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Nitrogen passivation by atomic hydrogen in GaAsyN1Ày and InxGa1ÀxAsyN1Ày alloys
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Previous theoretical studies on N-H complexes in GaAsN have been extended here to new di-hydrogen
complex configurations and to N-H complexes in the In0.25Ga0.75As0.97N0.03 alloy. Moreover, a deeper analysis
has been performed on the structure, formation energies, chemical bonding and electronic properties of old and
new N-H complexes in the above alloys. On the ground of the achieved results, the existence of a novel
di-hydrogen complex is predicted that is characterized by aC2v symmetry and peculiar vibrational properties.
Complexes with this symmetry are not stable in N-free GaAs. Further, we propose a sound model for the N
passivation founded on the characteristics of the electronic states and the local atomic relaxations induced by
the N-H complexes. This model explains why the N passivation is not achieved in the case of monohydrogen
complexes and realized through the formation of the N-H2* dihydrogen complexes. Finally, it is suggested that
different N-H complexes~and different vibrational spectra! should be observed in hydrogenatedp-type and
n-type N-containing alloys.
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I. INTRODUCTION

Long ago it was discovered that hydrogen irradiation d
matically affects the electronic properties
semiconductors.1 Hydrogen can diffuse in the semiconduct
lattice and readily attach to dangling bonds. Moreover,
drogen can form chemical complexes with shallow and d
impurities, thus inducing strong changes of the impur
chemical bonding. As a general effect of the hydrogen-de
interaction, nonradiative recombination center, shallow
purity, and deep defect energy levels are wiped out from
gap of crystalline elemental and compound semiconduct
On the other hand, the effects of hydrogen on isoelectro
impurities are almost unknown. Among these impuriti
substitutional N in III-V semiconductors has recently r
ceived much attention due to the peculiar effects it indu
on the properties of the host semiconductor. In GaAs, w
the As anion is substituted by an isoelectronic ligh
~heavier! atom, an increase~decrease! of the compound en-
ergy gap is expected in a virtual crystal approach, as exp
mentally observed in the case of P~Sb! substitution. How-
ever, this simple rule does not hold in the case of
substitution. A giant reduction in the band gap energy
been reported indeed for N concentrations of the order
few percent in GaAsyN12y and InxGa12xAsyN12y .2 More-
over, hydrogen irradiation fully neutralizes the N effects
both the above alloys by restoring the band gap of the N-
semiconductors.3,4 Since N is an isoelectronic impurity, thi
latter surprising result cannot be explained in terms of a s
ration of dangling bonds or neutralization of chemical v
lence effects, as usually done in the case of shallow and d
impurities.

The behavior of N in GaAs and the effects of hydrogen
tion on the GaAsN properties have stimulated several th
retical studies on the formation of N-H complexes in GaA
and their role in the H neutralization of the N effects.5–7 In
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these papers, the structural properties and the formation
ergies of different N-H complexes in GaAsN have been
vestigated. The achieved results show that the formation
monohydrogen and dihydrogen complexes~see Figs. 1 and
2, respectively! depends on the position of the Fermi leve
as recently found in the case of Ga~PN!.8 In one study,6 it is
also suggested that H acts as a donor in GaAsN, whereas
an amphoteric impurity in GaAs. Finally, those studies ha
shown thatonly the formation of N-H2* dihydrogen com-
plexes@see Figs. 2~a! and 2~b!# leads to the neutralization o

FIG. 1. Atomic configurations of some monohydrogen co
plexes in GaAsyN12y : BC and AB indicate a bond centered and
antibonding site of H, respectively.
©2003 The American Physical Society02-1
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the N effects and restores the GaAs energy gap. Despit
this last puzzling and stimulating finding, a model for the
passivation mechanism has not been firmly established9

In the present study, we extend our previous investigati
on N-H complexes in GaAsN~Ref. 7! to di-hydrogen com-
plex configurations different from the H2* configurations al-
ready investigated and to the properties of N-H complexe
InGaAsN. Moreover, the structure and the formation en
gies of old and new N-H complexes have been carefu
analyzed and related to their chemical bonding and e
tronic properties in order to achieve a sound model for th
passivation. Some stretching frequencies of the local vib
tional modes~LVM’s ! of the hydrogen atoms in the N-H
complexes have been also calculated both in GaAsN
InGaAsN. In detail, the N-H complexes have been inve
gated in the GaAs0.97N0.03 and In0.25Ga0.75As0.97N0.03 alloys
by first-principles local density functional methods in a s
percell approach.

The main results of the present study are summari
here. First, we predict the existence of a novel dihydrog
complex that is characterized by aC2v symmetry different
from the C`v symmetry of the H2* dihydrogen complexes
investigated in the previous studies. It is worth noticing th
a similar complex with aC2v symmetry is not stable in
N-free GaAs. It is quite stable instead in GaAsN and
GaAsN and can give rise to peculiar, infrared vibration

FIG. 2. Atomic configurations of some dihydrogen complexes
GaAsyN12y : BC and AB indicate a bond centered and an antibo
ing site of H, respectively.
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modes that should be revealed by infrared spectroscopy m
surements. This complex can also contribute to the nitro
passivation. Second, a model is proposed for the N pass
tion by hydrogen that is founded on the bonding or antibo
ing characters of the electronic levels and a careful anal
of the local atomic relaxationsinduced by the formation of
the N-H complexes. This model explains why the N passi
tion is not achieved in the case of monohydrogen comple
and realized through the formation of the N-H2* dihydrogen
complexes. Third, present results suggest that different N
complexes and different vibrational spectra should be
served in hydrogenatedp-type andn-type N-containing al-
loys. Finally, the results obtained for the N-H complexes
InGaAsN parallel those achieved for the N-H complexes
GaAsN, thus indicating that the energetics of these co
plexes is dominated by the formation of strong N-H bond

II. METHODS

By analogy with the case of defect formation energies10

in a supercell approach the formation energy per H at
V@N2nH#q of a N-nH complex involvingnH atoms and aq
charge may be written as

V@N2nH#q5
1

n
@E@N2nH#q2E@N#2nmH1qme#,

whereE@N2nH#q is the total energy of a supercell of GaA
containing one N atom andn H atoms,mH is the chemical
potential of hydrogen, which is assumed equal to half of
H2-molecule energy in the vacuum, andq is the positive
~negative! charge on the complex, namely, the number
electrons transferred from~to! the complex to~from! an elec-
tron reservoir with a chemical potential~or Fermi level! me
(me50 corresponds to a Fermi level at the top of the valen
band!.

