAsN plus GaAs) is
diffused into the GaAs buffer, and the last column gives the
minimum (maximum) [D]/[N] ratios computed by subtract-
ing (or not) the concentration of the deuterium in excess
measured at the interface from that measured in the GaAsN
layer. Slight differences, evidenced in the table, were found
for the temperatures of the two annealing stages, depending
on the concentration and thickness of the samples. However,
they do not affect the stoichiometry of the complexes. The
data in Table II provide evidence that the excess D diffusing
into the GaAs buffer is a small percentage of the total D in
as-deuterated samples and at the end of the first annealing
stage, whereas it becomes important after full dissolution of
the passivating N-2D complex. The uncertainty in the excess
D distribution profile justifies the width of the [D]/[N] ratio
interval reported in the last column. Finally, annealing up to
complete dissolution of the complexes was performed on
samples deuterated with different dose rates or by varying
the cooling procedure at the end of the deuteration process
(namely by keeping the sample for 10 min in deuterium at-
mosphere or by cooling it down immediately after D implan-
tation). In all these cases, the [D]/[N] ratio and its evolution
do not depend on the dose rate and cooling procedure,
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TABLE II. Deuterium doses as measured by H(*He, p)*He concentration depth profiles into the GaAsN
layer (column 2) and into the GaAs buffer (column 3). Percentage of the total number of deuterium atoms
which diffused into the GaAs buffer (column 4). The [D]/[N] ratio is reported in column 5. This ratio was
computed by considering all the deuterium into the GaAsN layer (max) or by subtracting from the whole
deuterium into the layer a constant concentration value equal to the highest measured into the GaAs buffer

(min).
[D]/[N] ratio
dp (10" at./cm?) dp (10" at./cm?) % of D

Sample in GaAsN layer in GaAs buffer diffused min max
E389 As D 22.77 2.57 10 2.5 35
E389+250 °C 13.71 2.14 13 1.6 2.2
E389+328 °C 3.01 4.10 60 0.5
E510 As D 11.05 1.95 15 23 34
E510+235 °C 8.57 1.75 17 1.9 2.7
E510+315 °C 0.81 0.98 55 0.3

E510+610 °C

0.27+0.20

whereas the amount of deuterium incorporated into the “ex-
cess” tail slightly depends on the cooling procedure.

IV. STRUCTURAL CHARACTERIZATION

In this section, we focus our attention on a more local
investigation of N-D complexes and of their evolution with
annealing. To this respect, XANES experiments at the nitro-
gen K edge revealed themselves as a powerful tool in deter-
mining the actual geometry of the N-H complex responsible
for N passivation in GaAsN.?? Indeed, the best simulations
of XANES line shapes of hydrogenated samples were unam-
biguously obtained by assuming the presence of a specific
N-2H complex either in its symmetric or in its asymmetric
configuration.’> The evolution of the XANES spectra with
deuteration and annealings at different temperatures is shown
in Fig. 5. In agreement with previous results, the shape of the
absorption spectrum changes dramatically upon deuteration
and is well simulated by assuming the formation of the N-2D
complex.?? However, this shape is not affected sizably by the
first low temperature (250 °C) annealing, while the pristine
spectrum of the as-grown sample is completely recovered
after the second annealing at high temperature (328 °C).
This evolution supports the formation upon deuteration of a
complex having a local structure around N (which is respon-
sible for the XANES signature) not heavily modified with
respect to the N-2D one, as it might be the case for a variant
of the N-2D complex with a relatively weakly bound addi-
tional D atom.

Moreover, since the second annealing recovers the shape
of the GaAsN spectrum, N atoms should go back to their
substitutional sites and no deuterium atom still present in the
samples should be bound to nitrogen.

This picture is confirmed definitely by ion channeling
measurements, which have been performed contemporarily
with RBS on the GaAs matrix and with NRA on deuterium
and nitrogen signals.

