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Hydrogen (or deuterium) incorporation in dilute nitride semiconductors modifies dramatically the electronic
and structural properties of the crystal through the creation of nitrogen-hydrogen complexes. In this work, we
investigate how the formation and dissociation of such complexes rule the diffusion of deuterium in
GaAs;_,N,. The concentration depth profile of deuterium is determined by secondary ion mass spectrometry
under a wide range of experimental conditions that comprise different N concentrations (x=0.09%, 0.40%,
0.70%, and 1.5%) and D irradiation temperatures (7Tp=200, 250, 300 and 350 °C). The experimental data are
successfully reproduced by a diffusion model in the presence of strong D trapping. In particular, the deuterium
diffusion and capture rate coefficients are determined, and a minimum decay length of the deuterium forefront
is found at low Tp, (<250 °C) and high x (>0.7%). These parameters set the experimental conditions within
which a nanostructuring of the physical properties of GaAs;_,N, is attainable.
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I. INTRODUCTION

Hydrogen is an unavoidable presence in most growth and
processing steps of semiconductors.!> Therefore, many stud-
ies have been dedicated to the effects induced by hydrogen
on the electronic and structural properties of those materials
in which H can be inadvertently or purposely incorporated.
Despite of its simple electronic structure, H in semiconduc-
tors exhibits an exceptionally large number of effects. For
instance, it can be beneficial to the crystal optoelectronic
performances by saturating dangling bonds caused by point
and extended defects.® It has been also found that H can
passivate the electrical activity of donor and acceptor
impurities’>#- and that it can act as an amphoteric impurity
by itself forming acceptor and donor levels in n type and p
type semiconductors, respectively.!”” Instead, H leads exclu-
sively to electron conduction in InN (Refs. 8 and 9) and in
most metal oxides (e.g., ZnO, CdO, La,05, and PbTiO;).!%1!
In these latter, an universal hydrogen pinning level was
reported ! first and extended later on to various semiconduc-
tors and insulators.” Another interesting debated issue con-
cerns the surprising formation of multicenter bonds in ZnO
and MgO.'>"'* Very recently, it has been shown also that
bonding of hydrogen to carbon can be used to control the
electrical properties of graphene.'” Such a capability of hy-
drogen to tailor the properties of a material was first imple-
mented for the fabrication of GaAs- and InP-based optical
waveguides'® and has probably the most spectacular evi-
dence in dilute nitrides (such as, GaAsN, InGaAsN, and
GaPN).!7-20

In GaAsN,?!?? the incorporation of a few percent of N
leads to a giant reduction in the band gap energy of
GaAs, 225 a deformation of the conduction band?® and a
puzzling compositional dependence of the parameters gov-
erning transport (i.e., electron effective mass)?’! and spin-
related (i.e., electron effective g factor)3>33 properties. These
phenomena originate from the interaction of GaAs extended
states with localized electronic levels related to single and
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multiple N complexes (e. g., pairs, triplets, and clusters).3*=3’
Postgrowth hydrogenation of GaAsN (and GaPN) com-
pletely reverses the effects produced by N substitution of
group V atoms!7-2030-3238 and even turns the strain of as-
grown GaAsN and GaPN from tensile to compressive.?*+
Infrared absorption measurements demonstrated that the
electronic passivation of N atoms is due to the formation of
N-2H complexes with Cy;, symmetry,***> where the bonds
between a N atom and two Ga atoms are substituted by non
equivalent bonds with two H atoms.***’ Nuclear reaction
analyses and channeling measurements combined with high-
resolution x-ray diffraction indicated that a third H atom is
weakly trapped nearby an N-2H complex and is responsible
for the compressive strain observed in the hydrogenated
GaAsN layer.*! Passivation of oxygen isoelectronic impuri-
ties by hydrogen was also found in ZnTeO.*

