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Genesis of “Solitary Cations” Induced by Atomic Hydrogen

Giorgio Pettinari,* Francesco Filippone,* Antonio Polimeni, Giuseppe Mattioli,
Amalia Patané, Vladim Lebedev, Mario Capizzi, and Aldo Amore Bonapasta

Substitution of constituent atoms and/or changes of crystal structure are rou-
tinely used to tailor the fundamental properties of a semiconductor. Here, it
is shown that such a tailoring can also be realized thanks to a novel hydrogen
effect. Four hydrogen atoms can screen the effect the crystal potential has on
a constituent cation, thus generating a solitary cation: an effectively isolated
impurity, so chemically different from the unscreened constituent cations that
it strongly perturbs the electronic properties of the material by increasing its
fundamental band-gap energy. Such a hydrogen-induced screening effect is
removed by thermal treatments, thus permitting reversible modifications of
both the “crystal chemistry” and material’s properties. This phenomenon,
observed in InN and other topical nitrides, should permit the development
of a new class of materials as well as the fabrication of photonic devices

and optical integrated circuits with distinct, tailor-made regions emitting or
absorbing light, all integrated onto a monolithic semiconductor structure.

played by atomic hydrogen. The small size
of hydrogen, which is a ubiquitous element
in many semiconductor growth techniques
and device processing steps, promotes its
diffusion into the host lattice, where it can
interact with impurities and defects by
forming complexes involving constituent
and/or foreign atoms and sizably modify
or even neutralize their effects on the host
material. '™ While these properties of
hydrogen are well known and have been
widely investigated in the literature, it has
never been reported that hydrogen incorpo-
ration in a semiconductor crystal modifies
the chemistry of its constituent atoms. Here,
we describe this unique phenomenon—to
which we refer to as “genesis of solitary cat-

1. Introduction

Research in semiconductors has often aimed at controlling the
electronic and/or optical properties of a material by suitable
changes in its chemical composition or crystal structure. This goal
has been commonly pursued through the introduction of foreign
atoms (namely by doping or alloying) or defect structures (e.g.,
crystal vacancies) into the host lattice. In the tuning of semicon-
ductor’s properties an important role has also been and it is still
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ions"—and demonstrate that it can induce

remarkable changes in the fundamental

electronic properties of several nitride semi-
conductors. For instance, in the case of InN, a constituent In
cation can be isolated from its crystalline environment through
the formation of strong N—H bonds between its four N-neighbors
and four hydrogen atoms. Such an In solitary cation—an isolated
“impurity” generated by an effective screening of the crystal envi-
ronment—induces a band anticrossing effect, thus significantly
contributing to an increase in the material's band-gap energy
by as much as 0.4 eV. This is a genuine band-gap opening, thor-
oughly different from the Moss—Burstein shift induced by a for-
mation of H-related donors.>® Generally, a distinctive feature of
the formation of H-complexes in a semiconductor lattice is their
controllable dissociation under suitable thermal procedures.['?!
This holds also for the multihydrogen complex responsible for
the genesis of the solitary cations. The effects of atomic hydrogen
on the fundamental properties of InN—also observed in In-rich
(InGa)N alloys and predicted in GaN—represent a singular and
unexpected physical phenomenon. Moreover, the genesis and
vanishing of solitary cations offer opportunities for innovative
technologies in semiconductors. They indicate a way of tuning
the optical properties of nitrides via a spatially controlled incorpo-
ration or removal of H-atoms,”8! that can lead to photonic devices
and optical integrated circuits with distinct, tailor-made regions
emitting or absorbing light all integrated onto a monolithic semi-
conductor structure.

