
Opposite Hydrogen Behaviors in GaAsN and InAsN Alloys: Band Gap
Opening Versus Donor Doping
Francesco Filippone,* Giuseppe Mattioli, Antonio Polimeni, Marco Felici, and Aldo Amore Bonapasta

Cite This: J. Phys. Chem. C 2020, 124, 19240−19251 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Experiments suggest that atomic H neutralizes the effects of N (i.e., it recovers the host energy gap) without inducing
any band-filling effect (i.e., without behaving as a shallow donor) in the GaAsN alloy, while the vice versa is true in the InAsN one.
Moreover, theoretical results on H in GaAsN contradict some experiments. These facts motivated the present study, where the role
of N−H complexes has been investigated by performing density functional theory-Heyd−Scuseria−Ernzerhof calculations. Present
results confirm and explain the H properties; N neutralization is certain only in GaAsN, while H behaves as a shallow donor only in
InAsN. They also show that, despite an identical geometry, single-H complexes neutralize the N effects in GaAsN, not in InAsN.
This result is accounted for by a simple model showing that: (i) band gap recovery is directly related to a recovery of the atomic
charge of the Ga/In cations neighboring the N atom in a N−H complex and (ii) a larger extent of charge recovery is found for the
Ga cations with respect to the In ones, consistently with an electronegativity larger for Ga than for In. Remarkably, the same reason
is at the ground of the different H behavior, deep versus shallow, in the two GaAsN and InAsN alloys.

■ INTRODUCTION

When introduced in a semiconducting material, thanks to their
high chemical reactivity and mobility, H atoms diffuse in the
host lattice by interacting and forming complexes with host
and foreign atoms, thus strongly changing their chemical
environment. This induces significant effects on the electronic
and optical material properties. In particular, in III−V
semiconductors, atomic H generally behaves as a deep,
amphoteric impurity that plays the role of a donor in the
presence of shallow acceptors and vice versa.1−3 Moreover,
first, H compensates donors or acceptors, then, it diffuses and
forms complexes with the dopant atoms by fully neutralizing
their activity. H can also neutralize the effects of an
isoelectronic impurity, similar to N-substituting anion atoms
in III−V-N dilute nitride alloys, such as GaAsN. This is a
particularly interesting case because small percentages of N
induce a remarkable reduction of the host band gap. H atoms
form N−H complexes by strongly perturbing the N chemical
bonds and neutralizing the N effects, thus inducing a gradual
reopening of the band gap which culminates with a full
recovery of the host band gap.4−6 In III−V-N alloys, this H
effect can be precious to realize a fine-tuning of such a

fundamental physical property. The band gap of these alloys
can be changed indeed: (i) by varying the III−V alloy
composition, (ii) by introducing different, small percentages of
N, and (iii) by performing hydrogenation treatments in order
to realize a controlled neutralization of the N effects. This
ability of H atoms to neutralize the effects of N has opened the
way for defect engineering procedures such as, for instance,
recently implemented lithographic approaches aiming to
realize site-controlled single photon emitters either isolated7,8

or integrated in photonic crystal cavities.9,10 Finally, it has been
shown that hydrogen incorporation in the InAsN alloy can be
exploited to reach high electron concentrations and mobi-
lities.11

In the family of III−V-N alloys, GaAsN and InAsN play a
primary role because they show very different electronic
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properties that offer the opportunity to be variously combined
when these two ternary alloys form the more complex,
quaternary InGaAsN one. The latter has received particular
attention for its high potential in technological applications. In
fact, InGaAsN is a light-emitting material, which has a band
gap suitable for long wavelength laser diodes at 1.3 μm and can
be grown pseudomorphically on a GaAs substrate.12 These
features and the above possibilities of a band gap tuning and
high electron mobilities make a full understanding of the
effects of hydrogenation on the properties of this quaternary
alloy an especially important issue. This immediately turns the
attention to the effects induced by hydrogen on the properties
of its ternary end points, GaAsN and InAsN. An investigation
of such properties is further stimulated by the noticeable
differences shown by the H in the two compounds. In GaAsN,
as mentioned above, experiments have shown that the main
effect of hydrogen is to neutralize the effects of N. On the
contrary, such a H effect has been questioned in a recent study
on hydrogenated InAsN.13 The same study has shown that the
formation of N−H complexes is accompanied by remarkable
band-filling effects, thus suggesting that H can behave as a
shallow donor in this alloy, also in agreement with the
mentioned, observed increase in free electron concentration.11

Such a behavior has not been observed in GaAsN and, what is
more, it seems to be ruled out by two different experimental
findings. First, photoluminescence (PL) experiments show that
H incorporation in GaAsN does not modify the lineshape of
the PL spectrum (apart from the blue-shift of the emission
peak related to the band gap opening), while in InAsN, it
induces major variations of the PL lineshape, resulting in a long
high-energy tail characteristic of a degenerate semiconductor.13

Second, the resistivity of hydrogenated GaAsN increases up to
three orders of magnitude with respect to H-free GaAsN, thus
ruling out H as a possible donor source.14 Thus, H seems to
induce opposite effects in the two alloys: recovery of the host
energy gap together with no shallow donor behavior in GaAsN,
vice versa in InAsN. Such a noticeably different behavior is
rather unexpected and, therefore, interesting in and of itself. It
also enhances the differences between the two alloys and this
deserves to be deepened because such differences can have
critical consequences when the GaAsN and InAsN alloys are
combined to form the InGaAsN one.
On the side of theoretical simulations, several density

functional theory (DFT) studies have investigated the
structure and the properties of N−H complexes in
GaAsN.4,15−17 In detail, single-H complexes have been
considered, where the H atom is located at a bond-centered
(bc) or at an antibonding (ab) site close to an N atom, N−Hbc
and N−Hab complexes, respectively, see Figure 1a,d (hereafter,
for the sake of conciseness such complexes may be indicated
simply as Hbc or Hab). Similar complexes can be formed by H
involving a Ga−As bond instead of a Ga−N one (As−Hbc and
As−Hab complexes). Moreover, a single H atom may occupy
(almost) tetrahedral interstitial sites in the GaAs lattice, weakly
interacting with surrounding host atoms, thus forming iH
complexes, see Figure 1b. Multi-H complexes have been also
investigated, such as the canted C2v complex,4,18−20 see Figure
1c. Previous theoretical studies have investigated the vibra-
tional properties of single- and multi-H complexes. Compar-
isons of such results with accurate infrared spectroscopy
measurements4,19,21,22 have supported the formation of the
canted C2v complex, possibly accompanied by that of single
N−H complexes. Theory has also suggested the ability of this