The effects of N and H on the GaAs energy gap have b
investigated here by calculating the transition energy o
defect, that is, the Fermi-energy valueen/n11 for which the
occupation number of a defect electronic-state in the ene
gap changes fromn to n11. In turns,en/n11 can be esti-
mated by the Fermi-energy position where the formation
ergies of then and n11 charge states of the defect a
equal.11 In the present study, the N atoms in th
GaAs0.97N0.03 and In0.25Ga0.75As0.97N0.03 alloys ~i.e., the al-
loys simulated by 64-atom supercells! as well as the related
N-H complexes have been considered as isolated defects
the correspondingen/n11 values have been calculated. Th
en/n11 values should be compared with the GaAs~InGaAs!
energy gap, estimated here by calculating thee0/2 value in
the N-free compound material. Although this method give
rough estimate of the GaAs and InGaAs energy gap, it p
mits one to compare consistent results obtained within
same approach and to follow the evolution of the gap
duced by the incorporation of N or the formation of N-
complexes. This procedure has been successfully used in
case of defects in AlN.12 In addition, thee1/0 value for the Si
shallow-donor in GaAs and InGaAs has been calcula
here. This donor induces a level close to the bottom of

-
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NITROGEN PASSIVATION BY ATOMIC HYDROGEN IN . . . PHYSICAL REVIEW B68, 115202 ~2003!
GaAs or InGaAs conduction band, thus providing a furth
state of reference to locate the N and N-H levels in the
ergy gap.

Total energies have been calculated in the local den
approximation~LDA ! by using supercells, separableab ini-
tio pseudopotentials,13 planewave basis sets, the speci
points technique fork-space integration, and the exchang
correlation functional of Ceperley and Alder.14 Ultrasoft
pseudopotentials have been used in the case of nitrog15

and nonlinear core corrections have been used in the ca
indium. Convergence tests have been done by using pl
wave cutoffs ranging from 18 to 28 Ry, supercells of 32 a
64 atoms, andk-point meshes equivalent to a~4,4,4! or
~8,8,8! Monkhorst-Pack mesh in the zinc blende unit ce
The results presented here have been achieved by usin
atom supercells, the~4,4,4! k-point Monkhorst-Pack mesh
and cutoffs of 22 Ry. The stretching frequencies of the
drogen LVM’s have been estimated in the harmo
approximation.16

In the N-H complexes, the chemical bonding and the
ture of the electronic states have been investigated by
lyzing plots of the total~valence! electronic charge densit
and uCn,0u2 densities. Further details on the methods can
found elsewhere.10

III. RESULTS AND DISCUSSION

A. Monohydrogen complexes in GaAsN

The monohydrogen complexes investigated in GaAsN
volve the H1, H0, and H2 species, one N atom and its G
neighbors. Two different cases have been considered fo
H sites, which correspond to a H atom located close to the
atom and to the Ga atom of a Ga-N bond, respectively. In
former case, a H atom~ion! has been located at~i! a site
close to the bond-centered~BC! site of a Ga-N bond, see Fig
1~a!, ~ii ! an antibonding site~AB! on the N side, see Fig
1~b!, ~iii ! a tetrahedral site~Td!, i.e., a site located along th
Ga-N axis, about 2.40 Å far from the N atom,~iv! some
lower symmetry sites not aligned with the Ga-N bond ax
These complexes have been identified, e.g., with the nota
N-HBC

1 ~-Ga!, see Fig. 1~a!, in order to stress the main atom
involved in the complex. In the case of a H atom close to the
Ga atom, the BC, AB, and Td sites are located on the sid
the Ga atom of a Ga-N bond. The corresponding comple
are identified, e.g., by Ga-HBC

1 (-N), see Fig. 1~c!. The opti-
mized geometries of the most interesting complexes
given in Table I. The table also reports total energy valu
relative to the energy of the most stable complex for eac
species, that is taken equal to zero. The N-HBC

1 (-Ga) com-
plex of Fig. 1~a! is the most stable complex formed by th
H1 ion. This complex is characterized by an on lin
N-HBC

1 -Ga configuration where the N-HBC
1 and Ga-HBC

1 dis-
tances are equal to 1.05 and 2.43 Å, respectively. An estim
of the same distances made by using the atomic cova
radii17 gives values equal to 1.07 and 1.58 Å, respective
The comparison of the two sets of values suggests the
mation of a strong N-H bond and the existence of a we
Ga-H interaction. In fact, the N-HBC

1 and Ga-HBC
1 distances
11520
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are 3% smaller and 54% larger than those calculated by
valent radii, respectively. These results can be compared
the geometry of the As-HBC

1 -Ga complex formed by a H1 ion
in GaAs, see Table I. In this complex, the As-HBC

1 and
Ga-HBC

1 distances are 2 and 15 % larger than those estim
by the covalent radii 1.52 and 1.58 Å, respectively, whi
indicates the existence of some bonding interaction of
HBC

1 ion with both the As and Ga atoms. The above resu
suggest therefore that the three-center bond formed by H1 in
the As-HBC

1 -Ga complex is replaced by atwo-centerN-H
bond plus a dangling bond of the Ga atomin the
N-HBC

1 ~-Ga!complex. The deep difference between t
chemical bonding of H1 in the two above complexes is con
firmed by the plots of the total~valence! charge density
shown in Fig. 3. This figure shows that the considerable e
tronic charge piled up on an isolated N atom@see Fig. 3~a!# is
used to screen the HBC

1 ion @see Fig. 3~b!#, thus resulting in a
piling up of the charge on the N-H pair and in the formati
of a strong N-H bond. A quite different charge distribution
shown in Fig. 3~c!, that suggests instead the formation of
three-center As-HBC

1 -Ga bond in pure GaAs. In agreeme
with this picture, the total energy values calculated for t
above complexes show that the N-H bond in the N-HBC

1 ~-Ga!
complex is 1.2 eV more stable than the As-H bond formed
the corresponding As-HBC

1 -Ga complex.
The tendency of the substitutional nitrogen to form stro

N-H bonds is confirmed by the existence of a (Ga-)N-HAB
1

complex@see Fig. 1~b!# only 0.24 eV higher in energy than

TABLE I. Atomic distances, atomic displacements with resp
to ideal positions (DX values!, and total energy values of monohy
drogen complexes in GaAsN. Positive~negative! DX values indi-
cate an outward~inward! atomic displacement with respect to th
Ga-N chemical bond. Total energy values are relative to the en
of the most stable complex~for each H species! that is taken equal
to zero. Distances are given in Å, total energies in eV. In the cas
the As-HBC

1 -Ga complex, theDAs and As-X values are reported in
the DN and N-X columns (X5Ga, H!, respectively. NS stands fo
‘‘not stable.’’ The upper, middle, and lower parts of the table rep
results for the H1, H0, and H2 species, respectively.