2. Results and Discussion

2.1. Experimental Observations

The effects of solitary cations in InN are revealed by changes
in the photoluminescence (PL) spectra upon incorporation of
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Figure 1. Band-gap opening in hydrogenated InN. a) Low-temperature
(T =10 K) normalized PL spectra (solid lines) of an InN epilayer post-
growth treated with increasing H-doses (dy). Features at =0.9 eV are
due to atmospheric absorption. The integrated PL intensity is shown in
the inset. Simulations of PL spectra in terms of a Kane semiclassical
model (see text and ref.[9] are given by full dots. b) Estimated values of
the renormalized band-gap energy (E,) and donor-induced carrier den-
sity (nq) as a function of dy. Shaded colored areas identify the three dy
regions described in the text.

increasing H-doses (dy), as shown in Figure 1. Spectra simula-
tions, as performed within the Kane semiclassical model of car-
rier recombination in degenerate semiconductors and detailed
in refs. =12 have been employed to estimate the donor-induced
carrier density (ng) and the renormalized band-gap energy (E,),
which are shown in panel (b) as a function of dy. Three dif-
ferent dy regions can be identified:

(i) Low H-doses (dy < 8z, with z =1 x 10% ions cm™2): At such
doses, the high-energy edge of the PL band rigidly blue-
shifts, the emission efficiency begins to decrease, and a
new band appears at low energy (as shown by misfits in the
simulated spectra). These effects are due to the formation of
H-related donor states with an ensuing increase in n4 (up to
a factor of 20) at almost constant value of Eg; see arrows in
the figure and ref.[9].

(i) Intermediate H-doses (8z < dyy < 502): For dyy just larger than
8z, the PL spectrum abruptly narrows and almost rigidly
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blueshifts. The carrier density initially decreases (by a fac-
tor of 4) and then keeps constant, while the band-gap energy
continuously increases. The band gap opens by as much as
AE, = 0.4 eV—independently of the ion-current and ion-en-
ergy values employed in the hydrogenation process—for an
increase in dyy of about a factor of 6, whilst the PL integrated
intensity decreases by roughly a factor of 20.

(iii) High H-doses (50z < dy < 1000z): The H-induced effects re-
semble, to a much smaller extent, those in the low H-doses
regime: ny doubles while E, just slightly increases and the
PL integrated intensity keeps constant.

The robustness of the band-gap opening at intermediate
H-doses is supported by the room-temperaturel'3 current-
voltage characteristic and estimated sample conductivities (o)
shown in Figure 2. At low H-doses, o increases and reaches a
peak at dy = 8z, which parallels the dependence of nyq on dy
shown in Figure 1b. At intermediate H-doses, o first decreases
(by a factor of 4), then slightly increases and saturates (or
decreases) at high H-doses (dy > 50z). These transport meas-
urements confirm that at intermediate H-doses the PL spec-
trum blueshifts whilst the carrier density decreases. These fea-
tures indicate a real band-gap opening, different from a mere band-
filling effect. It is different, indeed, from the Moss—Burstein
shift, reported in degenerate InNI"*1€l and accounting for the
moderate PL peak blueshift observed here at low and high
H-dose regimes; see Figure 1.
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Figure 2. Conductivity measurements on hydrogenated InN. a) Room-
temperature current—voltage characteristics (full dots) of an InN epilayer
postgrowth treated with different H-dose (dy). Dashed lines are linear
fits of the data. b) Estimated layer conductivity (o) as a function of dy,.
Shaded colored areas identify the three dy regions described in the text.
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Figure 3. Thermal stability studies of the band-gap opening. a) Low-tem-
perature (T =10 K) normalized PL spectra (solid lines) and simulations
(full dots) of a hydrogenated (dy; = 20z) InN epilayer subjected to thermal
annealing at T, = 350 °C for increasing times (t,). The as-grown (a.g.)
sample is also shown for comparison’s purposes. Features at =0.9 eV are
due to atmospheric absorption. b) H-induced increase in the carrier den-
sity (Ang) and c) in the renormalized band-gap energy (AE,) as a function
of t,. Error bars are within the symbol size. Dashed lines are Arrhenius-
like fits to the data; see text and ref.[9]. The best-fit values of deactivation
energy for the H-induced effects are also given.