multi-H complex to induce the neutralization of the N effects.
Such an ability was not attributed instead to single N−H
complexes.16,23 One theoretical study investigated in detail the
properties of the N−Hbc, N−Hab, and iH complexes in
GaAsN.16 In this study, it was proposed that H in the N−Hbc
complex behaves as a shallow donor. Then, by taking into
account that a H shallow donor behavior in GaAsN should be
enhanced in a material with a smaller energy gap, such as
InGaAsN, and the results achieved in the former material were
used to explain an increase of n-type carriers observed by Hall
measurements in H-containing InGaAsN samples.24,25 How-
ever, as mentioned above, a H shallow behavior in GaAsN has
been ruled out by experimental findings.
On the other hand, to the best of our knowledge, there are

no theoretical studies of the H properties in InAsN. There are,
therefore, some inconsistencies in the above picture, which are
accompanied by an overall, crucial lack of information about
the striking differences between the H properties in the GaAsN
and InAsN alloys. Such issues have motivated the present
study, which is focused on the two possible effects of H
incorporation in the GaAsN or InAsN lattices, as we
introduced above: (i) the neutralization of the effects of N,
that is, the recovery of the host energy gap and (ii) a H shallow
donor behavior, which can induce band filling effects. In detail,
the structural and electronic properties of H complexes in the
GaAsN and InAsN alloys have been investigated here by
performing DFT with the Heyd−Scuseria−Ernzerhof hybrid
functional26 (DFT-HSE) calculations in a supercell approach.
DFT-HSE methods are known for being more precise in the
description of band edges with respect to standard generalized

Figure 1. Main H-complexes investigated here. The GaAsN case is
displayed, but the same geometries hold also for InAsN. (a) N−Hbc;
(b) iH; (c) C2v; (d) Hbc−3Hab: the last figure shows H atoms close to
ab sites (in the ab site, a H atom is bonded to an As one along the line
of an elongated Ga−As bond). In the same figure, dot-dashed gray
lines help in identifying the 3As-plane passed through by the central
Ga atom. Given the difficulty in visualization of all the details in
perspective, in (d) only the atoms relevant to the complex have been
shown. Red, yellow, and grey spheres identify Ga, As, and N atoms,
respectively. Small light blue spheres identify H atoms.
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gradient approximation (GGA) ones, and therefore, they have
been chosen in order to get accurate indications on the H
effects on the host energy gap.27 For the sake of completeness
with previous results, the study has also been extended to the
H properties in pristine GaAs and InAs.
The present results account for the significantly different

properties of H in GaAsN and InAsN, finally painting into a
single framework picture consistent with the experiments.
Regarding H shallow donor behavior, neither single-H nor
multi-H complexes show such properties in GaAsN, in
agreement with the experimental suggestions and at variance
with previous theoretical results.16 In InAsN, on the contrary,
both single-H and multi-H (i.e., C2v) complexes display a
donor-like behavior, once more in agreement with the
experiments. These results offer, therefore, an alternative
explanation of the above mentioned increase of n-type carriers
observed in InGaAsN,24,25 which is based on the H shallow
donor behavior in InAsN, without requiring a similar behavior
in GaAsN. Regarding the energy gap recovery, we find that, at
variance with previous theoretical results,4,16,23 both single-
and multi-H complexes neutralize the effects of N in GaAsN.
This is a significant result because it guarantees that, in this
alloy, the process of N neutralization by H will be effective
independent of the relative concentrations of H and N. In
InAsN, on the other hand, single N−H complexes do not
recover the energy gap. The achievement of a full passivation
requires the formation of multi-H complexes, thus suggesting
that N neutralization can occur, but it requires suitable H
concentrations, higher than the N ones. Therefore, present
results do not exclude such a H effect in InAsN alloys, in a
partial disagreement with the experimental results mentioned
above.13 However, it seems that further experimental
investigation should be performed before definitively ruling
out N neutralization by H in such alloys. In fact, the possible
concomitant effects of band filling (because of donor
concentration increase) and of band gap opening (because of
N passivation) are not easy to disentangle: both induce a blue-
shift of the emission peak (and fully recover the energy gap).
Furthermore, the PL spectra of hydrogenated InAsN are
accompanied by a sizable lineshape broadening, which makes
an exact determination of the band gap value hard to attain.13

Some of the present results are somewhat surprising. In fact,
it is not immediately clear why single-H complexes fully
neutralize the N effects in GaAsN, but not in InAsN, despite an
almost identical geometry and, therefore, a perturbation of the
N properties expected to be quite similar. This result seems
even more unclear when one considers that such a different
ability to neutralize the effects of N disappears in the case of
multi-H complexes, sharing quite similar geometries too. We
show below that both results can be accounted for by a simple
qualitative model, which deepens our understanding of the H-
induced N neutralization by showing that: (i) the energy gap
recovery caused by the formation of a N−H complex can be
related to a recovery of the atomic charge of the Ga/In cations
neighboring the N impurity. More specifically, a gradual
increase of the atomic charge of these Ga (or In) atoms,
induced by the complex formation, can be considered as a
signal of the progressive weakening of the perturbations caused
by N on its host environment, which culminates with the N
neutralization; (ii) in the N−H complexes, Ga cations tend to
recover their own charge up to a larger extent with respect to
In cations. This explains the different (comparable) effective-
ness of a same single-H (multi-H) complex in neutralizing the

N effects on the GaAsN and InAsN energy gaps and, therefore,
the overall different H effectiveness in producing such an effect
in the two alloys; and (iii) the H effects can be seen from a
novel perspective, where the attention moves from N and the
electronic impurity states responsible of the host energy gap
reduction to the local environment surrounding the N−H
complex, that is, to its Ga/In neighbors and their atomic
properties.
From this model, it immediately follows that the different

effectiveness of the Ga and In cations to recover atomic charge
and, therefore, of H to recover the host energy gap, can be
related to the different cation electronegativity, larger for Ga
than for In. Remarkably, even the differences concerning the H
shallow donor behavior in the two alloys can be explained by
such a different electronegativity. The different effects of H in
the GaAsN and InAsN alloys, therefore, can be ultimately
traced back to the different Ga and In chemical properties, in
particular, to their different tendency to attract the electrons of
a bond.