More recently, it has been reported that a spatial control
of H incorporation (and of H-related effects) in GaAsN
can be obtained by electron beam lithography-assisted depo-
sition of metallic patterns opaque to H and successive H
irradiation.****1 On the one hand, this approach opens up
interesting perspectives for a nanostructuring of the elec-
tronic properties of dilute nitrides. On the other hand, it re-
quires a deep understanding of the influence that sample
properties and hydrogenation conditions play on the depth
and shape of the H distribution inside the lattice. A previous
work>® based on secondary ion mass spectrometry (SIMS)
and photoluminescence (PL) in GaAs 99Ny g9 showed that
deuterium irradiation (in this context H and D are equivalent,
but for the higher experimental sensitivity of SIMS to deu-
terium) is strongly influenced by the temperature, Tp, at
which the sample is held during treatment. Indeed, the decay
length, I, of the deuterium forefront sizably reduces with
decreasing Tp, being as small as Ip=5 nm/decade for Tp
=200 °C. Nevertheless, a systematic study of D diffusion in
GaAs;_,N, lacks. In particular, the diffusion parameters of D
are not known and the influence of N concentration on D
kinetics in the crystal has never been addressed.
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In this work, we investigate deuterium diffusion at fixed
deuteration temperature (T,=300 °C) in GaAs,_N, over a
wide compositional range (x=0.09%, 0.40%, 0.70%, and
1.5%) and in GaAsjg93Np o7 at varying Tp’s (200, 250,
300, and 350 °C). The depth profile of the deuterium
concentration is measured by SIMS. The experimental data
are well-reproduced by a diffusion model that takes into ac-
count the temperature-driven interplay between formation
and dissociation of various nitrogen-deuterium complexes.
We find that the deuterium diffusion coefficient and capture
radius are composition-independent indicating the absence
of major structural modifications with increasing N concen-
tration. Instead, these parameters vary sizably with irradia-
tion temperature. Furthermore, the D forefront gets steeper
with increasing N concentration and/or decreasing deutera-
tion temperature. From these data, it is possible to draw a
complete picture that establishes the optimal experimental
conditions necessary to attain a strict control over deuterium/
hydrogen diffusion in GaAsN and, hence, a spatial control at
a nanometer scale of the GaAsN physical properties. Finally,
we also show that photoluminescence can be properly em-
ployed to estimate the amount of GaAsN layer thickness
actually passivated by hydrogen.

The paper is organized as follows. Next section reports
details concerning the experimental techniques used and the
sample characteristics. Section III describes the theoretical
model employed to reproduce the depth profile of D concen-
tration. Section IV focuses on the experimental data and their
critical analysis. A summary of the work can be found in Sec.
V.

II. EXPERIMENT

The investigated GaAs;_ N, samples were grown at
500 °C by solid source molecular beam epitaxy on top of a
500-nm-thick GaAs buffer layer grown at 600 °C on a (001)
GaAs substrate. The nitrogen concentrations (thicknesses)
are x=0.09% (2000 nm), 0.40% (180 nm), 0.70% (180 nm),
and 1.5% (180 nm). The N concentration was determined by
combining PL and x-ray diffraction measurements. No GaAs
cap layer was grown. All samples were D-irradiated at Tp
=300 °C by a Kaufman source (100 eV ion-beam energy).
Four pieces of the sample with x=0.70% were deuterated at
Tp=200, 250, 300, and 350 °C, respectively (see Table I).
All GaAsN layers have been only partially deuterated in or-
der to keep the D forefront inside the N-containing layer and,
thus, to allow a comparison with theoretical modeling. All
deuterium irradiations were performed by using the same ion
current density (25 uA/cm?) and varying the exposure time,
only—see Table I. Sample cooling rate after D irradiation
was on the order of 2—3 K/s. After every irradiation, the
samples were characterized by PL excited by a vanadate:Nd
laser (A=532 nm), spectrally analyzed by a 0.75-m-long
monochromator and detected by a cooled InGaAs linear ar-
ray detector. For SIMS measurements, a Ec,=1 keV Cs*
primary beam at oblique incidence (55°) was used in a
CAMECA Sc-Ultra mass spectrometer where “H™ and °As~
negative secondary ions were collected with a depth reso-
Iution of 2-3 nm/decade. Other impact energies and inci-
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TABLE 1. Concentration, thickness, deuterium irradiation tem-
perature (7Tp) and dose (dp) and exposure time to D ion current (¢p)
of the investigated samples.

N concentration ~ Thickness Tp dp p
(%) (nm) C) (107 em™)  (5)
0.09 2000 300 3.0 2090
0.4 180 300 0.60 440
0.4 180 300 2.0 1440
0.7 180 200 24 1700
0.7 180 250 1.7 1170
0.7 180 300 1.2 870
0.7 180 350 0.20 150
1.5 180 300 2.5 1800

dence angles vs. surface normal were tested in order to indi-
viduate the best analytical conditions for this class of
samples. 1 keV at 55° were the best conditions for signal to
noise ratio and for depth resolution. Sputtering time was con-
verted to an in-depth scale by measuring the obtained crater
depths by a mechanical stylus profilometer. This allowed us
to have an appropriate sputtering rate for the GaAsN layer
that is ~10% higher with respect to the one of a pure refer-
ence GaAs layer (grown under the same conditions as
GaAsN but in absence of N flux) and seemingly independent
of nitrogen concentration (at least for x=1.5%). Secondary
ion intensities of H™ were converted to concentrations using
a relative sensitivity factor (RSF) determined from the analy-
sis of a fully deuterated sample (GaAsN epilayer with x
=1.4%), whose D dose was previously measured by nuclear
reaction analysis (NRA). Given the dilute N concentration, a
single RSF was used independent of nitrogen content. Fi-
nally, the "As'* N~ signal, which is proportional to N con-
centration, varies in very good agreement with the nominal
nitrogen concentration.