Complex N-H Ga-H Ga-N DGa DN E

@N-HBC
1 ~-Ga!# 1.05 2.43 3.48 0.63 0.45 0.00

@~Ga-!N-HAB
1 ] 1.06 4.80 3.74 0.53 0.81 0.24

@Ga-HBC
1 ~-N!# NS

@~N-!Ga-HAB
1 ] 5.54 1.61 3.93 0.92 0.61 2.67

@As-HBC
1 -Ga# 1.55 1.82 3.37 0.53 0.44

@N-HBC
0 ~-Ga!# 1.08 2.11 3.18 0.29 0.49 0.00

@~Ga-!N-HAB
0 ] 1.07 4.40 3.34 0.07 0.87 0.32

@Ga-HBC
0 ~-N!# NS

@~N-!Ga-HAB
0 ] 5.49 1.61 3.88 0.91 0.56 1.49

@N-HBC
2 ~-Ga!# 1.09 1.95 3.04 0.04 0.63 0.00

@~Ga-!N-HAB
2 ] 1.07 4.14 3.07 20.34 1.01 0.10

@Ga-HBC
2 ~-N!# 1.93 1.54 3.47 0.18 0.89 0.36

@~N-!Ga-HAB
2 ] 5.36 1.61 3.75 0.89 0.46 0.50
2-3
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the N-HBC
1 (-Ga) complex. The (Ga-)N-HAB

1 complex is char-
acterized by a N-H distance of 1.06 Å and by a Ga-N d
tance of 3.74 Å, that is 86% larger than the value given
the covalent radii (2.01 Å). Furthermore, both Ga and
atoms relax outward~see Table I!. The geometry of this com
plex indicates therefore the formation of a strong N-H bo
and the absence of any Ga-N bonding interaction. This
ture is confirmed by the corresponding charge density dis
bution, see Fig. 3~d!, that shows a charge piling up on th
N-H pair very similar to that of Fig. 3~b!. Even the N-H bond
in the~Ga-!N-HAB

1 complex results to be 1.2 eV more stab
than the As-H bond formed in the corresponding complex
GaAs, where an As atom replaces the N atom. Quite diffe
results have been obtained in the case of complexes w
the H1 ion is bonded to the Ga atom. The Ga-HBC

1 (-N) com-
plex is not stable. The H1 ion moves from the Ga toward
the N atom by reaching the configuration of the N-HBC

1 (-Ga)
complex. The (N-)Ga-HAB

1 complex is very high in energy
Finally, the Td sites on the side of N or Ga atoms are
stable for H1.

In the case of H0, the N-HBC
0 (-Ga) complex is the mos

stable complex at variance with the case of GaAs, where
most stable complex corresponds to a H atom located at the
AB site on the side of the As atom.18 In the N-HBC

0 (-Ga)
complex the H-Ga distance is smaller than that in
N-HBC

1 (-Ga) complex. Accordingly, a reduced Ga atom
displacement characterizes the neutral complex. The re
achieved for the other neutral monohydrogen complexes
allel those achieved in the case of H1.

Finally, in the case of H2, the complex formed by the H2

ion located at the BC site close to the N site, N-HBC
2 (-Ga), is

once more the most stable one. It is worth noticing that
this complex, the Ga-H distance and the Ga atomic displa
ment are further reduced with respect to the correspond
complexes formed by H1 and H0. The ~Ga-!N-HAB

2 complex

FIG. 3. Contour plots in the~110! plane of the total~valence!
charge density corresponding to~a! an isolated N atom,~b! the
N-HBC

1 complex,~c! the As-HBC
1 -Ga complex in pure GaAs, and~d!

the N-HAB
1 complex. The As, Ga, and N atoms are indicated

black, gray, and white full dots, respectively. Small crosses re
sent the H atoms.
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is only 0.10 eV higher in energy than the N-HBC
2 (-Ga) com-

plex. Further, the Ga-HBC
2 (-N) and (N-)Ga-HAB

2 complexes
are more stable with respect to the corresponding comple
formed by H1 and H0.

The stability of the N-HBC
2 (-Ga) complex is quite surpris

ing for two reasons:~i! this result is very different from tha
achieved in GaAs, where a Td site is the most stable site
H2 and18 ~ii ! it does not agree with a simple model propos
to explain the H properties in GaAs.19 In this model, hydro-
gen behaves as a donor or an acceptor depending on the
where it is located. A H atom located at the BC site of
GaAs bond~where there is a piling up of electronic charg!
tends to loose its electron, thus inducing a donor level in
GaAs gap. Then, it can give rise to a H1 ion that is stable at
the BC site, where it is screened well by the electro
charge of its Ga and As neighbors, see Fig. 3~c!. On the other
hand, a H atom at a Td site~that is, in a region poor of
electronic charge! tends to reach the stable electronic co
figuration of He by trapping one electron, thus inducing
acceptor level in the energy gap. Then, it can give rise to
isolated H2 ion that has the electronic configuration of He,
stable at the Td site and has no interaction with its neighb
ing atoms.

It is useful now to summarize the differences between
properties of H in GaAsN and GaAs:~i! H1 forms a strong
N-HBC

1 bond in the former material and a three-center A
H-Ga bond in the latter one,~ii ! in the case of H0, the BC
site is more stable than the AB site in GaAsN, while t
opposite is true in GaAs, and~iii ! H2 is an isolated ion at the
Td site in GaAs, whereas it forms a N-HBC

2 complex in
GaAsN. All these results suggest that the N atom in GaA
suffers for a lacking of electronic charge. In fact, in th
N-HBC

1 (-Ga) complex, N forms a strong N-H bond by su
tracting the H ion to a possible Ga-HBC

