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Structural and electronic properties of RuN/GaN superlattices:
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In this work, we investigate the structural and electronic properties of RuN/GaN superlattices, using first-principles calculations within
density functional theory (DFT) and generalized gradient approximation (GGA). We have employed the full potential linearized augmented
plane waves (FP-LAPW) method as implemented in theWIEN2k code. The 1×1, 1×2, 1×3 and 1×4 RuN/GaN superlattices are studied
in the wurtzite phase, which is the most stable structure of the GaN. In order to determine the best parameters, we have optimized the total
energy as a function of: (i) the unit cell volume, (ii) thec/a ratio and (iii) thez-coordinate of Ga and Ru atoms. Lattices constant, bulk
moduli, cohesive and formation energies are reported as a function of the period for each RuN/GaN superlattices, and trends are discussed. On
the other hand, a study of the density of states show that the superlattices present a metallic behavior. The results suggest that the RuN/GaN
superlattices can be used as compounds for the fabrication of semiconductor-metal-semiconductor or semiconductor-metal devices.
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1. Introduction

Gallium nitride (GaN) is one of the wide direct band gap
semiconductors, which has a broad range of potential appli-
cations for optoelectronic and high power electronic devices.
Light emitting diodes (LEDs) are a commercial reality due to
an intense activity in the recent past years [1]. Its high ther-
mal conductivity also opens new routes in high-temperature
and high-power electronic devices [2,3], such as metal-
semiconductor field effect transistors (MESFETs), high elec-
tron mobility transistors (HEMTs) and heterojunction bipolar
transistors (HBTs) [4,5]. Additionally, high Curie tempera-
tures and room-temperature ferromagnetism have been pre-
dicted in GaN-doped with transition metal (TM) elements,
which in principle opens a door to semiconductor-based spin-
tronic applications [6-8].

The formation of low resistance and thermally stable
ohmic contacts is of considerable technological importance
for device performance of GaN-based electronics at high
temperatures. In a recent experiment [9] effects on electrical
and structural properties of Ru and Ru/Au Schottky contact
to n-type GaN indicates that the Ru and Ru/Au contact could
be a useful scheme for the realization of high-power elec-
tronics applications. A theoretical study of the ruthenium ad-
sorption and diffusion on GaN(0001) surface [10], shows that

the Ru-adatom is adsorbed at the T4 position and it presents
a 0.61 eV surface diffusion energy barrier. In addition, the
ruthenium adsorption induces change on the electronic struc-
ture of the clean GaN(0001) surface producing a broadening
of the bandwidth around of the Fermi level.

Synthesis of platinum-group metals have received in-
creased attention for the last years and new synthesis strate-
gies have been developed [11,12]. As a result, there is now a
growing list of novel platinum-group metal nitrides showing
very rich structural, chemical and physical properties [13,14].
Recently, Morenoet al. [15] synthesized ruthenium nitride
(RuN) by reactive pulsed laser ablation and they found that
RuN is an ultra hard material with excellent thermal stability,
which is interesting for technological applications. There-
fore, it would be interesting to carry out a theoretical study of
the electronic structure of the Ru/GaN and RuN/GaN super-
lattices and their potential use in optoelectronic devices and
microelectronic applications.

The purpose of this paper is to study the structural and
electronic properties of the RuN/GaN superlattices as pos-
sible compounds with other interesting physical properties,
and their possible applications in the fabrication of Schot-
tky or ohmic contacts. The theoretical study was focused on
wurtzite hexagonal phase, which is the technologically most
relevant crystal structure of GaN [16]. The paper is divided
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FIGURE 1. (Color online) Side-view of the supercell used to sim-
ulate the (a) 1×3 RuN/GaN superlattice which corresponds to the
space groupC4

6v, and (b) 1×2 RuN/GaN superlattice which corre-
sponds to the space groupC1

3v. The blue spheres are the N atoms,
the gray spheres are the Ga atoms and the pink spheres are the Ru
atoms.

as follows: the computational methods will be briefly de-
scribed in Sec. 2. Section 3 will present results and dis-
cussion for the structural and electronic properties of the
RuN/GaN superlattices. We will make some concluding re-
marks in Sec. 4.

2. Methodology

The total energy and electronic structure calculations were
performed using an all-electron first principles calculation
approach in the framework of the spin density functional
theory (DFT). Exchange and correlation effects were treated
with generalized gradient approximation (GGA) obtained by
Perdew-Burke-Ernzerhof (PBE) [17]. The full-potential lin-
earized augmented plane wave (FP-LAPW) method was em-
ployed as implemented in theWIEN2k code [18]. In the
LAPW method the unit cell is divided into two types of re-
gions, the atomic spheres centered upon nuclear sites and

the interstitial region between the non-overlapping spheres.
Inside the atomic spheres, the wavefunctions are replaced
by atomic-like functions, while in the intersphere region the
wavefunction of a Bloch state is expanded in planewaves.