III. THEORETICAL MODEL

On the ground of previous studies,*! we know that the
interaction of D with N leads to the formation of (N-2D)-D
complexes where: (i) two D atoms bind to a single N atom
forming a very stable N-2D complex, which is responsible
for the electronic passivation of nitrogen and (ii) a third D
atom is more weakly trapped nearby passivated N atoms and
causes a compressive strain in the GaAsN layer (the exact
position of this satellite D atom is unknown, yet). Careful
x-ray diffraction measurements on deuterated GaAsN
samples subjected to different thermal annealings showed
that the third D atom is removed from its site at 250 °C with
an activation energy equal to 1.77 eV.*? At the same time, the
compressive strain disappears while N atoms are still elec-
tronically passivated (namely, the band gap energy of
GaAsN:D is equal to that of GaAs). A higher activation en-
ergy (=1.89 eV) (Ref. 42) characterizes, instead, the disso-
ciation of the N-2D complexes and the concomitant recovery
of the GaAsN pristine properties, e.g., band gap energy
value.*!
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Diffusion of deuterium in a solid can be modeled by the
one dimensional Fick’s equation given by

I _ G (1)
ot ditpz2

where z indicates the depth coordinate, np is the deuterium
concentration, and Dg; is the diffusion coefficient of deute-
rium in that material. In the case of a semi-infinite medium,
extending from z=0 (sample surface) to z— o, with a con-
stant concentration of deuterium at z=0, np, the solution to
Eq. (1) is the complementary error function np=np, erfc(Y)
with Y=zv1/(4Dgy;t). However, this solution does not ac-
count for D diffusion in GaAsN. Indeed, D kinetics in
GaAsN is ruled by a multiple trapping process,>>*>? where
capture ceases as soon as three D atoms bind to one N atom
in accordance with preceding experimental results.*!*?> This
multiple trapping of D by N results in a concentration pla-
teau, which is not reproduced by Eq. (1), as shown by the
dotted line in Fig. 1. Therefore, one has to take into account
trapping as well as kind and thermal stability of the D-related
complexes formed. We treat the GaAsN epilayer as a semi-
infinite medium occupying the z=0 space. Let np be the
concentration of free (i.e., unbound) D atoms, ny;p be the
concentration of N atoms with i=1,2,3 D atoms bonded and
ny be the concentration of D-free N atoms such that Ny

PHYSICAL REVIEW B 80, 195206 (2009)

[D] (arb. units)

3 : 1
10 oo Sol. to Eq. (1) 3
r Sol. to Egs. (2-6) o
1()'4 N
0 50 100 150 200 250 300 350

z (nm)

FIG. 1. Calculated deuterium concentration as a function of
depth (sample surface z=0) in a GaAsN layer with N concentration
x=0.7%. The dotted line is the solution for a purely diffusive mo-
tion given by Eq. (1). The solid line corresponds to D diffusion in
the presence of the multiple-trapping processes described by Eqs
(2)-(6). A same diffusion coefficient Dg;=2.6 X 10712 c¢cm? s™! but
different diffusion times were employed: =15 s for free diffusion
and r=3500 s for diffusion in the presence of trapping. Notice the
absence of a plateau in the purely diffusive case and the steep
forefront when multiple D trapping is included.

=[Zi.1 snnip(z, 1) +nn(z,1)], where Ny is the spatially uni-
form concentration of nitrogen. For x=0 and =0, the time
(and space for unbound D, only) evolution of the involved
species is given by

Yo % W N8 %
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On top of each term in Egs. (2)—(6), a sketch of the corre-
sponding complex transformations considered is depicted.
Large (gray) and small (black) circles indicate N and D at-
oms, respectively. An arrow pointing toward N indicates the
formation of an N-D bond. The breaking of an N-D bond is
represented by a doubly crossed line. On the right-hand side
of Eq. (2), the first term in parenthesis represents the capture

of one D atom by N atoms having i (=0,1,2) D atoms al-
ready bonded. k=4mrDy; is the capture rate coefficient,”?
where r is an effective capture radius and Dyg;; is the diffusion
coefficient of deuterium in GaAs;_N,. For simplicity pur-
poses, we keep a same k for each trapping step. The second,
third and fourth term in the order account for the thermal

release of one D atom from an (N-2D)-D, an N-2D and an
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FIG. 2. (Color online) (a) SIMS depth profile of deuterium concentration (0 corresponds to sample surface) for GaAs;_,N, samples with
different N concentration x. The sample irradiation temperature was Tp=300 °C. (b) Same as (a) for x=0.7% and different irradiation

temperatures.

