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Hydrogen-induced passivation of nitrogen in GaAs1ÀyNy
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Nitrogen isoelectronic impurities in GaAs12yNy are fully passivated by H irradiation from N dilute to the
alloy limit. Photoluminescence measurements show that~i! for y<0.001, exciton recombination lines in
N-related complexes are fully quenched upon hydrogenation;~ii ! for y>0.01, the GaAs12yNy band gap
blueshifts toward that of the N-free material with increasing H dose. Thermal annealings restore the optical
properties GaAs12yNy had before hydrogenation. Finally, theoretical results on H equilibrium positions are
reported and a mechanism for N passivation by H is given.
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The ~In,Ga!~As,N!/~GaAs! system has been the subject
intense study1,2 because of its potential applications in th
telecommunication field.3 These applications rely on a gian
band-gap reduction, a reduced pressure and temperatur
pendence of the band gap, and an increase of the elec
effective mass for increasing N content.1 Surprisingly, it has
been shown that H irradiation leads to a band-gap blues
in InxGa12xAs12yNy /GaAs quantum wells withy>0.01.4 It
is well known that the introduction of hydrogen into sem
conductors eliminates the shallow energy levels introdu
by substitutional dopants through the formation of dopa
hydrogen complexes.5 Hydrogen also modifies the electric
properties of a number of deep-level defects. The effec
hydrogen on isoelectronic impurities, that is, impurities th
belong to the same group of atoms they replace,6 has not
been explored so well. Whenever the electronegativity an
size of an isoelectronic impurity are quite different fro
those of the host atom, a highly localized potential resu
giving rise to electronic levels in the lattice band gap as
GaP:N7 or resonant with the host band states as in GaAs8

Hydrogen-induced passivation might be expected to be w
or absent in the case of isoelectronic impurities because
valences of both the impurity and host atoms are satisfi
However, our recent results for H in InxGa12xAs12yNy show
that this viewpoint is naive.4

In this paper, we show that hydrogen and nitrogen ato
form complexes in pseudobinary GaAs12yNy /GaAs hetero-
structures at all N concentrations investigated here. The m
outcomes of the present work are as follows.

~i! In the N dilute limit (y<0.001), afull quenching of
the N-related luminescence lines occurs. This is the first
dence of the complete passivation of an isovalent impurity
a semiconductor;
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~ii ! In the alloy limit (y>0.01), a strong blueshift of the
band gap toward the value it has in GaAs occurs. This c
firms previous results in InxGa12xAs12yNy /GaAs quantum
wells4 and shows that they do not depend on In content
sample design;

~iii ! At all N contents, the H-N complexes are dissociat
by thermally annealing the samples. This results in anearly
completerecovery of the optical properties the GaAs12yNy
had before hydrogenation. Moreover, an analysis of the a
vation energies for the release of the H atoms allows us
distinguish two different groups of N complexes in the dilu
limit.

These results are consistent with infrared absorption m
surements that show the formation of N–H bonds. Fina
we report calculations based on first-principle densi
functional methods, which account for the results above
the formation of a N-Hn complexes, most likely leading to
passivation of N atoms.