The atomic sphere radii used were1.86, 1.76 and1.65
a.u. for Ru, Ga and N, respectively. Local orbital exten-
sions were included for the semicore states of the ruthenium
atom. The basis set was controlled by a cutoff parameter
Rmtkmax=8.0 (whereRmt is the smallest atomic sphere ra-
dius in the unit cell andkmax is a cutoff for the basis func-
tion wave vector). The magnitude of the largest vector in
charge-density Fourier expansion wasGmax=14 Ry1/2. The
maximuml values for partial waves inside the spheres and for
the non-muffin-tin matrix elements were selected tolmax=10
and vnmt=4, respectively. In order to ensure convergence, we
have used 54 nonequivalentk points in the irreducible wedge
of the first Brillouin zone for each wurtzite supercell calcula-
tions. The integrals over the Brillouin zone were performed
using the Monkhorst-Pack (or special-points) method [19].
Self-consistency is achieved by demanding the convergence
of the total energy to be smaller than10−5 Ry/cell. The min-
imization procedure includes the optimization as a function
of the volumeV and thec/a ratio, followed with the relax-
ation of the internal atomic coordinatesui in the optimized
values of the lattice parameters. Lattice constants, cohesion
energy and bulk modulus were computed by fitting the total
energy versus volume, according to the Murnaghan equation
of state [20].

The supercell approach is employed to calculate the elec-
tronic structure and properties of the short-periodic 1×n
(with n ≤ 4) RuN/GaN superlattices. In all calculations,
we have used a hexagonal wurtzite structure, which is the
most stable structure of the GaN. In the supercell construc-
tion; two, three and five wurtzite unit cells piled in the [0001]
direction for the 1×3, 1×2 and 1×4 RuN/GaN superlattices
were used, respectively. We found that the symmetry of the
1×n RuN/GaN wurtzite superlattices grown along the sym-
metry axis depends on the numbers of monolayersn of gal-
lium nitride, in agreement with other reports [21,22]. The
appropriate space groups areC4

6v (P63mc) andC1
3v (P3m1)

which corresponds to odd and even values of1 + n respec-
tively. The crystal structures of these two different space
groups are presented in Fig. 1. In this figure we show the
ball and stick model of the 1×3 and 1×2 RuN/GaN super-
lattices, which are symmetrically equivalent to the 1×1 and
1×4 superlattices respectively.

3. Results and discussions

3.1. Structural properties

To determine the equilibrium geometry of the RuN/GaN su-
perlattices in wurtzite configuration, the independent param-
etersV (volume of the unit cell),c/a ratio andui were opti-
mized as follows: In the first stage, the ideal wurtzite struc-
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FIGURE 2. (Color online) Energy (eV) versus Volume (Å3) of each
1×n RuN/GaN superlattices in wurtzite structure.

structure was assumed and the equilibrium volume was deter-
mined by varying the lattice constanta. After that, the equi-
librium volume andui were fixed, then energy was optimized
as a function ofc/a ratio. Again, withc/a ratio andV fixed,
ui were obtained by relaxation of atomic positions using cal-
culated Hellmann-Feynman forces until all the residual force
components were less than 0.02 eV/Å. The new equilibrium
volume withc/a ratio andui fixed were determined. This
procedure was repeated several times until the convergence
of the force and energy were reached.

Total energy versus volume data for each 1×n RuN/GaN
superlattices are shown in Fig. 2. Energies and volumes are
given per unit formula. From the minimum energy of each su-
perlattices in the Fig. 2, we construct the plot of the cohesion
energy versus the period of each RuN/GaN superlattices. We
found the minimum energy is increased in a linear tenden-
cy when the number of GaN monolayers is increased as it is

FIGURE 3. Cohesive energy as a function of RuN/GaN superlat-
tice.

FIGURE 4. Volume (Å3) as a function of RuN/GaN superlattice.

FIGURE 5. Bulk modulus (GPa) as a function of RuN/GaN super-
lattice.

showed in the Fig. 3. This behavior has been observed in
others GaN-based superlattices [23,24].

In the Fig. 4, we observed that equilibrium volume also
have a linear tendency with the period of each 1×n RuN/GaN
superlattices. The decreased of RuN/GaN superlattice vol-
ume with the increased the number of GaN monolayers can
be explained because the RuN monolayer is bigger that the
GaN monolayers.

On the other hand, when the number of GaN monolay-
ers increases a uniform decrease of bulk modulus is observed
(see Fig. 5). This can be due to the RuN possess a elevated
bulk modulusBo=335 GPa [15] in comparison with the value
for the GaN,Bo=173 GPa, in agreement to the experimental
valueBo=188 ± 40 GPa [25]. It is seen that the material to
be less rigid because the cohesion energy decreases with the
number of GaN monolayers is increased.