N-D complex, respectively. The dissociation rate can be writ-
ten as>? ,,=ve En/*8T where v is the attempt frequency and
E,, (with m=a,b,c) is the activation energy for the release of
one D atom from the specific complex considered. As men-
tioned above, previous experiments disclosed the existence
of two steps in the dissolution of (N-2D)-D complexes.*!*?
In the first step, one D atom is removed with activation en-
ergy E, leaving an N-2D complex, in the second step the
N-2D complex is dissociated by releasing the remaining two
D atoms (thus, leaving an unpassivated N atom). Therefore,
we will effectively assume 7y, # y,=1,. This implies that in
the N-2D complex the second and third D atoms are released
with a same activation energy, E,=E_. Finally, Egs. (3)-(6)
represent the time evolution of the immobile ny;p(z,t) spe-
cies.

Equations (2)—(6) form a system of five coupled partial-
differential equations that can be solved numerically. It
should be noticed that the above equations are not indepen-
dent of each other and the system can be reduced from 5 to 4
equations, simply exploiting the condition dNy/dt=0, where
Nn=[Z_; snnip(z,1) +ny]. We solve the reduced system of
differential equations using the following initial and bound-
ary conditions: ny;p(z,0)=0 (for z>0) and ny(z,0)=Ny for
z>0, np(0,r)=const (set by the current of impinging D*
ions during the experiment), nyn(0,7)=0, and np(,?)
=nND(00,t)=nN2D(°O,t)=nN3D(0°,I)=O. The total deuterium
depth profile is given by

”gt(z) =np+ E inn;p(2). (7)
i=1,3

Figure 1 compares the deuterium profile obtained in a
GaAsN sample by solving Egs. (2)—(6) with that derived
from Eq. (1); a same Dg;; was used with different diffusion
times. At variance with the solution of the simple Fick’s
equation, the present model leads to a deuterium plateau fol-
lowed by an exponential-like decay, as previously reported in
the case of a trap limited diffusion with negligible complex
dissociation.® We emphasize, finally, that Dy determines
mainly the depth position of the knee preceding the exponen-
tial decay of the D concentration, while r influences prima-
rily the slope I, of the D forefront.>?

IV. RESULTS AND DISCUSSION

The main experimental data considered in this work are
shown in Fig. 2. Firstly, notice that the D concentration peak
at the surface is an artificial feature of SIMS. Furthermore,
the concentration weakening at 10-15 nm below the surface
is in part (see Sec. IV B) due to the instability of the sput-
tering rate and ion yield during the initial stages of SIMS
measurements. Panel (a) displays the deuterium profile along
the GaAs;_,N, growth direction in all samples after irradia-
tion at Tp,=300 °C. The D profile exhibits a concentration
plateau, whose value is proportional to x, and a forefront that
gets sharper as x increases. Figure 2(b) shows the evolution
of the D concentration profile upon varying T between
200 °C and 350 °C for x=0.7%. Incorporation at lower tem-
peratures results in steeper D profiles. In particular, at Tp
=200 °C deuterium tends to accumulate near the sample sur-
face, while a D depletion develops at higher Tp’s (such
depletion partly overlaps the artificial concentration weaken-
ing mentioned above).

Next, we provide the reader with some details concerning
the data analysis performed and in the following subsections
we will discuss the physical implications of the results pre-
sented in Fig. 2.

The quite rich picture emerging from SIMS data requires
a quantitative analysis of the D concentration profiles. The
resolution of the CAMECA system for Ec,=1 keV can be
assumed as 2.5 nm/decade. Therefore, a deconvolution of the
experimental data is helpful to derive the true D concentra-
tion profile. This is particularly significant when the depth
resolution approaches the decay length of the diffused spe-
cies, such as in the case of samples having a high nitrogen
concentration (x>0.7%) and/or treated at low temperature
(Tp<300 °C). Then, we model the measured data n',, (z)
by a convolution of a response function R(z) with the true
concentration profile n3'(z) derived from Egs. (2)—(7),

M exp(2) = J np (2 )R(z = 2')dz". (8)
0

We choose the response function following the works of
Dowsett and co-workers,>*> who showed that SIMS re-
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sponses for a wide range of impurities and matrices can be
modeled by