1 interaction and in-
ducing a dangling bond on the Ga atom. Moreover, a sm
Ga-H interaction becomes possible only by satisfying
needs of the N atom, that is, by adding some electro
charge to the complex. This is shown by an analysis of
local lattice relaxations occurring in the N-HBC(-Ga) com-
plexes. In these complexes, the Ga-H distance and the
atomic displacement decrease indeed on going from the1

to the H0 and H2 species~in detail, the Ga-H distances an
the Ga displacements decrease from 2.43 to 1.95 Å and f
0.63 to 0.04 Å respectively, see Table I!. Furthermore, H2 is
not stable at the Td site because the N atom needs m
electronic charge than the As atom it substitutes. The N a
forms therefore a strong bond with the negative H2 ion at
variance with the As atom in GaAs. A consequence of
above analysis is that the acceptor character of H0 in GaAs
should be weakened in GaAsN because the negative ch
of H2 is shared with the N atom. In turn, this should affe
the negative-U behavior of H, that is, the existence of an
acceptor level in the gap lower than the donor level.20 An
estimate of the negative-U character of H is given by the
energy released in the reaction 2H0→H11H2. As a matter
of fact, this energy has the value of 0.6 eV in GaAs~Ref. 20!
and of 0.1 eV in GaAsN, in agreement with the results of
above analysis. The tendency of N to get more electro

e-
2-4
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TABLE II. Atomic distances, atomic displacements with respect to ideal positions (DX values!, and total
energy values of dihydrogen complexes in GaAsN. Positive~negative! DX values indicate an outward
~inward! atomic displacement with respect to the Ga-N chemical bond. Total energy values are relative
energy of the most stable complex that is taken equal to zero. Distances are given in Å, total energie
In the case of the Ga-H1(BC)-As-H2(AB) complex, theDAs and As-X values are reported in theDN and N-X
columns (X5Ga,H), respectively.

Complex N-H1 N-H2 Ga-H1 Ga-H2 Ga-N DN DGa E

@Ga-H1(BC)-N-H2(AB)] ~a! 2.06 1.07 1.54 4.67 3.60 1.04 0.16 0.0
@H1(AB)-Ga-H2(BC)-N#~b! 5.35 1.06 1.59 2.70 3.76 0.43 0.93 0.13
@H1(AB)-Ga-N-H2(AB)] ~c! 5.75 1.06 1.60 5.20 4.14 0.84 0.90 0.53
@Ga-H1(BC)-As-H2(AB)] 1.92 1.58 1.65 5.05 3.47 0.84 0.23
@Ga-H1(BC)-N-H2(BC)-Ga12] 1.05 1.05 2.43 3.47 0.66 0.64
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charge and the existence of a weak Ga-H interaction in
N-HBC(-Ga) complexes~that increases with the electron
charge on the complex! will be recalled in Sec. III D when
discussing the N passivation model.

B. Dihydrogen complexes in GaAsN

The configurations of the most interesting dihydrog
complexes are shown in Fig. 2. Details of the correspond
geometries and total energy values are given in Table II
these complexes, the H atoms are located at BC or AB s
close to N or to its Ga neighbors. The most stable comple
the Ga-HBC-N-HAB complex shown in Fig. 2~a!. This com-
plex will be also referred to as N-H2* (a) because it is char
acterized by an ‘‘on line’’ H2* -like configuration, where the
two H atoms are bonded to a Ga and an N atom of a G
bond, respectively. In the N-H2* (a) complex, the N-HAB and
Ga-HBC bond lengths are equal to 1.07 and 1.54 Å~see Table
II !, respectively, equal and 3% smaller with respect to
corresponding values estimated from covalent radii. T
N-HBC distance is 2.06 Å, that is 92% larger than the 1.07
value estimated from the atomic covalent radii. This comp
is therefore characterized by the formation of two stro
Ga-HBC and N-HAB bonds and by a negligible N-HBC inter-
action. This chemical bonding is confirmed by the to
charge-density distributions shown in Fig. 4~a!. It should be
noted the similarity between the charge density distributi
around the N-HAB bond shown in Figs. 4~a! and 3~d!. Even
the HAB-Ga-HBC-N complex shown in Fig. 2~b! has a
H2* -like configuration. It will be also referred to as N-H2* (b).
This complex is only 0.13 eV higher in energy than t
N-H2* ~a! complex and presents a quite similar chemi
bonding. The geometry of the N-H2* (b) complex and the
corresponding total charge-density distributions@see Fig.
4~b!# show indeed that the complex is characterized by t
strong Ga-HAB and N-HBC bonds and by a negligible Ga-HBC
interaction. The dihydrogen complex of Fig. 2~c! is further
higher in energy. The complex of Fig. 2~d! is unstable, to-
gether with the corresponding one having the two H ato
bonded to a Ga atom of the Ga-N bond~not shown in the
figure!. These two complexes evolve without barriers
wards the geometries of the N-H2* (a) and N-H2* (b) com-
plexes, respectively.
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Finally, the Ga-HBC-N-HBC-Ga12 complex shown in Fig.
2~e! ~also referred to as N-2HBC

12) represents a novel charge
dihydrogen complex involving two HBC

1 ions both bonded to
the N atom. In this case, each H1 ion is aligned with its
neighboring N and Ga atoms, thus leading to aC2v symme-
try for the complex quite different from theC`v symmetry of
the above H2* dihydrogen complexes. An As-2HBC

12 complex
with a C2v symmetry similar to that of the N-2HBC

12 complex
is not stable in GaAs. In the N-2HBC

12 complex, the N-HBC
1

bond-lengths are equal to the N-H bond length in t
N-HBC

1 (-Ga) complex. The charge states11, 0, and21 of
this complex have been also investigated. The correspon
geometries~not reported in Table II! differ from that of the
complex with charge12 mainly for the atomic displace
ments of the Ga atoms and the Ga-H atomic distances
detail, the Ga displacements and the Ga-H distances decr
from 0.64 Å to 0.28 Å and from 2.43 Å to 2.00 Å, respe
tively, on going from12 to 21 charge of the complex, in
agreement with the local relaxations found in the case of
monohydrogenN-HBC

1 ~-Ga! complex~see Table I!.

C. Formation energies of N-H complexes in GaAsN

The formation energies per H atom of the most interest
monohydrogen and dihydrogen complexes for different v
ues ofme are given in Table III.21 Formation energies of H2
molecules in GaAsN and HBC

1 , H2* , and H2 molecules in
GaAs are also reported in the same table.22 In the case of the
H2 molecules, H2(Ga) @H2(N)# indicates a molecule locate
close to a Td site that has Ga~N and As! atoms as neares
neighbors.