Additional information on the origin of the H-induced
effects is provided by the analysis of the changes in the PL
spectra upon isothermal annealing at T, = 350 °C for increasing
time intervals (t,). As an example, the PL spectra of a same
sample untreated, then hydrogenated at dy = 20z—namely,
at a dy in the middle of the intermediate range at which the
band gap widely opens—and finally annealed, are shown in
Figure 3a together with their simulations by the Kane semiclas-
sical model. Upon annealing, the PL spectrum tends to recover
the line-shape of the untreated sample: It narrows (i.e., ng
decreases; see panel (b)); it redshifts (i.e., the band gap closes;
see panel (c)); and the PL efficiency increases (not shown here).
This recovery process saturates after a few hour annealing,
without achieving a full restoration of the PL spectrum. There
are, therefore, two different defects (at least) accounting for the
observed H-induced effects: H-complexes dissociating already
at T, = 350 °C, and secondary, more stable H-related defects
persisting after 40 h at T, = 350 °C. Irradiations with He-atoms
had also been performed to purposely and controllably damage
the sample without chemical interactions, in order to sup-
port the interpretation of the two components of the band-gap
opening in terms of formation of H-complexes and of struc-
tural damage, respectively; see Section S1 (Supporting Informa-
tion). The origin of the latter effect will be discussed later.

The decrease in carrier density (Ang) upon increasing thermal
annealing time t, (see Figure 3b) is attributed to a thermal
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dissociation of the H-complexes, followed by H-atom out-dif-
fusion.”! It is modeled by an Arrhenius-like law, as explained
in details in ref.[9], with an activation energy E, = 2.19 +
0.01 eV.”] The residual value of Any at saturation is ascribed to
the formation of donor N-vacancies during the hydrogenation
process.”!8 Similarly, the decrease upon annealing of the InN
band-gap opening is well fitted in terms of H-complexes dis-
sociation; see dashed line in Figure 3c. Two activation energies
(Fiow = 2.17 £ 0.02 €V and Fy;g, = 2.30 £ 0.02 eV) are estimated
in this case.

H-effects similar to those reported so far are observed also
in In-rich (InGa)N alloys. There, the PL peak energy (Epea)
blueshifts monotonically with increasing dy; at a rate decreasing
with decreasing In-concentration (x) and vanishing for x = 0.5;
see Section S2 (Supporting Information).

2.2. Solitary-Cation Model

The microscopic nature of the band-gap opening experimen-
tally observed in InN has been investigated by a theoretical
detailed survey of different defects that may form in this hydro-
genated compound. First, we investigated a single H-atom
located at different sites: The interstitial bond-center (BC) site,
the antibonding (AB) site, and the N-substitutional site.') In
agreement with previous studies, H-atoms located at these sites
induce donor levels in the conduction band (CB), with ensuing
band-filling effects.l'2% They have no effect, instead, on the
host band-gap energy.