R(z)= i[l +erfe(&)Jexp[— z/\ + (07N)?/2], 9)

where erfc(£) is the complementary error function and &
=2""2(z/o—0o/\). o and \ take into account, respectively,
broadening and shift in the measured profile with respect to
the true profile caused by the ion-beam induced mass-
transport that occurs during sample profiling. Ideally, one
should derive the values of o and N by measuring a deute-
rium J-like layer, a procedure that unfortunately cannot be
followed in our case. Therefore, we estimate these param-
eters by convolving an ideal steplike profile with Eq. (8) and
imposing that the resulting profile has a decay length equal
to 2.5 nm/decade, namely equal to the resolution of the
CAMECA system for Ec,=1 keV. By this approach, we de-
rive 0=1.0 nm and A=1.13 nm. These values compare rea-
sonably well with those reported for Ec=2.4 keV in
GaAs.®

A. Dependence of deuterium depth profile on nitrogen
concentration

Figure 3 shows an enlargement of the SIMS data (sym-
bols) around the trailing edge of the deuterium profile in
samples having different nitrogen concentration but the same
deuteration temperature (7p=300 °C); see Fig. 2(a). The
dotted lines represent the true concentration profiles n}3(z) as
estimated by solving the system of partial differential equa-
tions reported above, while the solid lines are the convolu-
tions np.,,(z) of the true profiles with the system response,
as given by Eqgs. (8) and (9). We obtain a very good agree-
ment between model and experiments. In the simulation pro-
cedure we fixed the diffusion time equal to the duration of
the sample exposure to deuterium ions, the N concentration
equal to the nominal value of the GaAsN samples and v
=90 THz (Ref. 39) for the detrapping processes mentioned
in Sec. III. E,,, r and Dg;; are treated as free parameters. The
only pair of activation energies that fit all data [comprising
those shown in Fig. 2(b); see next section] is E,
=(1.75+0.03) eV and E,=(2.0+0.1) eV.”’ These values
are in agreement with those derived from previous structural
studies.*?

The quantitative agreement observed in Fig. 3 between
the calculated and experimental deuterium concentration
supports the correctness of the formation and dissociation
processes included in Egs. (2)—(6) and inferred by other
experiments.*14244-46 Indeed, the stoichiometric ratio, ¢
=[D]/[N], between the deuterium concentration at the pla-
teau and the N concentration gives a sample-averaged value
q=2.7 that varies little with x. This value supports the for-
mation of (N-2D)-D complexes as dominant species at Tp
=300 °C and it is in accordance with that reported in Ref.
41, where nuclear reaction analysis was performed in similar
samples.

Figures 4(a) and 4(b) show the compositional dependence
of the capture radius and diffusion coefficient, respectively.
In doped semiconductors, one does not expect a variation of
these parameters with trap (i.e., dopant) concentration. A
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FIG. 3. (Color online) Enlargement of the SIMS depth profile
(squares) at the forefront of the D trailing edge in GaAs;_ N,
samples with x equal to (a) 0.09%, (b) 0.4%, (c) 0.7%, and (d)
1.5%. D irradiation temperature 7p=300 °C in all cases. The
dashed lines are a simulation to the data by Egs. (2)—(7). The solid
lines are convolutions of the calculated profile with the SIMS re-
sponse function according to Egs. (8) and (9). Notice the different
depth scales with varying x.

similar result is found here for GaAs;_ N, with x
=(0.09—1.5)%. Somehow this is a surprising result. In fact,
dilute nitrides undergo major changes in their electronic
properties and, above all, a strong local deformation on the N
lattice sites with increasing N concentration, even in a very
narrow compositional window (0%-1%). Other alloy phe-
nomena, such as phase separation and strain relaxation may
occur as well. These latter could affect heavily the kinetics of
deuterium, in particular the diffusion coefficient and capture
rate. The independence of these parameters on N concentra-
tion indicate that lattice relaxation following N incorporation
does not influence them and that other “disruptive” structural
changes do not occur up to a N concentration equal to 1.5%.

Interestingly, Fig. 3 shows that the slope / of the D fore-
front decreases sizably with increasing N concentration. This
indicates that, being Dg;; and r basically independent of x,
the concentration of traps is mainly responsible for the knee
depth and lineshape of the deuterium concentration profile in
the lattice. We will come back on /, when we will analyze
the dependence of SIMS on deuteration temperature.
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FIG. 4. Dependence on nitrogen concentration of the (a) N cap-
ture radius r of deuterium and (b) deuterium diffusion coefficient
Dyir. These values have been derived by the simulations shown in
Fig. 3. The horizontal dashed lines indicate the mean value of these
quantities (also reported in the figure).