The present results indicate that the formation of stro
N-H bonds stabilize both the HBC

1 and H2* complexes with
respect to the case of GaAs. In fact, in GaAs, the H2 mol-
ecule is the most stable species for almost all theme values
in the energy gap. On the other hand, in GaAsN, the N-2*
complexes and the N-HBC complexes~in the various charge
states! are always more stable than the H2 molecules. The
stabilizing effect produced by the formation of strong N-
bonds is also shown by the existence of the N-2HBC

12 com-
plex. In fact, as previously noted, a corresponding As-2HBC

12

complex is not stable in GaAs.
2-5



th
nc

N
he

i

th
nd
ac
th
at

ng

H

id-
-

ld
d in
t-
ed

N,

his
n
ve

er
llow

t,

se-
d
di-

h
lt,

ot
s

s in

A. AMORE BONAPASTA, F. FILIPPONE, AND P. GIANNOZZI PHYSICAL REVIEW B68, 115202 ~2003!
The results in Table III also indicate thatp-type and
n-type doping have significant effects on the formation of
N-H complexes. When the Fermi level is close to the vale
band maximum~VBM !, the N-HBC

1 complex is the most fa-
vored one. The N-2HBC

12 and (Ga-)N-HAB
1 complexes have

also very small formation energies. In semi-intrinsic GaAs
the N-HBC

1 and N-H2* complexes should coexist, whereas t
N-H2* and N-HBC

2 complexes should prevail when the Ferm
level is close to the conduction band minimum~CBM!.

The above discussion gives a simplified description of
effects of doping on the formation of monohydrogen a
dihydrogen complexes. In fact, it has to be taken into
count that hydrogenation can change the position of
Fermi level in a given semiconductor because H passiv
the shallow impurities. Thus, inp-type GaAsN, the N-HBC

1 ,
N-HAB

1 , and N-2HBC
12 complexes are favored at the beginni

FIG. 4. Contour plots in the~110! plane of the total~valence!
charge density corresponding to~a! the N-H2* (a) complex,~b! the
N-H2* (b) complex, and~c! the Ga-HBC-As-HAB complex. The As,
Ga, and N atoms are indicated by black, gray, and white full d
respectively. Small black or white crosses represent the H atom
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of hydrogenation. Then, the Fermi level raises due to the
passivation of the shallow acceptors and the N-H2* com-
plexes start to form. When the Fermi level reaches the m
gap, the N-HBC

1 and the N-H2* complexes are the most fa
vored complexes. The N-HAB

1 , and N-2HBC
12 complexes

previously formed are likely still present. Thus, one shou
expect that all the above four complexes can be observe
hydrogenatedp-type GaAsN. On the other hand, interes
ingly, not all of the above four complexes should be form
in hydrogenatedn-type GaAsN. Preliminarily, it should be
observed that, for a Fermi level close to the CBM of GaAs
the N-H2* (a)21 and the N-2HBC

21 complexes should not be
formed, although they have small formation energies. T
will be clarified in the next section, where it will be show
that thee0/2 transition energies corresponding to the abo
two complexes are higher than the GaAs~and GaAsN! CBM.
Thus, the neutral N-H2* and the N-HBC

21 complexes start to
form in n-type GaAsN. The formation of the N-HAB

21 and
N-2HBC

0 complexes is instead uncertain due to their high
formation energies. Then, hydrogen passivates the sha
donors, thus lowering the Fermi level. Whenme is close to
midgap, the N-H2* , the N-HBC

11 complexes should be presen
while the presence of N-HAB and N-2HBC complexes re-
mains uncertain. The above results have significant con
quences.~i! After hydrogenation, the Fermi level is locate
close to the midgap independent on the initial doping con
tions. This implies that the N-H2* complexes are formed bot
in p- andn-type GaAsN. In turn, this is an important resu

s,
.

TABLE III. Formation energies per H atom~in eV! of H com-
plexes and molecules in GaAs0.97N0.03 calculated for Fermi energy
(me) values equal to 0~top of the valence band!, Eg/2, andEg ,
whereEg is the experimental GaAs energy gap~1.52 eV!. Forma-
tion energies per H atom of several H complexes and molecule
GaAs are given in the last three rows of the table.

Complex 0 Eg/2 Eg

@N-HBC
1 ~-Ga!# 21.01 20.25 0.51

@N-HBC
0 ~-Ga!# 0.07 0.07 20.07

@N-HBC
2 ~-Ga!# 1.31 0.55 20.21

@~Ga-!N-HAB
1 ] 20.85 20.09 0.67

@~Ga-!N-HAB
0 ] 0.39 0.39 0.39

@~Ga-!N-HAB
2 ] 1.43 0.67 20.09

@N-H2* ~a!# 20.28 20.28 20.28
@N-H2* ~a!21] 0.81 0.43 0.05
@N-H2* ~b!# 20.21 20.21 20.21
@N-2HBC

12] 20.94 20.18 0.58
@N-2HBC

11] 20.48 20.10 0.28
@N-2HBC

0 ] 20.03 20.03 20.03
@N-2HBC

21] 0.92 0.54 0.16
@H2~N!# 0.41 0.41 0.41
@H2~Ga!# 0.23 0.23 0.23

@HBC
1 ] 0.05 0.81 1.57

@H2* ] 0.56 0.56 0.56
@H2~Ga!# 0.20 0.20 0.20
2-6
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NITROGEN PASSIVATION BY ATOMIC HYDROGEN IN . . . PHYSICAL REVIEW B68, 115202 ~2003!
because the N-H2* complexes are the main responsible of t
N passivation, as will be clarified in the following sectio
~ii ! Different hydrogen LVM’s should be observed in th
case ofp-type andn-type GaAsN.