In the calculations, the total energies are used to calcu-
late the enthalpy of formation and the lattice stability of the
RuN/GaN wurtzite superlattices. We have calculated the en-
thalpy of formationHf defined as the difference between the
total energy of the ternary superlatticeRu1−xGaxN phase,
ERu1−xGaxN , and the reference states of fcc-RuN and w-
GaN [26]:

Hf = ERu1−xGaxN − (1− x)Efcc
RuN − xEw

GaN (1)
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TABLE I. Calculated structural properties of RuN/GaN superlattices in wurtzite structure. The experimental values are in parentheses [27-29].
Energies and volumes are given per unit formula.

a(Å) c/a Vo(Å3) Bo(GPa) Eo(eV) Hf (eV)

GaN 3.220 1.628 23.56 173 -8.933 0

(3.189) (1.626) (22.83) (188±40) (-9.058)

1×4 3.239 1.621 23.86 184 -9.328 -0.066

1×3 3.243 1.621 23.95 187 -9.379 -0.035

1×2 3.247 1.622 24.06 194 -9.538 -0.058

1×1 3.255 1.627 24.29 203 -9.974 -0.219

Here,Efcc
RuN andEw

GaN are the total energies of fcc-RuN
in the rock-salt structure and w-GaN in the wurtzite struc-
ture, respectively. The enthalpy of formation estimated
for each RuN/GaN superlattices are shown in the Table I.
We found a negative value for the enthalpy of formation
of the RuN/GaN wurtzite superlattices, which means that
they are energetically stable structures with respect to GaN
(HGaN

f =-1.259 eV). These results on the structural stability of
the RuN/GaN wurtzite superlattices are consistent with ear-
lier experimental results on Ru Schottky contacts to GaN [9].

In the Table I, we summarized the crystal parameters, co-
hesion energy and enthalpy of formation of the RuN/GaN
superlattices and GaN wurtzite calculations. We found that
the GaN lattice parametersa=3.220Å and c/a=1.628 were
slightly overestimated compared to the experimental values
a=3.189Å and c/a=1.626, respectively [27,28]. These re-
sults confirm the usual trend of GGA approach to overes-
timate the lattice constant values. The internal coordinate
ui = 0.377 is in good agreement with the experimental data
ui=0.377 for the GaN [29]. The productui · c gives the bond
length between the cation (Ga or Ru) and the anion (N) sub-
lattices along thez direction. The Ga-N average bond lengths
were 2.081, 2.046, 2.023 and 2.014Å, while the Ru-N bond
lengths were 2.135, 2.118, 2.104 and 2.097Å for the 1×1,
1×2, 1×3 and 1×4 RuN/GaN superlattices respectively. The
Ga-N bond lengths are slightly elongated from the calculated
for GaN wurtzite (d=1.976Å).

3.2. Electronic properties

In order to study the electronic properties, total and ruthe-
nium projected density of states (DOS) for the GaN, the
RuN/GaN superlattices and the RuN in wurtzite structure are
shown in Fig. 6. The black-shaded regions show thed-Ru
states. Calculations were carried out for both spin polariza-
tion. We found that the total DOS for spin up and for spin
down polarizations are identical for each superlattices, and
the net magnetic moment per cell was always zero. There-
fore, we concluded that the RuN/GaN superlattices do not
possess magnetic properties. A similar behavior has been re-
ported by R. de Paivaet al. for Ru doped GaN in zincblende
structure [30]. This suggests than the RuN/GaN superlattices

FIGURE 6. Total and partial density of state for the RuN, 1×1,
1×2, 1×3, 1×4 RuN/GaN superlattices and GaN. The black-
shaded regions show thed-Ru states. The Fermi energy level is
denoted as 0 eV.

are not promising candidates for diluted magnetic semicon-
ductors (DMS) applications.

We can see in the Fig. 6, from top to bottom, that there is
gradual transformation of electronic structure as GaN mono-
layers are introduced in the 1×n RuN/GaN superlattices. It is
clear that the RuN and the RuN/GaN superlattices present a
metallic behavior, contrary to the GaN which present a semi-
conductor behavior with a direct band gap of1.90 eV at theΓ
point, which is underestimated compared with experimental
band gap [31]. This underestimation is inherent in the formu-
lation of density functional theory and is well documented in
existing literature. From the Fig. 6, as the number of GaN
monolayers is decreased in the RuN/GaN superlattices, the
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impurity d band in the valence band is broadened due to the
overlap ofd-Ru wave functions and thed-Ru states are ex-
tended to the total valence and conduction bands in the RuN.
In the RuN and the RuN/GaN superlattices the bands near
the Fermi level are mainly contributed byd-ruthenium or-
bitals andp-nitrogen orbitals. A considerablep-d hybridiza-
tion between these orbitals is presented in the valence band,
a similar electronic behavior was found by Morenoet al. for
the ruthenium nitride in the rock-salt structure [15].

4. Conclusion

The electronic and structural properties of 1×n RuN/GaN
wurtzite superlattices have been examined by means of the
full potential all-electron density functional theory method.
We found that the RuN/GaN superlattices are energetically
stable in the wurtzite structure and the RuN monolayers can
be grown on GaN(0001), in agreement with recent experi-
mental results. We have also found that the RuN/GaN su-

perlattices do not possess magnetic properties and they are
not promising candidates for diluted magnetic semiconduc-
tors applications. However, due to the considerable contri-
bution of thed-Ru orbitals at Fermi level, the RuN/GaN su-
perlattices exhibit a metallic behavior. So that the RuN/GaN
superlattices can be used as compounds for the fabrication of
semiconductor-metal-semiconductor or semiconductor-metal
devices.
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