Different GaAs12yNy /GaAs heterostructures grown b
solid source molecular beam epitaxy have been investiga
Nitrogen concentrations arey50, 0.0001, and 0.001~dilute
limit ! for 110-nm-thick GaAs12yNy epilayers, andy50.01
~alloy limit! for a 310-nm-thick GaAs12yNy epilayer. The
samples are lightlyp-doped because of residual C in th
growth chamber. Hydrogenation was obtained by ion-be
irradiation from a Kaufman source with the samples held
300 °C. Low ion energy~100 eV! and current densities~;10
mA/cm2!, as well as a wide range of hydrogen dos
(1014– 1019 ions/cm2), have been used. Hydrogenate
samples were annealed at temperaturesTa5300, 330, and
400 °C for a duration time,ta , ranging between 1 and 50 h
Photoluminescence~PL! was excited by the 515-nm line o
©2002 The American Physical Society10-1
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an Ar1 laser, dispersed by a single 1-m monochroma
~spectral resolution 0.2 meV! and detected by a Ge detect
or a photomultiplier with a GaAs cathode. Infrared abso
tion measurements were performed at liquid-He tempera
by a Bomem DA3 spectrometer~spectral resolution 1 cm21!
with an InSb detector. Nitrogen-hydrogen complexes h
been investigated in the framework of the density-functio
theory in the local-density approximation~LDA ! by using
64-atom supercells, plane-wave basis sets, the special-
technique for k-space integration, and the exchang
correlation functional of Ceperley and Alder. Further deta
on the method are described in Ref. 9. In particular separ
ab initio pseudopotentials10 have been used in the case of t
Ga and As atoms, and a soft pseudopotential has been
for the N atom.11 A satisfactory convergence of the resu
has been achieved by using a plane-wave cutoff of 22
The vibrational frequencies of the H local modes have b
evaluated in the harmonic approximation. One H atom
moved away from its equilibrium position while the oth
atoms of the supercell are frozen in the positions of the m
mum energy configuration. The frequencies of the hydro
local vibrational modes~LVM’s ! have then been estimate
by fitting to a parabola the total energy values correspond
to the different H positions.9

Figure 1~a! shows the PL spectra atT510 K of the as
grown GaAs12yNy samples in the N dilute limit. When a
small amount of N is incorporated in a sample, a numbe
sharp lines~linewidth ;0.5 meV! appear between 1.40 an
1.48 eV. This agrees with previous results obtained for
concentrations ranging from 1017 to 1020 cm23, which
showed that N atoms tend to form pairs with different av
age distances, and eventually higher order clusters, wh
electronic levels fall below the GaAs band edge.12 The en-
ergy position and the linewidth of the narrow lines rema
fixed despite an increase of one order of magnitude in th
concentration. This highlights the strongly localized char
ter of the N isoelectronic traps, contrary to that of shallo
impurities whose wave functions overlap at smaller conc
trations. In Fig. 1~a!, we identify the longitudinal optica
~LO! phonon replicas of linesa andb, but an exact assign
ment of each line to a given N complex is made rather d
ficult by the strong dependence of the material optical pr
erties on the growth conditions, as extensively reported
the literature.12,13

Hydrogenation at various doses,dH , leads to a progres
sive and finallycompletepassivation of the N-related line
and of the broad luminescence band beneath them, as sh
in Fig. 1~b! for the y50.001 epilayer. The only two band
left in thedH5100 H0 spectrum and separated by 36.7 m
are the LO-phonon replicas of the C-related free to bou
transition, (e,C), at 1.4933 eV. These H-induced effects ha
never been reported before for any isoelectronic impur
but for a weak reduction of the luminescence intensity o
few N-related lines in GaP:N.14 Note that a 100% passivatio
of the impurity luminescence bands is hardly attainable e
in the common case of H passivation of shallow impurities
GaAs or Si.5 At high N doping ~‘‘alloy limit’’ !, where the
narrow luminescence lines related to N are no longer
served, N insertion in the lattice results in a redshift of t
23521
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host band gap.1 This redshift has been attributed to the inte
action of anisolatedN electronic level with the states of th
host conduction band.2,15 Hydrogen neutralizes the effects o
nitrogen, as shown in Fig. 1~c! in the case of a GaAs0.99N0.01
epilayer. Here, the gap blueshifts by 170 meV toward the
of the GaAs upon hydrogen irradiation, similarly to wh
reported for InxGa12xAs12yNy /GaAs quantum wells
~QW’s!.4 Therefore, H counterbalances the effects of N bo
in the dilute and alloy limits, suggesting a common nature
the N interaction with the host lattice in these two oppos
limits.