Then, we considered an Hpc—3H,, donor complex (the
upper- and lower-case letters refer, respectively, to H bonds par-
allel and perpendicular to the wurtzite c-axis), which consists
of four H-atoms bound to four N-atoms nearest-neighbors of
an In-atom, as shown in Figure 4a. This complex forms in
hydrogenated In-rich (InGa)N alloys, where its structural prop-
erties were extensively investigated by DFT (density functional
theory), EXAFS (extended X-ray absorption fine structure),
and XANES (X-ray absorption near edge structure) studies.l?!!
The Hpc—3H,;, complex has been considered here because the
observation that hydrogen irradiation produces similar effects
in InN and In-rich (InGa)N alloys (see Section S2, Supporting
Information) supports its formation in InN, too. The peculiar
atomic arrangement of the Hpc—3H,, complex gives rise to
an effective screening of the surrounding crystal environment
and generates a solitary cation at its center, as unveiled here by
combining an analysis of the complex geometry with a detailed
study of its electronic structure and chemical bonding. From a
structural point of view, the formation of three N—H,;, bonds
induces a strong elongation of the corresponding In*-N dis-
tances, where In* is the In-atom at the center of the Hy—3H,;,
complex; see Figure 4a. In turns, this implies a significant
weakening of the three In*—N bonds, as shown by a displace-
ment of the electronic charge from these bonds to the N—H,,
bonds; see Figure 4b. Moreover, the fourth H-atom, Hpc, breaks
the fourth In*—N bond and interacts quite markedly with the
N-atom to form a strong N—Hgc bond. The cooperative action
of the four H-atoms in the complex substantially separates the
In*-cation from its environment. This cation is similar to an
isolated atom in bulk InN, as shown in Figure 4b by the almost
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Figure 4. Hpc—3H,, complex and In* solitary cation. a) Geometry of
the Hgc—3H,, complex (in an InN matrix). The four H-atoms and the
four N-atoms involved in the complex are represented by light-blue and
yellow spheres, respectively. The In-atom separated from its environment
(In*) is represented by a dark-blue sphere. In and N atoms of the bulk
InN are represented by grey and green spheres, respectively. BC and ab
labels identify, respectively, bond-centered and antibonding sites of the
H-atoms. The N—Hpc bond is along the wurtzite c-axis. Bond distances
are given in angstroms. b) Isoelectronic contours of the total charge
density taken on the plane identified by the pair of N—Hgc and N—H,,
bonds indicated in panel (a). Color-code for the isoelectronic contour is
displayed in the inset; values are in e Bohr= units. Note that some atoms
are dropped from the figure in order to ease the view of the structure.

spherical symmetry of the charge density surrounding In*. The
signature of the genesis of an In* solitary cation is given by the
appearance of an atomic-like s-state, s(In*), which is: (i) strongly
localized at the In*-site in the real space, as shown in Figure 5b

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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by the plot of the square modulus of the corresponding elec-
tronic single-particle state, and (ii) energetically close to the
valence band maximum (VBM), see the red bold line in
Figure 5a showing that this state smoothly follows the top of
the valence band in reciprocal space. Thus, the s(In*) energy
level is well below that of the delocalized s-states of the unper-
turbed In-atoms, s(In), which mostly contribute to the conduc-
tion band minimum (CBM). The density of states projected
on Lowdin atomic s-orbitals (pDOS) of In* and unperturbed
In-atoms, respectively, support the above picture by showing
that the s(In*)-states are located close to the VBM, while the
s(In)-states form the CBM; see the upper panel of Figure 5c.
Finally, the four electrons introduced by the four H-atoms of
the Hpc—3H,}, complex are divided in two pairs that occupy the
s(In*)-state and the CBM. This corresponds to a formal change
in the atomic charge of an In-atom from +3 (in the unperturbed
In cations) to +1 (in the In* solitary cations), thus highlighting
the sizable modification in the chemical properties of a mate-
rial's constituent atom produced by the hydrogen insertion in
the host lattice.

We will now demonstrate that the formation of the In* soli-
tary cation by the coordinated action of four H-atoms and the
ensuing presence of the s(In*)-state are the key conditions for
the occurrence of a band-gap opening at the I" point. Let us con-
sider a hypothetical defect structure where the Hp—3H,;, geom-
etry is maintained but the four H-atoms are removed from
their sites (hereafter referred to as Hsc —3Ha configuration).
In this configuration, the interaction of the In*-atom with its
N-neighbors is partially recovered and the In* loses its isolated-
atom character. In this case, the s(In*)-state leaves the VBM to
join the s(In)-states at the CBM (see lower panel of Figure 5c)
and the pristine band-gap energy of InN is almost restored,
but for residual strain effects; see also the band-edge align-
ments between the band structures of the pristine and defected
InN host calculated at the I" point and sketched in Figure 6.
Finally, this same figure shows that the CBM raises when the
s(In*)-state occurs in the system. Therefore, the observed band-
gap opening can be accounted for by a level-band anticrossing
model involving the s(In*)-state and the s(In)-states of the CB
edge.