B. Dependence of deuterium depth profile on deuterium
irradiation temperature

The dependence of the D concentration profile on irradia-
tion temperature is shown in Fig. 5 for the 180-nm-thick
GaAsg p7Ng993 sample. Different impinging doses at fixed
ion current density were employed in order to let deuterium
travel a similar distance in the lattice, independently of T
(see Table I). Different phenomena occur during D diffusion,
such as the temperature-driven formation and breaking of
(N-2D)-D and N-2D complexes and the ensuing capture/
release of D atoms by/from these complexes. The solid lines
are a convolution of the true D concentration profiles n%’t(z)
with the SIMS response; see Egs. (8) and (9). The not-
convoluted solution of the diffusion model given by solving
Egs. (2)—(7) is shown by dotted lines. The values of the
activation energies E,, (1.75 eV for m=a and 2.0 eV for m
=b and c) are the same as those derived by the compositional
dependence of the D concentration profiles (see Fig. 3). The
diffusion coefficient and capture radius of deuterium have
been used as adjustable parameters.

The simulation misses the D accumulation observed close
to the sample surface at the lowest Ty, and its progressive
depletion at higher Ty’s (see Fig. 2). Deuterium accumula-
tion could be due to interstitial D atoms or molecules (not
considered by our model), which form when the incoming
flux of D atoms in not completely balanced by D diffusion
inside the sample. Deuterium surface depletion is most likely
due, instead, to D out-diffusion from the sample. The impor-
tance of this process increases with T thus affecting more
and more the D concentration in the first (10-15) nm from
the surface. Apart from these features, the calculations repro-
duce extremely well the experimental results, but for Tp
=350 °C. At this temperature, the lineshape of the D deute-
rium distribution changes qualitatively since the dissociation
process involving N-2D complexes enters into play sizably.*?
Our model reproduces only approximately the lineshape for
Tpr=350 °C. According to simulations, this mismatch cannot
be reproduced by either the sample “annealing” that occurs
during the cool down time following the turn-off of the D ion
current or by deuterium out-diffusion. The worse agreement
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FIG. 5. (Color online) Enlargement of the SIMS depth profile
(squares) at the forefront of the D trailing edge in a GaAs;_,N,
sample with x=0.7% and undergone to different D irradiation tem-
peratures: (a) 200 °C, (b) 250 °C, (c) 300 °C, and (d) 350 °C. The
dashed lines are simulations to the data by Egs. (2)—(7). The solid
lines are convolutions of the calculated profile with the SIMS re-
sponse function according to Egs. (8) and (9).

between simulation and SIMS data at 350 °C could be ten-
tatively justified by supposing that some of the assumptions
we made in our model (e.g., same capture radius for each
trapping step or same activation energy for the release of the
second and third D atom in the N-2D complex) are no longer
fully valid at high temperature. We feel that these assump-
tions (and their partial failure at high temperature) may be
related to the approaching of the trapping-detrapping
regime.”3

Figures 6(a) and 6(b) show, respectively, the dependence
of r and Dy on deuteration temperature. A decrease of r
with increasing Tp, is observed. This is likely due to a low-
ered capability of N atoms to capture D atoms, determined
by thermal agitation. Eventually this leads to a broader D
forefront (namely, greater Ip). Dg; decreases with T, as
found in previous studies,!>>>%% although a quantitative
comparison is made difficult because of the quite different
results obtained by different authors.

The data presented so far concern the total deuterium con-
centration, n;3'(z), since this is the only quantity that can be
directly monitored by SIMS. Nevertheless, the solution of
Egs. (2)—-(6) provides the concentration of all the species
involved in the diffusion process. Now, we focus our atten-
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FIG. 6. Dependence on deuterium irradiation temperature of (a)
N capture radius r of deuterium and (b) deuterium diffusion coef-
ficient Dgy;r. These values have been derived by the simulations
shown in Fig. 5. The dashed lines are guides to the eye.

tion on their evolution with temperature, highlighting the im-
portance of the detrapping terms present in the diffusion
equations. Figure 7 shows the concentration of the various
species (np, ny, Nps INop» and nynsp) present in Egs. (2)—(6).
According to Eq. (7) the weighted sum of these contributions
gives the total concentration of D atoms. The curves dis-
played in Fig. 7 have been extracted from the simulations of
the D concentration profiles measured for x=0.7% at differ-
ent Tp’s (see Fig. 5). Some interesting aspects can be out-
lined. (i) There is almost no unbound deuterium (np) inside
the sample at all deuteration temperatures. This is consistent