■ THEORETICAL METHODS

Our DFT-HSE simulations began with the location of the
equilibrium parameters, such as atomic structure, lattice
parameter, bulk modulus, and energy gap, of GaAs and InAs
in their most stable cubic zinc-blend crystal form. Then, the
same methods have been used for the investigation of the
equilibrium structures and of the electronic properties of the
GaAsN and InAsN alloys and of the complexes formed by
atomic H with N and with the host atoms in these alloys, as
well as for understanding the effects of the complex formation
on the host energy gap.
In detail, we used DFT with the range separated HSE06

hybrid functional,26,28 as implemented with plane wave basis
sets in the Quantum ESPRESSO29,30 suite of programs. Nuclei
and core electrons have been substituted by optimized norm-
conserving Vanderbilt’s pseudopotentials.31 Explicit valence
pseudo-wavefunctions were 2s and 2p for N; 3s and 3p for As;
3d, 4s, and 4p for Ga; and 4d, 5s, and 5p for In. The plane
wave and density cutoffs were 80 and 320 Ry, respectively. The
short-range part of the hybrid exchange functional is defined as
a linear combination of a part coming from the exact Hartree−
Fock exchange and a part coming from the GGA exchange
functional in use

α α= + −E E E(1 )x
hybr

x
Fock

x
GGA

(1)

In the present case, the coefficient α = 0.32 has been chosen
in order to best describe the Kohn−Sham (KS) band gap in
InAs. Error induced in the GaAs KS band gap is around a
reasonable 7%. Spin−orbit couplings were not taken into
account. We expect an error of a few meV from this choice,
and we think it does not balance the further computational
burden it brings into the calculations.
We anticipate that, similar to the cases of GaAs and InAs, in

all of the systems investigated here, the energy gap values have
been estimated by the KS hybrid functional eigenvalues, as the
adequacy of this choice has been demonstrated, especially
when the functionals are tuned to reproduce the experimental
band gaps of the pristine materials.27 The GaAs and InAs
calculations, aimed at obtaining the equilibrium properties,
were carried out using the 2-atom zinc-blend unit cell, and
sampling the Brillouin zone with a 8 × 8 × 8 k-point
Monkhorst−Pack mesh. Equilibrium lattice parameters and
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bulk moduli were fitted using a Birch−Murnaghan equation of
state. Table 1 compares the present results with previous
theoretical (at a comparable level of theory) and experimental
results.

Lattice parameters, band gaps, and bulk moduli deviate from
experimental values by at most 0.4, 7, and 4%, respectively.
The properties of H complexes in pristine materials and in

GaAsN and InAsN alloys have been investigated by using 64-
atom and 128-atom supercells. In the case of 64-atom simple
cubic supercells, given the heavy computational demand of
hybrid functional simulations, geometry optimizations were
performed sampling the Brillouin zone at the Γ point. Total
energies, electronic eigenvalues, and density of states as well as
their projection on atomic states were obtained by single-point
calculations on a 2 × 2 × 2 k-point mesh including the Γ point.
When using 128-atom supercells, the same computational
constraints led us to limit the Monkhorst−Pack sampling to
the Γ-point only.
Given the crucial role of the energy gap value in the present

study, we have checked the convergence of this quantity with
respect to the supercell size. 64-atom supercells assure a
satisfactory convergence in the case of GaAs and GaAsN. For
InAs and InAsN, instead, we needed to resort to 128-atom
supercells. In detail, in pristine InAs the DFT-HSE 128-atom
supercell energy gap is ≈0.38 eV (against an experimental
value of 0.418 eV). In InAsN, the energy gap is 0.216 eV,
which is in a quite good agreement with the experiment, 0.265
eV,34 when it is taken into account that the N concentration is
around 1.5% in such a supercell. The DFT-HSE GaAsN energy
gaps are 0.876 and 0.96 eV in 64-atom (N concentration
around 3%) and 128-atom supercells, respectively, which are in
a satisfactory agreement with the experimental values of
1.05635 and 1.181 eV,35 estimated at the corresponding 3 and
1.5% N concentrations, respectively. The worse agreement
achieved in the case of GaAsN is a consequence of the tuning
of the parameter α, see eq 1, to improve the accuracy of the
estimate for the more problematic (quite small) InAsN energy
gap.
In the present study, a further fundamental quantity is the

formation energy of a H complex, Hf. For instance, in the case
of a N−H complex containing nH atoms in the charge state q
(see e.g., ref 27 and references therein)

μ[ − ] = [ − ] − [ ] −

+ ϵ + ϵ

H n q E n q E n

q

N H ( ) N H ( ) N

( )

f H

F VB (2)

where E[N−nH](q) and E[N] are the total energy of the
supercell containing the complex in a charge state q, and the
nitride alloy without H, respectively. The third term keeps into
account the addition to the system of n hydrogen atoms (n >
0), considered at a chemical potential μH. Here, μH

corresponds to half of the total energy of a H2 molecule in
vacuum. Electrons are exchanged with a reservoir, whose
chemical potential is the Fermi energy ϵF, referred to the
valence band maximum, ϵVB.
Formation energies as defined in eq 2 may be used to

determine the charge states of a complex in the system as a
function of the Fermi energy of the electron reservoir.
Equating formation energies of the N−nH complex in the
charge states q and q′ gives the transition level

ε ′ =
[ − ] ′ − [ − ]

− ′
− ϵq q

E n q E n q
q q

( / )
N H ( ) N H ( )

VB
(3)

that is the Fermi energy value at which the complex passes
from charge q to charge q′. By following the Di Valentin’s
approach36,37 and exploiting the Janak’s theorem, it is possible
to reformulate the numerator in the right side of eq 3 in terms
of the eigenvalues of the highest occupied state +1, ϵh+1

[ − ] ′ − [ − ]

=
ϵ + ϵ ++ +

E n q E n q
N N

N H ( ) N H ( )
( ) ( 1)

2
h h1 e 1 e

(4)

where the number of electrons, Ne, has been explicitly shown
for clarity.
We have used Di Valentin’s approach for InAs and InAsN

because Γ point eigenvalues have significant effects on the
transition energy values, and effects likely related to the small
energy gaps and the rather sharp shape of the conduction band
minimum (CBM) that characterize both compounds. This
would require very dense Monkhorst−Pack meshes sampling
the Brillouin zone or, alternatively, very large supercells and,
therefore, computer resources hard to be affordable for
accurate DFT-HSE simulations. Di Valentin’s approach
permits instead of exploiting the accuracy of the DFT-HSE
KS eigenvalues at the Γ point, for estimating the transition
energy values. In this way, our tests have shown that
satisfactorily converged transition energy values can be
achieved by using 64-atom and 128-atom supercells in the
simulations regarding GaAs- and InAs-based compounds,
respectively. The same holds for equilibrium geometries and
total energies. Thus, when not explicitly stated, in the following
sections, the results for the GaAsN and InAsN alloys have been
achieved by using these two different supercell sizes,
respectively.
For the calculation of Bader atomic charges,38,39 we

postprocessed the outcomes of VASP40−45 simulations
performed on the relevant geometries obtained via Quantum
ESPRESSO (as outlined above)by means of the utility
developed by Henkelman’s group.46 VASP calculations have
been performed with the same HSE06 functional, PAW
pseudopotentials, 400.0 eV cutoff for plane waves and a 2 × 2
× 2 k-point Monkhorst−Pack mesh.