A band-gap increase AE, = 0.26 eV is theoretically estimated
for an In*-concentration ([In*]) of about 10%° atoms cm™; see
Section S3 (Supporting Information). This condition favorably
compares with the experimental findings, in particular with a
band-gap increase of =0.2 eV that can be attributed to the H-com-
plex mentioned above; see Figures 1 and 3. Thus, a significant
increase in the band-gap energy can be achieved provided that a
large [In*] is reached—namely a high concentration of atomic
H ([H]) in bulk InN. Such high values of [H] may be justified by
the small values of band-gap energy and bulk modulus in InN
(=0.6 eV and 140 GPa, respectively)—which imply a relatively
low-energy cost for the formation of H* species—as well as by
the local strain accompanying the formation of H*-N bonds; see
Section S4 (Supporting Information). The occurrence of such
favorable conditions for the introduction of hydrogen in InN is
well exemplified by a comparison with a material, GaN, charac-
terized by larger values of band-gap energy and bulk modulus
(=3.4 eV and 210 GPa, respectively). At T = 300 K, we estimate
indeed a [H*] value in GaN several (=12) orders of magnitude
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- In* cations (namely, the concentration of Hpc—

- , 3H,}, complexes) should be proportional to

_ E /M [H]4, whilst the saturation of the band-gap
3 | S L opening shown in Figure 1b is accounted
o < [sn) — 'e." 'H -3H for by a quick increase in the In* formation
u & s — “% ™1 energy with increasing [In*] because of the
2 | local strain accompanying the In*-struc-

! ture formation; see Section S5 (Supporting

Figure 5. Electronic features of the In* solitary cation. a) Dispersion curves of the electronic
states in the Brillouin zone for the In* in bulk InN. The Fermi energy (E) is within the conduc-
tion band. The red bold curve identifies the electronic s(In*)-state induced by the In* solitary
cation. b) Charge density relative to the s(In*) single-particle state highlighted in panel (a). The
value of the isosurface corresponds to 7 x 1073¢ Bohr™. c) Portions of the density of states as
projected on s atomic orbitals of the In* and unperturbed In-atoms (pDOS) for the In* struc-
ture (upper panel) and for the defect structure with H-atoms stripped off ( Hgc — 3H,, complex,
lower panel). The shaded blue and green areas identify the energy regions pertaining to valence
and conduction bands, respectively. Energies are given with respect to the valence band edge

of the pristine InN (Ey), as in Figure 6.

smaller than that in InN. These results also account for the
experimental observations of a progressive reduction of the
band-gap opening effect in (InGa)N alloys with increasing Ga-
concentration, with a vanishing for =50% of [Ga]; see Section S2
(Supporting Information). In fact, though solitary cations (Ga*)
are predicted to form even in GaN—with an effect on the GaN
band-gap energy similar to that In* has on the InN one—higher
formation energies for isolated H lead to low values of [H] and,
consequently, of [Ga*]. This prevents the achievement of a band-
gap opening in GaN as well as in Ga-rich (InGa)N alloys; see
Section S4 (Supporting Information).

An In* solitary cation would also qualitatively account for
the observation of the peculiar, abrupt raise with a following
saturation in the InN band-gap energy and the concur-
rent decrease in the carrier density above a critical H-dose;
see Figure 1. In the former case, the concentration of In*

1.5

|
o
(6]

InN

Figure 6. Band line-ups of pristine and defected InN. Blue and green lines
identify the valence and conduction band edges at the I' point, respec-
tively, for each defect structure investigated; see the text. The horizontal
dashed lines identify the valence and conduction band edges of pristine
InN. Vy—2H and Vy—Hy represent complexes formed by a Vy and two
H-saturators of In dangling bonds and by a Vy with a H-atom (Hy) at the
site of the vacant N, respectively. Band alignments are calculated in the
96-atom supercells, that is, for a defect concentration of 6 x 102 cm™.
Energies are given with respect to the valence band edge of the pristine
InN (Ey), as in Figure 5c.
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Information). As regards the decrease in
the carrier density that parallels the band-
gap opening (see Figures 1b and 2b), it is
explained by the electronic features of In*:
Only two free-electrons are produced when
an Hpc—3H,, complex forms—other two
electrons occupy the s(In*)-state close to
the VBM—while four isolated Hye or Hy,
atoms in InN give rise to four free-electrons
in the CB.