0.16
— 012 @ §  ===-- ° |
§ | o -
SO —00°c — %
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0L | /.n_\
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FIG. 7. (Color online) Depth dependence of the concentration of the various species (°np, Qny, '\OnND,
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with the absence of other traps different from N, as also
verified by SIMS measurements in a deuterated N-free GaAs
reference (not shown here), where no D could be detected.
(ii) The concentration of D-free nitrogen (ny) is close to zero
up to the trailing edge of the D depth profile for Tp
=(200-300) °C. At the highest temperature, the increased
dissociation of N-iD complexes leads to a relatively greater
value of ny. (iii) The N-D complex (nyp) is confined for all
Tp’s at the trailing edge of the D depth profile, where the
trapping and detrapping processes are still completing. (iv)
As regards to the N-2D (ny,p) and (N-2D)-D (ny3p) com-
plexes a continuous evolution with the irradiation tempera-
ture can be noted. Starting from 7p=200 °C we observe that
(N-2D)-D dominates in the D-containing region of the
sample, while N-2D is forming at the D forefront. By in-
creasing the temperature (250 °C=+300 °C), the (N-2D)-D
complexes start to dissociate (corresponding to the first de-
trapping process with activation energy equal to E,
=1.75 eV) and the relative importance of the N-2D species
increases. Furthermore, all the species profiles are broader
and the resulting trailing edge of the total deuterium concen-
tration is less steep. As the temperature is increased further,
the (N-2D)-D complexes dissolve almost completely and the
second de-trapping process comes into play (activation en-
ergy equal to E,=E,=2.0 eV) dissociating the N-2D com-
plex, too. As a result, a small concentration of free nitrogen
(and unbound deuterium) atoms are found nearby the surface
of the sample.

These findings parallel nicely the PL and X-ray diffraction
data summarized in the first paragraph of Sec. IIL

0.16
_ 012 (b) -
' | |
= i _
£008 T =250°C
@) L D 1
0.04 | 4 ]
O — /\_ \ L
80 85 90 95 100 105
0.16 ]‘)epth‘(nm)‘
~ 012 (d) _
g 0.08 |
5 : TD:350 C i
0.04 _
0 freme] | |
0 20 40 60 80 100 120
Depth (nm)
nop» and nN3D)

involved in the diffusion of deuterium. The different lines have been extracted from the simulations of the D concentration profiles measured
for x=0.7% at different T’s (see Fig. 5): (a) 200 °C, (b) 250 °C, (c) 300 °C, and (d) 350 °C. The inset of panel (a) depicts the

correspondence.
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FIG. 8. (a) Compositional dependence of the D decay length Ip,
defined as the length within which the D concentration decreases by
a factor 10 in the exponential-like region starting from half of its
maximum concentration. The gray square refers to the 0.9% sample
reported in Ref. 50. (b) Irradiation temperature dependence of /I in
the x=0.7% (full circles) and x=0.9% samples (open squares refers
to the 0.9% sample reported in Ref. 50).

C. Deuterium decay length and optical properties of
deuterated GaAs;_,N,

The results reported so far show that a control of the
electronic and structural properties of dilute nitrides can be
obtained at a nanometer scale provided that a sufficiently low
deuteration temperature and high N concentration are used.
Therefore, site-, shape- and size-controlled nanostructures or
strain engineering*® could be obtained by suitable deposition
of H-opaque metallic masks prior to H exposure.**! By
using a similar approach, adjacent planar regions having dif-
ferent refractive index values®® could be realized in order to
achieve photon waveguiding.'® For these applications, a
most significant parameter is given by the decay length of
the D forefront into the sample. In fact, the sharpness of the
deuterium profile determines ultimately the confinement pro-
file of carriers and photons. Figures 8(a) and 8(b) show the
dependence of D decay length I (defined as the length
within which the D concentration decreases by a factor 10 in
its exponential-like decay on starting from half of its maxi-
mum concentration) on nitrogen concentration and deutera-
tion temperature, respectively. By varying the nitrogen con-
centration at fixed temperature (300 °C), the decay length
decreases progressively from 45 nm/decade (x=0.09%) to 10
nm/decade for x>0.7% consistently with the higher density
of traps. For x=0.7%, I, increases from 5.8 nm/decade to 18
nm/decade when the sample deuteration temperature is aug-
mented from 200 to 300 °C. In particular, a more abrupt
increase in the decay length is observed when going from
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FIG. 9. (Color online) (a) SIMS depth profiles of deuterium (left
axis) and nitrogen (right axis) in the x=0.4% sample. The sample
irradiation temperature was 300 °C and two different ion impinging
doses were employed: lower dose (squares, dp=6 X 10'° cm2) and
higher dose (circles, dp=2X%10'7 cm™2). (b) Photoluminescence,
PL, spectrum at 150 K of the untreated sample (solid line), of the
low-dose deuterated sample (dashed line and squares, dp=6
X 10' ¢m™2), and of the high-dose deuterated sample (dashed line
and circles, dp=2X 107 ¢cm™2). The SIMS data of the latter two
samples are shown in panel (a). The PL bands peaked at about 1.38
eV correspond to carrier recombining in deuterium-free GaAsN.
The PL peak at about 1.48 eV is due to carrier recombination in
GaAs or fully passivated GaAsN regions. The band at about 1.42
eV originates from carrier recombining in the sample region located
at the deuterium forefront, where a partial passivation of N atoms
occurred.