■ DISCUSSION AND RESULTS
H Effects on the GaAsN Properties. Recovery of the

Host Energy Gap. It is known that substitutional N in GaAs
lowers the energy gap.47 With the purpose of considering the
role of different single- and multi-H complexes on the
neutralization of such a N-effect in GaAsN and the ensuing
recovery of the host band-gap, in the upper panel of Figure 2
we show some relevant HSE KS electronic eigenvalues at the Γ
point, by assuming the maximum of the valence band (VBM)

Table 1. Structural Data of Pristine Materialsa

GaAs InAs

prev. prev.

present theory expt. present theory expt.

a (Å) 5.631 5.686 5.653 6.042 6.116 6.058
B0 (GPa) 73.4 72.0 75.7 60.1 57.9 57.9
Eg (eV) 1.414 1.519 0.418 0.417
aComparison with results from refs 32, 33 and references therein.
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as a common reference point. In particular, in the figure, we
have defect energy levels in the gap (if any) and the CBM for
each H complex studied in GaAsN, together with results for
pristine GaAs. The GaAsN results in the figure have been
achieved by using 128-atom supercells.
A remark is due on the last two columns of the diagrams in

Figure 2. Here, we show results relative to a 4-H complex,
Hbc−3Hab, whose structure is described in Figure 1d. In the
quest for a complex that might show a shallow donor behavior,
we considered the Hbc−3Hab one because we got inspired by
the results we previously reported in hydrogenated InGaN
alloys48 and InN.49 Similar to what occurs in InGaN alloys, in
GaAsN, the Hbc−3Hab complex forms in a 3As−(Ga)−N
tetrahedron; three H atoms form three As−Hab bonds with the
As atoms neighboring the central Ga atom, thus pulling these
atoms away from the Ga one and favoring, at the same time,
the insertion of an Hbc atom into the Ga−N bond. The
existence of a complex with this geometry was supported by X-
ray absorption near edge structure experiments48 and by the
study on hydrogenated InN.49 A peculiarity of the Hbc−3Hab
complex in InGaN and InN is that the two pairs of electrons
introduced by the four H atoms in the complex occupy a
defect electronic state in the host energy gap and the CBM,
respectively. Given such a shallow behavior in InGaN alloys,
this complex is, therefore, a potential candidate to show a
similar feature in GaAsN and InAsN alloys. As a first
remarkable difference, in InGaN and InN, the involved Ga
or In atom maintains a central position, while in the presently
simulated systems, GaAsN and InAsN, the central Ga (In)
atom moves to the other side of the plane formed by its three
As neighbors, instead of remaining at the center of the
tetrahedron, see Figure 1d.

In order to identify the nature of a given KS electronic state,
we have investigated its composition in terms of the relative
contributions of Ga, As, and N atomic, electronic states. As it is
well known, in III−V compounds, the VBM and the CBM are
mainly contributed by anionic and cationic electronic states,
respectively. In GaAsN, the CBM is mainly contributed by the
s states of N and of its four Ga neighbors, as well as by states of
the other Ga bulk atoms, that is, Ga atoms not bonded to N.
On the other hand, as an example, in the neutral N−Hbc(0)
complex (with an on-line Ga−H−N geometry, see Figure 1a),
the first KS level above the VBM is significantly more localized
on the p orbitals of the Ga atom and the s orbital of the N
atom involved in the complex. This is, therefore, a defect level.
The next level, higher in energy, is mainly contributed by the
same p orbitals of the Ga in the complex and by s orbitals of
other Ga bulk atoms, whereas there is no contribution from the
N atom. This state corresponds, therefore, to the recovered
GaAs CBM. Its value (1.50 eV against a GaAs energy gap of
1.41 eV) and composition testify the neutralization of the N
effects on the GaAs energy gap induced by the N−Hbc(0)
complex. By performing a similar analysis on all of the relevant
KS levels, for all of the investigated H-complexes, the present
results show that all of the single- and multi-H complexes, in
the different charge states, recover the GaAs energy gap. In the
case of the N−Hbc complexes, these results differ from
previous ones, which attributed the ability to recover the host
energy gap only to the multi-H complexes,3,23 presumably
because of the GGA functional used there. Present results
achieved for the N−Hbc complex are significant, when
considering that also the ability of multi-H complexes, such
as the C2v, to neutralize the N effects is confirmed.3,4,23 All
together, these results assure indeed that the energy gap
recovery occurs independent of the relative N and H
concentration, being induced by single-H complexes when
the H concentration is lower than the N one, by multi-H
complexes when the N concentration is overcome by H.
Finally, the Hbc−3Hab complex induces a defect level in the

energy gap, which accommodates two electrons. The further
two electrons introduced by the four H atoms are hosted by
the CBM. This complex seems to induce an overshooting of
the energy gap.

N−H Complex Formation and H Shallow Donor
Behavior. The existence of the above complexes in hydro-
genated GaAsN has been investigated in two ways. First, we
have estimated their formation energies as a function of the
Fermi level position. As an example, let us consider the widely
investigated case of single H complexes in GaAs.1−3 The
relative formation energies are shown in Figure 3a, following
eq 2. As explained in eq 3, the crossing point between two
formation energy lines gives the Fermi level position, where a
complex changes its charge state. In agreement with previous
findings,1−3 the crossing of the Hbc(+) and iH(−) lines occurs
below the Hbc(0) line and within the GaAs energy gap. The
corresponding ε(+/−) is at about 0.9 eV above the VBM.
These results indicate a negative U behavior of H, already
proposed in several semiconductors:3 a single H atom is never
stable in its neutral charge state, it gets only a positive or a
negative state. More specifically, as reported in previous
papers,1−4 H behaves as a donor for low Fermi energy values,
that is, in the presence of acceptors. In this case, H at the bc
Ga−As site has a positive charge and compensates the
acceptors. It also diffuses in the GaAs crystal lattice and
forms acceptor-H complexes by neutralizing the acceptor