2.3. H-Related Defects

On reporting previously on the donor nature of interstitial
H atoms in n-type InN,’) we observed a side effect of hydro-
genation treatment, namely, a small structural sample damage
with likely formation of nitrogen vacancies.”®l This effect was
disclosed by comparing the behavior under annealing of two
samples, one bombarded with chemically inactive He-ions,
the other irradiated with H-ions;®2! see also Section S1 (Sup-
porting Information). Pure damage effects are stable upon
mild thermal (T, = 350 °C) annealing at which H-complexes
normally dissociate in semiconductors (e.g., H-N complexes
in ITI-N-V dilute nitrides)?>2*] and H-effects are fully reversed.
In the present case of a band-gap opening in InN upon hydro-
genation, a large but not complete recovery of the original band
gap upon mild thermal annealing (see Figure 3) indicates once
more that H-bonds are involved in the observed phenomenon
and that side damaging effects are induced by hydrogenation.
Such effects have led us to search for defects, other than the
Hgc-3H,;, or other H-complexes, that may form upon hydro-
genation, open the band gap, and be stable upon annealing.

In this regard, we focus on nitrogen-vacancies (Vy) and In-
interstitials (Iny,). Those hard defects are characterized by the
smallest formation energies among different, native defects in
InN[! and have been proposed to form upon hydrogenation.!*8l
As regards Iny,,, present results confirm its stable split configu-
ration with a donor level within the CB, in agreement with pre-
vious studies,*?% while they show no effect on the band-gap energy.
On the other hand, Vs induce a relevant increase in the band-
gap energy—up to about 0.4 eV for a Vy concentration [Vy] of
6 % 102 cm™3; see Figure 6—but the extent of such an increase
critically depends on [Vy]; see Section S5 (Supporting Informa-
tion). Therefore, the residual band-gap opening observed after
the long thermal annealing is tentatively ascribed to the presence
of Vy’s provided their concentration upon hydrogen irradiation
be high enough.!® Moreover, it should be noted that only naked
Vy's contribute to the band-gap opening because hydrogen neu-
tralizes such an effect by forming Vy—2H or Vy—Hy complexes;
see Figure 6 and Section S6 (Supporting Information).
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3. Conclusion

In conclusion, the genesis of solitary cations and the consequent
changes in the band-gap energy observed and/or predicted in
several topical nitrides—i.e., InN, GaN, and (InGa)N alloys—
demonstrate that the fundamental properties of these semicon-
ductors can be modified by a direct change of the chemistry
of their constituent cations by means of atomic hydrogen. In
particular, the peculiar atomic arrangement of four H-atoms
around an In-atom in the Hpc—3H,, complex screens the In
atom from the surrounding crystal environment through the
formation of four strong N—H bonds and generates, therefore,
a solitary In* cation. Such an arrangement deeply affects the
fundamental electronic properties of the host crystal: The band
anticrossing interaction of the In* atomic-like electronic states
with those of the conduction band minimum of the materials
leads to a genuine and large band-gap opening, an effect with
the distinctive feature to be reversible. Finally, a high concentra-
tion of In solitary cations might explain values of the InN band-
gap energy greater than 1 eV, sometime reported in films with
low carrier concentrations (<10' cm™) grown by sputtering
techniques and long debated in the literature.[26-3

The reported band-gap opening in In-rich (InGa)N alloys,
together with the possibility of a fine tuning by varying H-dose
and/or In-content, indicate a novel route for a tuneable, post-
growth band-gap engineering in nitride semiconductors.