D. Transition energies for the N-H complexes and
N passivation in GaAsN

The hydrogen neutralization of the nitrogen effects on
GaAs energy gap will be discussed here. Thee0/2@GaAs#
value calculated for pure GaAs~i.e., the present estimate o
the GaAs energy gap! is 1.85 eV, 22% higher than the ex
perimental value~1.52 eV!. An e1/0 value of 1.84 eV has
been also estimated here for the electronic level induce
the energy gap by a Si donor (SiGa) in GaAs. In agreemen
with the shallow character of this dopant, thee1/0@SiGa#
value is close to thee0/2@GaAs# value, thus indicating a
good consistency of the present approach. Thee0/2@N# value
calculated for an isolated N atom in GaAs is 1.51 eV fro
the top of the valence band. This value is assumed as
energy gap of the GaAs0.97N0.03 alloy, thus corresponding to
a reduction of 340 meV of the calculated GaAs energy g
close to the experimental value of 400 meV.23 Let us now
consider the N passivation in the case ofp-type GaAsN. In
this case, it has been shown in the previous section tha
most stable N-HBC

1 complex, the N-HAB
1 , and the N-2HBC

12

complexes start to form at the beginning of hydrogenati
Then, the Fermi level raises and the N-H2* complexes are
formed. The formation energies of the N-HBC and N-H2* (a)
complexes as a function of the Fermi level are reported
Fig. 5. In this figure, the crossing points of the formati
energies corresponding to different charge-states of the c
plexes permit to estimate the transition energy values. Fig
5 shows that thee1/0@N-HBC# is about 0.4 eV lower than the
energy gap estimated for the GaAs0.97N0.03 alloy. The
e0/2@N-HBC# is about 0.2 eV higher than thee1/0@N-HBC#
value and still lower than the GaAsN energy gap. Simi

FIG. 5. Formation energy as a function of the Fermi energyme

for the N-HBC and N-H2* complexes in GaAs0.97N0.03. The vertical
short-dashed and long-dashed lines correspond to thee0/2@N# and
e0/2@GaAs# values, respectively, namely to the energy gaps
GaAs0.97N0.03 and GaAs~1.51 and 1.85 eV, respectively!. The line
segments represent the charge states of the complexes and th
indicate the transition energies.
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results have been achieved in the case of the N-HAB
1 com-

plex. For what concerns the N-H2* (a) complex, the
e1/0@N-H2* (a)# value ~not shown in Fig. 5! is close to the
VBM of GaAsN. Thee0/2@N-H2* (a)# value is instead abou
0.3 eV higher than the energy gap estimated for pure Ga
A similar result is obtained in the case of the N-H2* (b) com-
plex. Although the calculateden/n11 values are affected by
the well-known LDA band-gap error, the qualitative result
clear: the effects of N in GaAs can be neutralized by
formation of the N-H2* complexes, while monohydroge
complexes do not restore the GaAs gap.

A similar analysis of the transition energies has been p
formed in the case of the N-2HBC complexes, see Fig. 6. Th
e12/11@N-2HBC# and e11/0@N-2HBC# transition energies
show that the formation of the complexes with charge12
and11 does not lead to the N passivation. The GaAs ene
gap could be restored instead by the formation of the neu
N-2HBC

0 complex as shown by a value of 1.91 eV estimat
for the e0/21@N-2HBC# transition energy.

On the ground of the above results, it can be conclud
that, in the case ofp-type GaAsN, the N-H2* complexes are
the main responsible of N passivation. Some contribution
the passivation process can be given by the N-2HBC com-
plexes. In the case ofn-type GaAsN, the N-2HBC complexes
should not be formed. The N passivation is achieved the
fore only through the formation of the N-H2* complexes.

A model can be proposed now to explain why the N ne
tralization is not achieved by forming the monohydrog
N-HBC complexes and realized through the formation of t
N-H2* complexes. This model is based on an analysis of~i!
the bonding or antibonding character of the electronic sta
induced by the N-HBC

1 and N-H2* complexes and~ii ! the local
lattice relaxations occurring in the N-HBC complexes. Con-
tour plots in the~110! plane of the charge densitiesuCn,0u2

f

dots

FIG. 6. Formation energy as a function of the Fermi energyme

for the N-2HBC complexes in GaAs0.97N0.03. The vertical short-
dashed and long-dashed lines correspond to thee0/2@N# and
e0/2@GaAs# values, respectively, namely to the energy gaps
GaAs0.97N0.03 and GaAs~1.51 and 1.85 eV, respectively!. The line
segments represent the charge states of the complexes and th
indicate the transition energies.
2-7
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corresponding to the lowestunoccupiedmolecular orbitals
~LUMO! induced by an isolated N atom and its H complex
are shown in Fig. 7. The LUMO of the isolated N~i.e., the
conduction band minimum of GaAsN! is characterized by a
strong localization of the electronic charge on the N ato
see Fig. 7~a!. The formation of the N-HBC

1 complex gives rise
to an occupied level in valence band corresponding to
formation of a strong N-H bond and to the LUMO of Fig
7~b!. Three main features characterize the latter state:~a! the
electronic charge is still strongly localized on the N atom
in the case of isolated N, although polarized toward the1

ion, ~b! the charge distribution of Fig. 7~b! clearly shows the
existence of a dangling bond of the Ga neighboring the H
that points toward the H itself,~c! the LUMO of Fig. 7~b!
has not an antibonding character. It can induce instea
weak bonding Ga-HBC interaction. In detail, the point~a! can
be explained in terms of a H1 ion taking the place of the Ga
atom no longer bonded to the N atom. The N atom for
indeed a stable N-H bond and still keeps its five electron

FIG. 7. Contour plots in the~110! plane of the charge densit
uCn,0u2 corresponding to the lowest unoccupied molecular orb
~LUMO! of ~a! an isolated N atom,~b! the N-HBC

1 complex, and~c!
the N-H2* ~a! complex, in GaAs0.97N0.03. The Ga, As and N atoms
are indicated by black, gray, and white full dots, respectively. Sm
crosses represent the H atoms.
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form four chemical bonds, i.e., three N electrons are
volved in three Ga-N bonds and the remaining two electr
bind the HBC

1 ion instead of the fourth Ga atom. Thus, the H1

insertion in the Ga-N bond does not affect the main char
teristic of the original nitrogen LUMO, that is, the stron
charge localization on N. On the other hand, the fact that
Ga dangling bond can induce a Ga-HBC bonding interaction,
points~b! and~c! above, is supported by the previous discu
sion of the atomic relaxations occurring in the N-HBC com-
plexes, see Sec. III A. Those results show indeed that, w
occupied by one or two electrons, the LUMO of Fig. 7~b!
induces a progressive reduction of the Ga-HBC distance as
shown by the geometries of the N-HBC