Figure 2. Diagram of the CBM and defect levels induced by different
H complexes, with respect to the VBM. Upper panel: GaAs and
GaAsN. Lower panel: InAs and InAsN. Both GaAsN and InAsN
results have been achieved by using 128-atom supercells. The charge
state of each complex is also indicated in each panel.
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activity. Similarly, for high Fermi level values, H gets a negative
charge when located in interstitial (almost) tetrahedral sites,
iH(−), compensates donors, diffuses, and binds to them by
neutralizing their activity.4 In the absence of donors or
acceptors, the Hbc(+) and iH(−) species coexist. Present
results, obtained with DFT-HSE06 simulations and exploiting
Di Valentin’s approach, see eq 3, fully reproduce such previous
findings.
Formation energy graphs, as a function of the Fermi level

positions, can give also indications on a possible shallow donor

behavior of a H complex, that is the second H-complex
property we are interested in. As an example, let us consider
the case of single H complexes in GaAsN, in Figure 3b. Here, a
H bonded to an N atom in the N−Hbc complex is considered
in the (+), (0), and (−) charge states, together with iH in (0)
and (−) charge states. When H behaves as an acceptor, the
N−Hbc(−) complex turns out to be favored with respect to the
iH(−), in contrast to pristine GaAs, where the Hbc(−)
complex is energetically penalized with respect to the iH(−) in
the whole EF range: compare Figure 3a,b.
Present results show that the Hbc(+)/Hbc(−) ε(+/−) value

is smaller than the GaAsN energy gap, that is, H behaves as a
negative-U defect. On the contrary, if H was a shallow donor,
the Hbc(+) complex would be stable in the whole range of
allowed EF values, that is, it would be characterized by an
ε(+/−) value larger than the GaAsN energy gap.
A shallow donor behavior of H was predicted in a

mentioned, previous work,16 where an ε(+/−) value about
0.03 eV larger than the GaAsN energy gap was estimated.
Present results give, instead, a value 0.02 eV smaller than the
GaAsN gap. On the ground of these unmatching results, the H
behavior would remain rather uncertain. However, at variance
with the results of previous studies,16,23 the present results
indicate that the Hbc(+) complex in GaAsN restores the GaAs
energy gap. This implies that the ε(+/−) value in Figure 3b
has to be compared with the GaAs energy gap instead of the
GaAsN one. From the present results, single-H complexes do
not behave, therefore, as shallow donors in GaAsN.
We have seen in eq 2 that formation energies estimate the

energy balance of the formation process of a H complex in a
given charge state with respect to a common state of reference
corresponding to the host material and a H atom in the gas
phase. However, once introduced in a host lattice, H atoms
interact with the host atoms forming mobile complexes such
as, for example, the Hbc(+)−As ones, and, in this form, they
migrate in the crystal lattice50 and interact with N atoms. Thus,
N−H complexes can be also considered as the products of
reactions involving N atoms and the H-related reacting species
coming from the H−(host atom) interactions. For instance,
Figure 3a indicates that, in a Fermi level range limited by the
GaAsN energy gap (0.87 eV), H atoms interacting with the
host Ga and As atoms initially form only the As−Hbc(+)
complex. In this form, H+ ions diffused in the lattice are

Figure 3. Formation energies, Hf with respect to Fermi energies, EF,
referred to the valence band maximum, EV. Light yellow background
indicates diagram for H-complexes in GaAs. Light green background
indicates diagrams for H-complexes in GaAsN. Vertical gray lines
indicate the CBM; 1.413 eV for GaAs, 0.876 eV for GaAsN.

Table 2. Schematic Description of Reactions Leading to the Formation of N−H Complexes in GaAsN and InAsN Systemsa

reactants products ΔE (eV)

GaAs (GaAs)N + As−Hbc
+ → GaAs + N−Hbc

+ −1.52
(GaAs)N + (GaAs)iH− N−Hbc

+ + GaAs −1.09
(GaAs)iH− + N−Hbc

+ C2v
0 + GaAs −1.28

N−Hbc
+ + As−Hbc

+ C2v
++ + GaAs −1.32

As−Hbc
+ + 2(GaAs)iH− + N−Hbc

+ Hbc−3Hab
0 + 3GaAs +0.66

2As−Hbc
+ + (GaAs)iH− + N−Hbc

+ Hbc−3Hab
++ + 3GaAs −0.22

InAs (InAs)N + As−Hbc
+ → InAs + N−Hbc

+ −1.59
(InAs)N + (InAs)iH− N−Hbc

− + InAs −1.26
(InAs)iH− + N−Hbc

+ C2v
++ + InAs −1.04

N−Hbc
+ + As−Hbc

+ C2v
++ + InAs −1.43

As−Hbc
+ + 2(InAs)iH− + N−Hbc

+ Hbc−3Hab
0 + 3InAs −0.18

2As−Hbc
+ + (InAs)iH− + N−Hbc

+ Hbc−3Hab
++ + 3InAs −0.72

aNote that ΔE values come from differences between total energy values of simulation supercells. Thus, for example, in the (GaAs)N + As−Hbc(+)
→ GaAs + N−Hbc(+) reaction, the two reactants involve two 64-atom supercells like the two products. Stoichiometry is balanced between
reactants and products.
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attracted by a N negative charge (N acquires a partial negative
charge because it is more electronegative than an As atom) and
give rise to an exothermic reaction (GaAs)N + As−Hbc(+) →
N−Hbc(+) + GaAs, see Table 2. From this table, the relative
ΔE value, that is, the difference in energy between products
and reacting species of this reaction, is indeed equal to −1.52
eV (negative values indicate exothermic reactions). The H
atom in the N−Hbc(+) complex neutralizes the N effects by
restoring the GaAs energy gap, thus implying that when a
suitable concentration of such complexes is reached, further H
introduced in the GaAs lattice behaves as a negative-U defect
by forming As−Hbc(+) and iH(−) complexes (see Figure 3a).
Both complexes can diffuse in the GaAs lattice and can be
considered, together with N atoms and N−Hbc(+) complexes,
as reactants in the formation of single- and multi-H complexes.
In this way, it is possible to discuss the formation of C2v

complexes in terms of both formation energies, Hf, and
reaction energies, ΔE. Once a large number of N−Hbc(+)
complexes is formed, a iH(−) ion may react with a N−Hbc(+)
complex to form the C2v(0) one. This occurs with an
exothermic reaction, as indicated in Table 2. Moreover, the
reaction involving N−Hbc(+) and As−Hbc(+) species to form a
C2v(+2) complex is exothermic, see Table 2. However, the C2v
formation energies in Figure 3c show that the ε(+2/0) is close
to the GaAs mid-gap (the GaAs energy gap is restored by the
formation of N−Hbc or C2v complexes), that is, the value of the
Fermi level in undoped materials. For this Fermi level, the
C2v(+2) may change its charge state to the neutral one. We
expect, therefore, that the C2v(0) and C2v(+2) complexes
coexist. The same figure shows that a shallow donor behavior
cannot be ascribed to the C2v complex either.
Finally, the Hbc−3Hab multi-H complex does not play a

significant role in GaAsN. It is not favored in the neutral
charge state (the corresponding ΔE has a positive value) and
scarcely favored in the +2 one, see Table 2. Moreover, the
corresponding formation energies, see Figure 3d, show that it
cannot behave as a shallow donor.
Results achieved for other N−H complexes in GaAsN (and