Figure 6(a) shows the [001] axis channeling dips of the
as-deuterated samples. We also show the GaAs dip of the

as-grown sample (triangles) in which nitrogen signal (not
shown) is compatible with a complete substitutionality to the
GaAs host matrix. The GaAs minimum yield, y,, and the
width of the dip do not change before and after deuteration
(stars), indicating that deuteration does not induce structural
changes in the matrix. Channeling dips after deuteration sug-
gest that nitrogen is displaced from regular lattice sites; in
fact, no yield modification, with respect to the random sig-
nal, is measurable as a function of the tilt angle. Interest-
ingly, the deuterium signal displays a low, but measurable,
alignment with the host matrix. This could imply that nitro-
gen and deuterium in N-D complexes are slightly displaced
toward the center of the channel but in a somehow ordered
configuration. In other words, while the larger N atoms do
not permit the probing beam to channel, smaller deuterium

GaAs N

0.9878 " 0.0122

GaAsN:D+250°C

Intensity (arb. units)

GaAsN:D+328°C

410
Energy (keV)

400 420

FIG. 5. (Color online) Nitrogen K-edge XANES spectra (fluo-
rescence detection) of the same sample shown in the Figs. 2—4: as
grown (first line from top), as deuterated with dp=3.0
X 10'® cm™2 (second line from top), annealed at T=250 °C for 13 h
(third line from top), and annealed at 328 °C for ~5 h (fourth line
from top).
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FIG. 6. (Color online) [001] axial channeling dips for GaAs
(stars), N (circles), and D (squares), as measured with 1.2 MeV D*
backscattering and H(d,p)*H and "*N(d, a)'’C reactions. (a) As-
deuterated sample; (b) 328 °C annealed sample. Triangles corre-
spond to the GaAs dip of the as-grown sample. Lines are drawn
only to guide the eye.

atoms allow a small fraction of the beam to travel along the
[100] direction.

The channeling dips do not change their shape after the
first, low temperature annealing, whereas strong modifica-
tions are appreciable after the 328 °C annealing [Fig. 6(b)].
The tightening of the dip and the increment of X, of the
GaAs signal indicate that the structural quality of the GaAsN
matrix has deteriorated, but the strongest modifications are
displayed by both nitrogen and deuterium signals. In fact, the
complete correspondence of the nitrogen signal to that of the
matrix implies that nitrogen occupies substitutional sites
again. On the contrary, the residual deuterium is now com-
pletely randomly located in the lattice, thus confirming that it
is completely unrelated to both GaAs and N.

V. SUMMARY AND CONCLUSIONS

The whole set of structural and compositional character-
izations reported so far allows a complete description of the
process of N-D complex formation and dissolution. Deute-
rium reacts first with nitrogen and forms a passivating com-
plex in which three D atoms are associated with a single N
atom. In this complex, nitrogen and deuterium atoms are
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displaced from substitutional GaAs lattice sites and the lat-
tice parameter expands with respect to that of the GaAs
buffer, thus giving rise to a compressive strain in the reacted
layer. The deuteration process proceeds layer by layer, and
the incorporation of further deuterium is possible only after
the N-D complexes have been formed. Since it has been
already demonstrated that the measured compressive strain
depends solely on nitrogen concentration, while it is almost
independent of hydrogenation conditions and of the
N-hosting semiconductor matrix,’” we can argue that the
N-3D complex is the final product of the deuteration in all
dilute nitrides.

In agreement with previous suggestions based on
HRXRD and PL measurements,’> only two different N-D
complexes are responsible for the increase in the lattice pa-
rameter, which has been lost after thermal annealing at
250 °C and, of nitrogen passivation, which has been lost
after thermal annealing at 328 °C. Upon the former moder-
ate thermal annealing, the N-3D complex converts into a
N-2D complex, still capable of N passivation, by losing one
D atom which was bound to N less tightly than the other two
atoms. This is indicated by the one unit change in the
[D]/[N] ratio determined by NRA, by the persistent passiva-
tion of N determined by PL, and XANES and channeling
results. After an annealing at higher temperature (328 °C),
N-2D dissolves, N atoms, previously displaced from the
regular lattice sites, go back to their previous position, and
the GaAsN lattice parameter and energy gap are almost fully
recovered.

Some deuterium not bound to nitrogen is incorporated
during (or at the end of) the deuteration process in a manner
that depends slightly on deuteration conditions. This excess
deuterium penetrates into the GaAs buffer layer and does not
affect the band structure properties of GaAsN. Since this
excess deuterium has not been observed upon deuteration of
unstrained “defect-free” GaAs homoepitaxial layers, incor-
poration and diffusion of this extra D are most likely medi-
ated by defects in the strained GaAsN:D layer and at the
GaAsN-layer/buffer interface. The presence of deuterium not
bound to nitrogen, and not detectable by PL, in the reacted
layers might explain the controversial higher value of the
H/N ratio (~5) recently reported in the literature.*

Finally, a 600 °C annealing fully recovers the initial
GaAsN lattice parameter and produces the total desorption of
deuterium.
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