4. Experimental Section

Sample Growth and Hydrogen Incorporation: The samples studied
here are a 500 nm thick InN (IW358) and a series of 25 nm thick
InGa;_N (0.43 < x < 0.85) epilayers grown by plasma-induced
molecular beam epitaxy on a sapphire substrate with GaN and AIN
buffer layers. Details on the sample characteristics and growth are
reported in refs. [12,31,32]. All samples have been irradiated with
different H-doses (1 x 10'* ions cm™ < dy; < 1 x 10" ions cm™?) by
means of a Kaufman ion source.?*l The ion-beam kinetic energy was set
to low values (10-100 eV) in order to minimize sample damage whilst
the samples were kept at a temperature of 300 °C during the whole
irradiation process to increase H-diffusion.

Optical and Transport Characterization: The effects of solitary cations
formation have been probed by PL and conductivity measurements.
Photoluminescence has been excited by an Art (Ae. = 514 nm) or an
Nd:YVO, (Aexe = 532 nm) laser, dispersed by a 0.25 m focal-length or a
0.75 m focal-length monochromator, and detected by a liquid-nitrogen-
cooled InGaAs photodiode, an InGaAs array, or an Si charge-coupled-
device, depending on the sample emission energy. All the spectra
have been normalized to the optical setup response. Conductivity
measurements have been taken in a four-point collinear geometry343°
by using a high-impedance system.

Theoretical Calculations: Simulations of both wurtzite InN and
GaN have been performed by using the Quantum-ESPRESSO suite of
programs, % ultrasoft pseudopotentials,?7:38 with plane-waves cut-offs
of 30 Ry for wave functions and of 180 Ry for densities. The electronic
channels considered in the atomic pseudopotentials were 2s and 2p for
N, 3d, 4s, and 4p for Ga, and 4d, 5Ss, and 5p for In. In order to correct
the vanishing band gap of typical density functional theory (DFT)
simulations of InN, the Hubbard-U correction®*#% has been applied to
the 3d and 4d states of Ga and In, respectively, and to the 2p states of
N. Similarly to what already done in GaN and (InGa)N alloys,?”#1l the
U value was found parametrically for In, Ga, and N, by reproducing the
experimental values of the band-gap energy and of the position of the Ga
and In d-shell in the density of states with respect to the top of the
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valence band (a four-atom hexagonal unit cell with a 6 X 6 X 6 k-point
mesh was used). The obtained U values are Uy, = 4.0 eV, Ug,gg)
= 8.0 eV, and Uj,as = 1.0 eV. With these choices, lattice parameters,
band-gap energies, and bulk moduli deviate from experimental values by
at most 0.7%, 10%, and 5%, in the order. The results reported in the text,
unless otherwise stated, refer to 96-atom supercells, built from 2 x 3 x
2 times the eight-atom orthorhombic unit cell. Geometry optimizations
were performed for all the structures by minimizing the atomic forces,
fully relaxing the positions of all the supercell atoms, and using a 2 x 2 x
2 k-point Monkhorst—Pack mesh, I" point included. Dispersion curves
have been calculated by nonself-consistent diagonalization of a potential
obtained by means of a 3 x 3 x 3 k-point Monkhorst—Pack mesh, T point
included. Effects of concentration have been checked by using different
size supercells: A 72-atom hexagonal supercell (3 x 3 x 2 times the four-
atom hexagonal unit cell), a 128-atom, and a 360-atom (respectively
2 x4 x2and 3 x3 x5 times the eight-atom orthorhombic supercell).
The electronic results obtained from Hubbard-U calculations have
been checked, for 72-atom supercells, against hybrid density functional
calculations  with the Heyd—Scuseria—Ernzerhof (HSE) exchange-
correlation formulation.*2#3l HSE calculations were performed with
norm-conserving Hartwigsen-Goedecker—Hutter pseudopotentials,*4l
80 Ry cutoff, 2 x 2 x 2 k-point Monckhorst—Pack mesh. A substantial and
satisfactory agreement between the two formulations has been found
and therefore the much lighter and faster Hubbard-U approach has been
used throughout.
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