InAsN) have not been reported here: single-H complexes, such
as the N−Hab ones, and multi-H complexes, such as the H2*
(see ref 17), have higher total and formation energy values.
To summarize, in GaAsN, all of the investigated N−H

complexes restore the GaAs energy gap, while none of them
can account for a band-filling effect. This is in agreement with
the experimental results.51

H Effects on the InAsN Properties. Recovery of the
Host Energy Gap. The KS electronic eigenvalues calculated for
different H complexes in InAsN are shown in the lower panel
of Figure 2. N has dramatic effects on the InAs energy gap, as
shown by a gap value of 0.216 eV to be compared with the
value of 0.383 eV calculated for the pristine material.
The results in the figure also show that, as opposed to

GaAsN, defect levels induced by N−H complexes are located
above the CBM rather than in the InAsN energy gap (compare
with the upper panel of the figure). This implies that one or
two electrons occupy the CBM in the case of neutral
complexes. A second, significant difference with respect to
the GaAsN results in Figure 2 is that single-H complexes do
not fully neutralize the effects of N by inducing only a partial
reopening of the energy gap (see the zoom in the lower panel).
This different ability of the N−Hbc(0) and N−Hbc(+)
complexes to recover the host energy gap in the two alloys
has raised our attention because, as mentioned above, these

complexes have exactly the same on line geometry in the two
materials and are expected to perturb the N properties in a
quite similar way. This result is even more surprising if one
takes into account that multi-H complexeswhich also share a
same geometryneutralize N effects in both alloys. Later in
this section (see below), we will introduce a new, simple model
that can answer to such issues.

N−H Complex Formation and H Shallow Donor
Behavior. Before starting with the investigation of N−H
complex formation energies in InAsN, we have to consider the
behavior of single H atoms in InAs. The formation energies of
As−Hbc in the (+, 0, −) charge states and iH(−) complexes in
this material are shown in Figure 4a. Analogous to the results

achieved for H in GaAs; in InAs, H behaves as a negative-U
defect, in agreement with previous theoretical findings.3

However, at variance with GaAs and in agreement with
GaAsN, the Hbc(−) complex is lower in energy than the iH(−)
one, and the ε(+/−) value corresponds to the crossing of the
Hbc(+) and Hbc(−) formation energy lines.
In InAsN, the considered single-H complexes, that is, the

N−Hbc(0/+/−), increase the energy gap up to the value of
about 0.31 eV, that is, without reaching a total recovery up to a
InAs gap of 0.383 eV. Their formation reactions are all
exothermic, see Table 2. The corresponding formation
energies, see Figure 4b, indicate that the N−Hbc(+) complex
is the dominant one for Fermi level values up to about 0.31 eV.
That is, such a complex starts to form when the InAsN energy
gap is 0.216 eV; then, it partially neutralizes the N effects by
raising the energy gap up to the value of 0.31 eV. Now, because

Figure 4. Formation energies, Hf with respect to Fermi energies, EF,
referred to the valence band maximum, EV. Light yellow background
indicates diagram for H-complexes in InAs. Light green background
indicates diagrams for H-complexes in InAsN. Vertical gray lines
indicate the CBM; 0.383 eV for InAs, 0.216 eV for InAsN.
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this complex maintains its positive charge state in the whole
range of the Fermi energy values (0.0−0.31 eV), it means that
H behaves as a shallow donor. Thus, it can account for a band-
filling effect when the H concentration is lower than or equal
to that of N atoms. For H concentrations higher than the N
ones, multi-H complexes can form. The ΔE values for C2v(0)
and C2v(+2) complexes indicate that their formation reactions
are exothermic, see Table 2. The formation energies of the C2v

complex in the (0), (+1), and (+2) charge states, see Figure 4c,
show that the C2v(+2) complex dominates up to a Fermi level
value of 0.37 eV, almost coincident with a value of 0.383 eV
(the InAs energy gap restored by the formation of C2v

complexes). Therefore, the C2v(+2) complex behaves as a
shallow donor and can account for a band-filling effect when
the H concentration is higher than that of N atoms.
Finally, we have considered the Hbc−3Hab (0), (+1), and

(+2) complexes. At variance with the GaAsN case, the reaction
leading to the formation of this complex is exothermic in all of
the three charge states, see Table 2. However, the
corresponding ΔE values are small or significantly lower than
those of the Hbc and C2v complexes. Thus, this complex plays a
possible, minor role in InAsN. The formation energy graphs in
Figure 4d show that the ε(+/0) and ε(+2/0) values for this
complex are both equal to 0.35 eV. However, both the neutral
and the +2 charged complexes restore an InAs gap of 0.38 eV.
Thus, this complex might not behave as a shallow donor.
Origin of the Energy Gap Recovery and of the H

Shallow Donor Behavior. As a preliminary step, let us note
that the N effects on the host band gap in III−V-N alloys have
been explained by a band anticrossing model which identifies
the reduction in energy gap as due to the interaction between
the host matrix CBM and a band related mainly to single N
atoms and N clusters resonant with the CB.4,52−55 In the case
of, for example, GaAsN, these resonant N states come from the
N−Ga interactions, and for an isolated N, they receive
significant contributions from electronic states of N and its
four Ga nearest neighbors, spatially localized for about 50% on
these five atoms.56 Thus, the H-induced energy gap recovery,
that is, the N neutralization induced by H, has been simply
attributed to the strong perturbations caused by the formation
of N−H complexes on N−Ga interactions and on resonant N
states. Within such an assumption, some theoretical studies on
the H effects in GaAsN have just confirmed the energy gap
recovery induced by H by distinguishing, at the same time,
between N−H complexes able or not able to cause such an
effect.4,16,23