Tp=300 °C to Tp=350 °C.%° This is caused by the fact that
in this temperature interval basically all (N-2D)-D com-
plexes are dissociated and a sizable number of N-2D com-
plexes start being broken [see Fig. 7(d)]. Then, the dimin-
ished capability of N atoms to retain D atoms at high
temperature (corresponding to smaller r and greater Dy;; val-
ues) gives rise to a much broad D forefront.

The steepness and shape of the D trailing edge reflects on
the sample optical properties, too. In particular, in synergy
with SIMS, PL can be usefully used to estimate the extent of
the D-free GaAsN thickness after irradiation. Figure 9(a)
shows the SIMS depth profiles of deuterium and nitrogen for
x=0.4%. The sample irradiation temperature was 300 °C
and two different ion impinging doses were employed by
using the same ion current but different exposure times. This
results in a nearly rigid shift in the D concentration trailing
edge in the sample treated with the greater D dose. Then, the
deuterium concentration drops to the noise level at the
GaAsN/GaAs interface. The PL spectra at 150 K of the two
samples are shown in Fig. 9(b) along with that of the un-
treated GaAsN. The peak energy of the GaAsN-related emis-
sion is the same in the untreated and in the low-dose irradi-
ated sample. However, the weight of the GaAs-related
emission is slightly higher in the latter sample due to the
reduced thickness of the GaAsN layer. We point out that in a
PL experiment carriers relax toward regions of the sample
having the lowest band gap energy before recombining ra-
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diatively. As reported in Ref. 49, the carrier diffusion length
in GaAs;_,N, (x=0.5%) ranges between 0.6 wm (at 4.2 K)
and 1.8 um (at room temperature), namely, much more than
the thickness (0.18 um) of the x=0.4% sample, whose PL
spectra are shown in Fig. 9(a). In the sample deuterated at
lower dose (open squares in Fig. 9), no sizable carrier recom-
bination occurs in the fully or partially deuterated regions
closer to the sample surface and almost all luminescence
originates from the D-free 50-nm-thick GaAsN layer at the
GaAsN/GaAs interface. In the sample irradiated at higher D
dose, the low-energy band due to GaAsN is blue-shifted by
about 40 meV, as if a smaller N concentration were achieved.
SIMS data disclose the origin of this blue-shift as due to a
partial N passivation occurring at the interface between the
GaAsN and GaAs buffer layers (the fully passivated GaAsN
layer closer to the sample surface has a band gap energy
resonant with that of the GaAs buffer). Consequently, a fine
tuning of the effective N concentration in dilute nitrides can
be realized especially in GaAsN epilayers with small N
concentration””%! or in GaAsN (or InGaAsN) quantum
wells.!”!® In the latter heterostructures, one exploits the
small thickness of the well (usually a few nm) in order to
vary quite uniformly the density of electronically active N
atoms.

V. CONCLUSIONS

We have presented a comprehensive study of deuterium
(hydrogen) diffusion in GaAs,;_ N, by secondary ion
mass spectrometry for a trap concentration regime

PHYSICAL REVIEW B 80, 195206 (2009)

(2% 10?* cm™) going beyond that possible in impurity-
doped semiconductors. We have found that both N concen-
tration (x=0.09%-1.5%) and irradiation temperature (7p
=200-350 °C) play a major role in determining the distance
covered by D and the lineshape of the D forefront in the
lattice. Deuterium concentration profiles have been simulated
by a diffusion model in the presence of strong trapping. The
experimental data are successfully reproduced provided that
the correct stoichiometry and thermal stability of the formed
nitrogen-deuterium complexes are taken into account. We
have found a deuterium diffusion coefficient and an effective
capture radius, respectively, equal to Dg=(2.3+0.4)
X107 em?s™! and r=(0.09+0.03) A at Tp,=300 °C.
These parameters do not depend sizably on N concentration.
Instead, Dg;; and r increases and decreases, respectively, with
deuteration temperature. A very steep (5 nm/decade) D fore-
front is observed at low irradiation temperature (200 °C) and
high N concentration (x>0.7%). These results allow us to
predict the extent as well as shape of deuterium (or hydro-
gen) forefront in dilute nitrides. This is of uttermost impor-
tance in the engineering of dilute nitride-based nanostruc-
tures and optical waveguides that could be realized by means
of spatially selective hydrogenation.
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