1 , N-HBC
0 , and N-HBC

2

complexes, see Table I. The characteristics of the LUMO
the N-HBC

1 complex~i.e., its similarities with the LUMO of
the isolated N and the absence of any antibonding chara!
account for the fact that this state is not higher in energy t
the LUMO of the isolated N as well as for the closeness
e0/2@N# ande1/0@N-HBC# values. The formation of a mono
hydrogen complex cannot lead therefore to the N pass
tion. On the other hand, in the N-H2* (a) complex, two N
electrons and the two electrons of the H atoms are invol
in the formation of the Ga-H and N-H bonds. The occupi
electronic levels corresponding to these stable bonds are
cated in and close to the top of the valence band. The la
bonding state has its antibonding counterpart in the LUM
shown in Fig. 7~c!. In this state, the charge is still localize
on the N atom but polarized towards the H atom, that
towards the atom bonded to the Ga atom. Furthermore, t
is some charge localization between the same two
bonded H and N atoms. This charge localization revea
strong antibonding character of this electronic state, that
counts for an e0/2@N-H2* (a)# higher than e0/2@N# and
e1/0@N-HBC# and also higher than the value estimated for
bottom of the GaAs conduction band. Similar results are
tained for the N-H2* (b) complex. The above model and th
calculated transition energies provide therefore a firm th
retical framework for understanding why the hydrogen p
sivation of N in GaAsN is not achieved by forming mon
hydrogen complexes and realized through the formation
N-H2* complexes.

l

ll

TABLE IV. Stretching frequency values~in cm21) calculated
for the H local vibration modes in several N-H complexes
GaAsN ~left column! and InGaAsN~right column!.

Complex Bond nGaAsN n InGaAsN

@N-HBC
1 ~-Ga!# N-HBC 3172 3170

@~Ga-!N-HAB
1 ] N-HAB 3118 3102

@N-H2* ~a!# Ga-HBC 2025 1794
@N-H2* ~a!# N-HAB 3035 3086
@N-H2* ~b!# Ga-HAB 1708
@N-H2* ~b!# N-HBC 3131
@N-2HBC

12] N-HBC 3210 3198
@N-2HBC

12] N-HBC 3100 3095
2-8
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Finally, in a previous paper,6 it has been suggested th
monoatomic hydrogen can exist only in the donor cha
state in GaAsN. In that study, the calculated transition ene
level e1/2@N-HBC# results indeed to be located about 0.
eV above the CBM of GaAsN. We cannot confirm that res
because our findings show that thee1/0@N-HBC# and
e0/2@N-HBC# transition energy levels are both below th
CBM of GaAsN. On one hand, our estimates of transit
energy levels and energy gaps are less accurate than
calculated in the study cited above and could not reveal
small difference between thee1/2@N-HBC# and the CBM
values reported in that study. On the other hand, the v
small difference between those two values would need
ther experimental investigation in order to confirm the don
behavior of H in GaAsN. In this concern, our previous co
siderations on the N-H complexes formed inn-type GaAsN
could be useful. On the ground of the discussion made
Sec. III C, the N-HBC

21 complex should be formed indeed on
if e0/2@N-HBC# is lower than the CBM of GaAsN. It is also
worth noticing that the donor behavior of H suggested in
case of GaAsN should be more marked in InGaAsN due
the smaller energy gap of this alloy. In InGaAsN, pres
results confirm that monoatomic hydrogen can exist only
the donor charge state, as will be discussed in Sec. III F

TABLE V. Atomic distances, atomic displacements with resp
to ideal positions (DX values!, and total energy values of sever
mono-hydrogen complexes in InGaAsN. Positive~negative! DX
values indicate an outward~inward! atomic displacement with re
spect to the chemical bond. Total energy values are relative to
energy of the most stable complex~for each H species! that is taken
equal to zero. Distances are given in angstroms, total energies i
In the case of the As-HBC

1 -Ga complex, theDAs and As-X values
are reported in theDN and N-X columns (X5Ga,H), respectively.

Complex N-H Ga-H Ga-N DGa DN E

@N-HBC
1 ~-Ga!# 1.05 2.54 3.59 0.67 0.51 0.00

@~Ga-!N-HAB
1 ] 1.06 4.87 3.81 0.53 0.83 0.70

@As-HBC
1 -Ga# 1.56 1.88 3.29 0.54 0.34

@N-HBC
0 ~-Ga!# 1.08 2.17 3.25 0.29 0.55

@N-HBC
2 ~-Ga!# 1.08 2.00 3.08 0.08 0.73
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E. Hydrogen local vibrational modes in GaAsN

Present results indicate that a number of N-H comple
can be formed in GaAsN. Moreover, they suggest that
ferent complexes should be formed after hydrogenation
p-type and n-type GaAsN. Theoretical and experiment
work is therefore in progress to achieve a detailed desc
tion of the quite complicated vibrational properties of t
N-H complexes in GaAsN. Some preliminarily results a
given here, see Table IV, that should be confirmed by inf
red spectroscopy experiments. These results show tha
stretching frequencies corresponding to the N-H bonds ar
the range of 3035–3210 cm21. Although present results ar
characterized by an error bar of about 100 cm21,24 they give
useful informations to distinguish between the different co
plexes. As an example, the results in Table IV show that
N-HBC stretching frequencies are always greater than
N-HAB ones, both in monohydrogen and dihydrogen co
plexes. This result and the different stretching frequencie
the Ga-HBC and Ga-HAB bonds in the N-H2* -like complexes
should permit to distinguish between the N-H2* (a) and the
N-H2* (b) complexes. Moreover, a significant result
achieved in the case of the N-2HBC

12 complex, that results to
be the only N-H complex giving rise to two close N-
stretching frequencies. These frequencies represent a fin
print of the complex that could be observed experimenta
by isotopic shifts induced by the use of deuterium in place
hydrogen.

F. Hydrogen complexes in InGaAsN

Monohydrogen and dihydrogen complexes such as th
shown in Figs. 1 and 2 have been investigated in the cas
InGaAsN. In addition, in this alloy, we have also investigat
complexes where an In atom is involved in place of a
atom, e.g., the N-HBC

1 (-In) complex has been considered
place of the N-HBC

1 (-Ga) complex of Fig. 1~a!. All the com-
plexes involving an In atom in place of the Ga atom are h
in energy. Thus, only the former complexes will be discuss
in the following. The geometries of the most stable monoh
drogen complexes are given in Table V together with
geometry of the As-HBC

1 -Ga complex in InGaAs. The geom
etries of some dihydrogen complexes are given in Table

t

he

V.
tive to
s, total
TABLE VI. Atomic distances, atomic displacements with respect to ideal positions (DX values!, and total
energy values for several di-hydrogen complexes in InGaAsN. Positive~negative! DX values indicate an
outward~inward! atomic displacement with respect to the chemical bond. Total energy values are rela
the energy of the most stable complex that is taken equal to zero. Distances are given in angstrom
energies in eV. In the case of the Ga-H1(BC)-As-H2(AB) complex, theDAs and As-X values are reported in the
DN and N-X columns (X5Ga,H), respectively.