Within this topic, as anticipated above, the present results
raise two questions about: (i) the different ability to neutralize
the N effect on the energy gap shown, in GaAsN and InAsN,
by neutral and charged N−Hbc complexes sharing the same
geometry, and (ii) the disappearance of such a difference in the
case of multi-H complexes sharing, once more, the same
geometry in the two alloys.
We propose a simple, qualitative model, which seems able to

account for these peculiar results. This model has been
inspired by the following considerations. First, in the case of
GaAsN, the breakage of just one Ga−N bond, replaced by a
N−Hbc one, is sufficient to neutralize the N effect and to fully
recover the GaAs gap. In InAsN, instead, we need at least two
In−N bonds to be broken, as in the case of the C2v complexes.
This suggests the existence of some relationship between
changes of the N local, chemical environment, and the changes
of the material band structure induced by the formation of a
N−H complex. Second, the breakage of cation−N bonds is
expected to induce a significant rearrangement of the local
atomic charges in the complex, which should involve mainly
the N neighboring cations. In this regard, let us consider that
when N is introduced, for example, in the GaAs lattice, the four
Ga neighboring the N atom lose more electronic charge than
their companions bonded to As atoms because the N
electronegativity is higher than the As one. The atomic charge
rearrangement following the formation of a N−H complex
could induce a recovery of the charge lost by the Ga cations
neighboring the N atom. This would correspond to a
weakening of the perturbation induced by N on its neighboring
cations (the same cations contributing to the N resonant
states), which seems reasonable to relate to the recovery of the
energy gap. In this regard, as a final consideration, let us take
this line of reasoning to the limit and note that if the formation
of a N−H complex led to a full recovery of the atomic charge
for all of the four Ga atoms neighboring the N atomas it
would occur if N was substituted by an As atomit would be
quite reasonable to expect a full recovery of the GaAs energy
gap.
Keeping in mind such considerations, we have investigated

the changes induced by the formation of a N−H complex on
the atomic charges of the Ga or In atoms neighboring the N
one. Atomic charges of these atoms in bulk GaAsN and InAsN
and in the most representative N−H complexes, accurately
calculated by using the Bader method (see Theoretical
Methods), are reported in Table 3.
For each complex, we have investigated the atomic charge

rearrangement induced on the four cations surrounding the N

Table 3. Bader Atomic Charges of Ga and in Cations (in e) in Different N−H Complexesa

X = Ga, In GaAsN InAsN GaAsN InAsN GaAsN InAsN GaAsN InAsN

Hbc
0 Hbc

+ C2v
0 C2v

++

X-bulk 12.22 12.17 12.22 12.17 12.21 12.18 12.19 12.14
X−N 12.01 11.99 12.02 11.99 12.01 12.01 12.00 11.98
X−H 12.39 12.27 12.35 12.26 12.43 12.30 12.25 12.20
X−H2 12.49 12.36 12.27 12.21
X̅ 12.10 12.06 12.09 12.06 12.23 12.17 12.13 12.09
R 45% 35% 43% 34% 109% 94% 68% 64%
N 6.52 6.52 6.53 6.53 6.67 6.60 6.57 6.62

aX-bulk indicates a “bulk” cation (a cation bonded with an As atom), while X−N and X−H label cations bonded with N and H in the complex,
respectively. X̅ means atomic charge value (see the text), R is the ratio between atomic charges (see the text), and N is nitrogen atomic charge in
the complex. In GaAsN and InAsN without H, the N atomic charge takes values of 6.50e and 6.47e, respectively, whereas the four Ga or In atoms
bonded to N have atomic charge values of 12.00e and 11.98e, respectively.
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atom by the formation of a given N−H complex and compared
the results achieved in GaAsN with the InAsN ones.
Let us start with the N−Hbc(0) complex in GaAsN. The

results in Table 3 show that a Ga atom bonded to As atoms
loses some electronic charge, by reducing its atomic charge
from 13e to 12.22e (the outer 10 d electrons of a Ga or In atom
are considered here as valence electrons). A Ga atom bonded
to an isolated N atom further reduces its atomic charge to the
value of 12.00e. Now, we focus on the .xx fraction of a 12.xxe
cation charge and investigate how much the formation of a N−
H complex permits to recover some atomic charge on the
cations involved in the complex; we use, as a reference value,
0.22e, that is the fraction for a (bulk) Ga bonded to an As atom
in GaAsN. With this purpose, we define R as the ratio between
the .xx fraction of the charge relative to the complex we are
interested in with respect to the reference value, 0.22e. Values
of R are given in Table 3, while a pictorial representation of
such a quantity is given in Figure 5.

In detail, the mean value of the atomic charge for the four
Ga atoms involved in the N−Hbc(0) complex, turns out to be
12.10e. Then, we consider the ratio between the fractions of
0.10e and 0.22e, which is equal to 45%, as indicated in Table 3
and Figure 5. Such a partial recovery of atomic charge
corresponds to a full recovery of the host energy gap in
GaAsN, see Figure 2. When the same analysis is conducted for
the corresponding complex in InAsN, the In charge recovery is
equal to 35%, turning out in a limited reopening that does not
reach a complete recovery of the InAs gap. In the case of the
charged complex, the charge recovery is 43% in GaAsN and
34% in InAsN. Once more, we have full recovery of the energy
gap only in the presence of a higher recovery of the cation
charge. The value of about 45% seems to be a sort of lower
bound. Below that value of charge recovery, the energy gap
reopening is incomplete. On the other hand, both neutral and
charged C2v complexes show a quite high recovery of atomic
charge, for example, 68 and 64%, for the Ga and In atoms
involved in the C2v(+2) complex, respectively, and recover the
host energy gap both in GaAsN and InAsN. The Hbc−3Hab
complexes show similar trends.
The above results permit to formulate a model that deepens

our understanding of the H-induced N neutralization by
showing that an explanation of such a H effect can be founded
on: (i) the existence of a direct relationship between the
energy gap recovery caused by the formation of a N−H
complex and the recovery of the atomic charge of the Ga−In
cations neighboring the N impurity. More specifically, a
gradual increase of the atomic charge of those Ga (or In)

atoms, induced by the complex formation, can be considered
as a signal of the progressive weakening of the perturbations
caused by N on its host environment, which culminates with
the N neutralization (indeed, even in the case of missed
recovery, as found for the N−Hbc complexes, an increase of the
In atomic charge accompanies a partial InAsN gap re-
opening); (ii) a change of perspective, where the attention
moves from what happens to the resonant N states to what
happens to the local properties of the Ga (or In) atoms next to
N after the formation of the complex; and (iii) a larger
effectiveness of charge recovery of the Ga cations with respect
to the In ones, which can be immediately related to a Ga
electronegativity larger than the In one.
Our model easily explains the different (comparable) ability