Thermal annealing restores the electronic properties
samples had before hydrogenation. This rules out the po
bility that N passivation by H is caused by N desorption fro
the samples as a consequence of the postgrowth hydr
irradiation. Figure 2 shows the PL spectra of they50.001
sample hydrogenated atdH5531015 ions/cm2 and annealed
at Ta5330 °C for different duration times. Most of th
N-related lines, as well as the broad background bene
them, are progressively recovered for increasingta . In the
alloy limit ~not shown here! we observe a H release upo
thermal annealing similar to that reported f
InxGa12xAs12yNy /GaAs QW’s.16

These results as well as those shown in Fig. 1 can
explained by the formation of bonds between H and N
oms, this formation being independent of N dilution~and In

FIG. 1. ~a! T510 K photoluminescence spectra of tw
GaAs12yNy epilayers in the limit of dilute N concentrations. Lette
label some of the PL lines discussed in the text. The LO-pho
replicas of linesa and b are indicated. (e,C)-LO is the phonon
replica of the C-related free to bound transition. Laser power d
sity P510 W/cm2. ~b! T510 K photoluminescence spectra of th
GaAs0.999N0.001 epilayer after irradiation at different H doses,dH .
(e,C)-nLO are the phonon replicas of the C-related free to bou
transition. Laser power density P510 W/cm2. H055
31013 ions/cm2. ~c! Peak normalized photoluminescence spectra
T510 K of the untreated~lower trace! and H irradiated~upper
trace! GaAs0.99N0.01 epilayer~alloy limit!. Normalization factors are
given for each spectrum. Laser power densityP520 W/cm2. H0

5531013 ions/cm2.
0-2
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presence!. Consistent with this picture, a LVM appears
3195 cm21 in the hydrogenated samples, as shown in
inset of Fig. 3 for the GaAs0.99N0.01 epilayer @PL spectrum
shown in Fig. 1~c!#. A LVM at 3101 cm21 has been found in
InxGa12xAs12yNy (0<x<0.06) and has been attributed
N–H bonds.17 A NH2 complex has been invoked, previous
to account for a mode observed at 2947 cm21 in GaAs:N.18

Later on we will discuss on a more quantitative ground h
a H–N bond may lead to N passivation.

Now we analyze in more detail the results of the anne
ing experiments for the samples with low-N content. Diffe
ent lines recover their intensity atdifferent rates, suggesting
the presence of N–H complexes with different bo
strengths. The percentage of broken bonds of the same
pb , versus annealing timeta at a givenTa is estimated by
the ratio between the PL intensityI (ta) of each line and its
saturation valueI sat(ta→`). If one assumes that H-N com
plexes dissociate irreversibly~that is, without H recapture!,
pb is given by19

pb5I ~ ta!/I sat512exp$2nata exp@2Ea /~kBTa!#%, ~1!

wherena is the attempt frequency~set equal to the frequenc
found here for the N-H local vibrational mode! andEa is the
activation energy for the dissociation of the H-N comple
Some of the lines shown in Fig. 2, such as linea, are very
rapidly recovered and their intensity saturates after a
hours of annealing. Figure 3 shows thepb data for different
lines. The best fit of Eq.~1! to thepb data gives an activation
energy of 2.15 eV for linea. The very close value (Ea
52.17 eV) found for thea-LO line supports its assignmen
to a phonon replica of linea. A similar behavior is found for
the lines emitting from 40 to 55 meV below the GaAs ba
edge~b, b-LO, c, d, e, andk lines!. The Ea values of these

FIG. 2. T510 K photoluminescence spectra of th
GaAs0.999N0.001 epilayer hydrogenated atdH5100 H0 for different
thermal annealing timesta ~annealing temperatureTa5330 °C!.
H05531013 ions/cm2. Laser power densityP510 W/cm2.
23521
e

l-

pe,

.

w

lines range from 2.10 to 2.20 eV, values similar to that fou
in the alloy limit for the release of H in InxGa12xAs12yNy

quantum wells.16 In contrast, lines emitting below 1.45 eV
~excepta-LO andb-LO lines! do not reach a saturation valu
even after a 25-h annealing atTa5330 °C. This is shown in
Fig. 3 for line h. The slower intensity recovery for thes
deeper complexes suggests a higherEa , whose exact value
however, cannot be estimated because of the absence
well definedI sat(ta→`). An increase ofEa for these N com-
plexes emitting at lower energy can be accounted for
clusters or chains with an increasing number of N atoms.2 In
this framework, H can either be caged in clusters with a la
number of N atoms or be recaptured by long N-atom cha
In both cases, the formation of a stronger bond or a multis
dissociation process may lead to higher effectiveEa’s. Al-
though further investigations are needed, we believe
these results may serve as a guideline to the microsc
characterization of the numerous N-related luminesce
lines observed so far in GaAs12yNy /GaAs heterostructure
at low N doping.12