Complex N-H1 N-H2 Ga-H1 Ga-H2 Ga-N DN DGa E

@Ga-H1(BC)-N-H2(AB)] ~a! 2.26 1.06 1.58 4.72 3.67 1.10 0.16 0.0
@H1(AB)-Ga-H2(BC)-N](b) 5.49 1.06 1.60 2.83 3.89 0.49 1.00 0.18
@H1(AB)-Ga-N-H2(AB)] ~c! 5.92 1.06 1.66 5.36 4.31 0.91 0.98 0.51
@Ga-H1(BC)-As-H2(AB)] 2.03 1.57 1.55 5.11 3.54 0.90 0.21
@Ga-H1(BC)-N-H2(BC)-Ga12] 1.05 1.05 2.49 3.52 0.63 0.66
2-9
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The formation energies of the most interesting monohyd
gen and dihydrogen complexes are given in Table VII.

The results achieved for InGaAsN almost parallel tho
found in the case of GaAsN. In the case of the mon
hydrogen complexes, the BC site close to the N atom is, o
more, the most stable site for all the three H1, H0, and H2

species. The geometries of the monohydrogen and dihy
gen complexes indicate that strong N-H bonds are forme
both complexes. The formation energies reported in Ta
VII show that the N-HBC and N-H2* complexes are more
stable than the H2 molecules. Even the existence of th
N-2HBC complexes is confirmed in the case of InGaAsN. A
these results indicate therefore that the presence of the b
In atoms and the disorder induced by the random distribu
of two different cations in the lattice do not affect the ma
properties of the N-H complexes. Moreover, they furth
support the suggestion that the energetics of those compl
is dominated by the formation of strong N-H bonds.

Present results also indicate that the N-HBC
1 and N-2HBC

12

complexes are favored byp-type doping as in the case o
GaAsN. The transition energy values for the N-HBC

1 and
N-H2* (a) complexes are given in Fig. 8, together with t
estimated energy gap of the In0.25Ga0.75As0.97N0.03 alloy and
the shallow level corresponding to the Si donor. T
achieved results show that only the formation of t
N-H2* (a) complex permits us to restore the InGaAs ene
gap. Thus, the model proposed to explain the N passiva
in the case of GaAsN still holds for InGaAsN. All the prev
ous results show that the properties of the N-H comple
are quite similar in GaAsN and InGaAsN.

On the other hand, as anticipated before, the transi
energies estimated here for the N-H complexes in InGaA
reveals a donor behavior of H at variance with the case
GaAsN. The transition energy values corresponding to
ferent charge states of the N-HBC complex are shown in Fig
8. The e1/0, e0/2, and e1/2 values for that complex are
almost coincident and located above the value estimated

TABLE VII. Formation energies per H atom~in eV! of H com-
plexes and molecules in InGaAs0.97N0.03 calculated for Fermi-
energy (me) values equal to 0~top of the valence band!, Eg/2, and
Eg , whereEg is the estimated InGaAs energy gap~1.21 eV!. For-
mation energies per H atom of H complexes in InGaAs are give
the last two rows of the table.

Complex 0 Eg/2 Eg

@N-HBC
1 ~-Ga!# 21.03 20.43 0.18

@N-HBC
0 ~-Ga!# 20.17 20.17 20.17

@N-HBC
2 ~-Ga!# 0.86 0.26 20.35

@~Ga-!N-HAB
1 ] 20.47 0.13 0.74

@N-H2* ~a!# 20.45 20.45 20.45
@N-H2* ~a!21] 0.50 20.10 20.71
@N-H2* ~b!# 20.35 20.35 20.35
@N-2HBC

12] 20.78 0.43 1.64
@H2~Ga!# 0.20 0.20 0.20
@HBC

1 ] 0.20 0.80 1.41
@H2* ] 0.44 0.44 0.44
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the InGaAsN CBM. This result seems to confirm that mon
atomic hydrogen can exist only in the donor charge state
this alloy, as suggested in a previous paper.6 This donor be-
havior of H implies that inn-doped InGaAsN only the N-H2*
complexes should be formed, at variance with the case
GaAsN.

Finally, preliminary stretching frequency values calc
lated for N-H complexes in InGaAsN are given in Table IV
The discussion made in Sec. III E about the vibrational pr
erties of the N-H complexes in GaAsN can be extended
the case of InGaAsN.

IV. CONCLUSIONS

In conclusion, previous investigations on N-H complex
in GaAsN have been extended here to dihydrogen comp
configurations different from the H2* configurations and to
N-H complexes in InGaAsN. Moreover, the structure, t
formation energies, the chemical bonding and the electro
properties of the old and new N-H complexes have be
analyzed in detail in order to achieve a sound model for
N passivation. The existence of a novel dihydrogen comp
is predicted that is characterized by aC2v symmetry different
from the C`v symmetry of the H2* dihydrogen complexes
investigated in previous studies. This complex is quite sta
and can give rise to infrared vibrational modes that should
revealed by infrared spectroscopy measurements. It can
contribute to the nitrogen passivation. However, present
sults confirm that the N-H2* complexes are the main respo
sible of the N passivation. A model is proposed for the
passivation by hydrogen that is firmly founded on the bon
ing or antibonding characters of the electronic states indu
by the monohydrogen and dihydrogen complexes and o
careful analysis of the geometries of the monohydrog
complexes. This model explains why the N passivation is
achieved in the case of monohydrogen complexes and r

in

FIG. 8. Formation energy as a function of the Fermi energyme

for the N-HBC and N-H2* complexes in In0.25Ga0.75As0.97N0.03. The
vertical short-dashed and long-dashed lines correspond to
e0/2@ InGaAsN# and e0/2@ InGaAs# values, respectively, namely t
the energy gaps of In0.25Ga0.75As0.97N0.03 and In0.25Ga0.75As ~0.82
and 1.62 eV, respectively!. The line segments represent the char
states of the complexes and the dots indicate the transition ener
2-10



ls
a

in
ing
the

ls

a

s

lle

n

d
lt

d

y

ite:

ed
. C.

of
the
tive
t cal-
pre-

in,

e
es

NITROGEN PASSIVATION BY ATOMIC HYDROGEN IN . . . PHYSICAL REVIEW B68, 115202 ~2003!
ized by N-H2* dihydrogen complexes. Present results a
show that different N-H complexes and different vibration
spectra should be observed in hydrogenatedp-type and
n-type N-containing alloys.
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