shown above by a same single-H (multi-H) complex in the
occurrence of the neutralization of N in GaAsN and InAsN. In
the former alloy, a more effective charge recovery is indeed
accounted for by the fact that Ga atoms, more electronegative
than the In ones, take a larger advantage even by the breakage
of just one N−cation bond. The ensuing atomic charge
recovery is sufficient to achieve the neutralization of the N
effects on the GaAsN energy gap. The breakage of two N−
cation bonds is needed, instead, to achieve the same effect in
InAsN. As an overall indication given by the model, the
different electronegativity of the Ga and In cations, that is, the
different local, chemical environment of the N−H complexes,
can account for the different ability of H to recover the energy
gap in the two alloys.
At this point, we can come back to consider a feature of the

results regarding the N−Hbc complexes, which can be clarified
by taking into account the overall results produced by the
Bader charge analysis. In the case of these complexes, the
difference between the percentages of atomic charge recovery
of Ga cations, 45%, and In cations, 35%, may appear too small
for justifying the occurrence of energy gap recovery only in the
case of complexes formed by Ga cations. However, let us note
that, significantly, even just the break of one In−N bond and
the subsequent, small charge recovery percentage induce a
noticeable reopening of the InAsN energy gap of more than
50% (see Figure 2, bottom panel). Thus, in the case of Ga
cationswhich have a larger electronegativity than the In ones
and are more effective in the recovery of atomic charge, as
shown by the results in Table 3it seems well-founded that
the break of just one Ga−N bond, and a small increase of the
charge recovery induce a larger effect than in the In−N case,
thus leading from a partial to a full reopening of the energy
gap. This argument is further supported by a classic work,57

where Kurtin et al. have shown that the difference in
electronegativity between the atoms that build up a semi-
conductor may lead to abrupt changes in some of the relevant
physical observables of the system, such as, for instance, the
relative strength in exciton absorbance, see Figure 2 in the
mentioned paper. Accordingly, in the present case, we propose
that changes in the band gap related to changes in the cation
electronegativity belong to the same class of phenomena,
showing a nonlinear behavior that leads to noticeable
differences in the band gap recovery when passing from 35%
of charge recovery to 45%.
The results in Table 3 also indicate that, as occurring, for

instance, in the case of the neutral N−Hbc complex, the extra
electron introduced by the H atom is accommodated in
appreciable, but different portions on the involved Ga or In
atoms, about 40 and 27%, respectively, slightly involving the N

Figure 5. R factor (see text) obtained from the Bader charges
reported in Table 3.
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atom. This resultand the fact that the extra electrons
introduced by H atoms are accommodated in defect states
within the energy gap in GaAsN, whereas they occupy the
CBM in InAsN (see Figure 2)can be immediately related to
the different tendency to attract electrons of the Ga and In
atoms. In turn, both results suggest that the different
electronegativity of Ga and In atoms is also at the origin of
the shallow donor behavior, shown by N−H complexes, that is,
they easily lose their extra electrons, only in InAsN, and not in
GaAsN.

■ CONCLUSIONS
In this work, we address theoretically the opposite behaviors of
atomic hydrogen in two related III−V-N alloys: GaAsN and
InAsN. Experimentally, it was observed that in GaAsN,
hydrogen passivates the N electronic activity (with an ensuing
recovery of the GaAs band gap), without contributing extra
electrons to the conduction band (i.e., H incorporation does
not lead to band-filling effects). Opposite behaviors were found
in InAsN, where hydrogen does not induce a recovery of the
InAs gap and behaves as a shallow donor.
We used DFT-HSE calculations in a supercell approach to

pinpoint the role played by N−H complexes and the
underlying electronic structure of the GaAsN and InAsN
hosts with regard to the findings reported above. First, we
analyzed the effects of the most stable N−H complexes on the
band gap energy. We found that both single- and multi-H
complexes neutralize the N effects in GaAsN, by fully
recovering the GaAs energy gap, in agreement with the
experiments. In InAsN, on the other hand, single N−H
complexes only increase the energy gap without inducing a full
recovery of the InAs one, consistently with available
experimental data. The formation of multi-H complexes is
instead required to neutralize N in InAsN, thus indicating that
different hydrogen incorporation conditions have to be
explored to achieve full N passivation. Second, present results
showed that no shallow donor states stem from single- and
multiple-H complexes in GaAsN, while the opposite is true in
InAsN, in agreement with optical and transport studies.
The results regarding the neutralization of the effects of N

were somewhat surprising because both single- and multi-H
complexes share a same geometry in GaAsN and InAsN, and
therefore, they are expected to perturb the N properties in a
quite similar way. On the contrary, single-H complexes
neutralize the N effects in GaAsN, not in InAsN, while
multi-H complexes neutralize N in both alloys. Stimulated by
such issues, we have found that these results can be accounted
for by a simple model which also fully explains the different H
effectiveness in recovering the GaAs and InAs energy gaps. In
this model, the energy gap recovery is directly related to a
recovery of the atomic charge of the Ga/In cations neighboring
the N impurity in a N−H complex. More specifically, a gradual
restoration of the Ga−In atomic charge can be considered as a
signal of progressive weakening of the perturbations caused by
N on its host environment, which culminates with the N
neutralization. A larger extent of charge recovery is found for
the Ga cations with respect to the In ones, which explains the
different (comparable) effectiveness in neutralizing the N
effects shown by single-H (multi-H) complexes. The different
effectiveness of the Ga and In cations to recover atomic charge
can be immediately related to their different electronegativity,
larger for Ga than for In, which, therefore, also thoroughly
accounts for the different ability of H to neutralize the N

effects in the two alloys. Remarkably, even the differences
concerning the H shallow donor behavior in the two alloys can
be related to the different electronegativity of the two cations.
The different tendency to attract electrons of the Ga and In

atoms becomes, therefore, a unifying feature at the origin of
the different occurrence of the two main effects of H (band-
gap reopening vs shallow donor formation) in the GaAsN and
InAsN alloys. Finally, we point out that the comprehension of
the H properties in these alloys turns out to be particularly
relevant in InGaAsN (substantially a derivative of the GaAsN
and InAsN alloys), an important material for technological
applications. In this regard, we can anticipate some results of a
theoretical investigation we recently performed on the H
effects in this alloy. These novel results substantially agree with
the present ones: multi-H complexes neutralize the N effects,
while the In−Hbc−N ones do not. As an exception, also the
Ga−Hbc−N complexes do not restore the host energy gap. All
together, these results fully agree with those reported in two
previous papers,58,59 showing that the recovery of the InGaAs
energy gap is achieved only by forming di-hydrogen complexes,
while N−Hbc complexes do not produce such an effect.
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