We now discuss the microscopic origin of the effects
lated to the N-H interaction. In GaN, the large electrone
tivity and small size of N has been shown to lead to t
formation of H–N bonds inp-type material.20,21 Here, the
structural and vibrational properties of H-N complexes
GaAs12yNy have been investigated by first-principles the
retical methods. The stable configuration of the H-N co
plex has been found for a HBC

1 ion22 located at a bond-

FIG. 3. Annealing duration (ta) dependence of the percentage
broken H–N bonds,pb , for the same sample shown in Fig. 2. Th
triangles, full circles, and open circles refer to luminescence lineh,
a, anda-LO, respectively. The continuous lines are a fit of Eq.~1! to
the data~Ea52.15 and 2.17 eV for linea and its phonon replica,
respectively!. The dashed line through lineh data is a guide to the
eye. Inset: Infrared absorption spectrum atT54.2 K for an hydro-
genated 310-nm-thick GaAs0.99N0.01 epilayer. The peak at 3195
cm21 is due to a N-H stretch mode. The hydrogen dose is
31018 ions/cm2.
0-3
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centered~BC! site between Ga and N~see Fig. 4!. In this
Ga-HBC

1 -N complex, the HBC
1 -N and Ga-HBC

1 bond lengths
are equal to 1.05 and 2.43 Å respectively. These values
be compared with the N–H bond length estimated in N3
~1.04 Å! and with the sum of the atomic covalent radii of G
and H ~1.58 Å!. Such comparison points to a strong HBC

1 -N
bond and negligible Ga-HBC

1 interactions, as confirmed by a
analysis of the electronic charge density distribution~not
shown here!. In the Ga-HBC

1 -N complex, the Ga and N atom
relax outwards by 0.63 and 0.45 Å, respectively. The d
placements of the four Ga atoms that are first neighbors
the N atom lead to a mean Ga-N distance equal to 2.39
namely, the Ga–As bond length in GaAs. This suggests
the strain induced by the presence of N in the host materia
on the average neutralized by the formation of the H-N co
plex. Furthermore, in the Ga-HBC

1 -N complex the chemica

FIG. 4. Sketch of the Ga-HBC
1 -N complex.
a

s

s

e

g,
h
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valence of each atom is fully satisfied. The N atom uses
five electrons to form four bonds with its three Ga neighb
and the H1 ion. The Ga atom has its three valence electro
involved in the formation of three Ga–As bonds. Thus,
above results suggest that electronic or structural effects
duced by the presence of N on the properties of GaAs
neutralized by the formation of H-N complexes and prov
a simple picture of the nitrogen passivation by hydrog
Notice that additional H-containing complexes might
formed following the neutralization of acceptors in GaAs
Finally, a vibrational frequency of 3172 cm21 has been cal-
culated for the stretching modes of the HBC

1 – N bond, in ex-
cellent agreement with the local vibrational mode at 31
cm21 observed by infrared absorption.

Summing up, the electronic properties induced by N
GaAs12yNy /GaAs heterostructures are neutralized by H
radiation for all the N concentration investigated here. In
dilute limit, radiative recombination related to N complex
are fully quenched upon hydrogenation, providing eviden
for strong interaction between H and N complexes. In
alloy limit, the redshift of the band gap upon N insertion
reversed by H irradiation. Evidence of H–N bonds is giv
by a sharp infrared absorption peak in hydrogenated sam
These results show that the charge distribution around N
oms maintains in the alloy limit the strongly localized cha
acter it has in the impurity limit. They also provide a guid
line for theoretical models describing the role of N in III-
nitrides and its interaction with H. Finally, total energy ca
culations in p-type GaAs12yNy show that H has a stabl
equilibrium position at the bond center between N and G
which may explain the observed N passivation and recov
of the GaAs band gap in GaAs12yNy :H.
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