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Abstract

We study the structural and electronic properties of YxInixN in the concentrations x =0, 4, ¥4, %, and 1 in the B1, B2, B3, and B4 structures.
The calculations show that for Yo.75Ino2sN, the B1 structure is the most energetically favorable. It was determined that between 0 < x <
~0.12 in the (1 X 1 x 2) supercell, the most energetically stable structure is the B3 phase. Additionally, between ~0.12 < x < ~0.6
concentrations x of yttrium, the compound is most energetically favorable in the B4 phase. Technical data that are in agreement with these
results were recently reported by other authors. Finally, between 0.6~ < x < 1, the most stable phase is B1. Additionally, there is no phase
transition between the four structures considered. The DOS and band structure showed that Yo.75In0.2sN in the B1 and B3 phases exhibits
semiconductor behavior, with a direct gap of ~0.6 eV and ~0.7 eV, respectively, while Yo.75Ino.2sN in the B4 phase has an indirect one of
~0.8 eV.

Keywords: DFT; YxInixN; supercell: semiconductor; energy gap.

Calculo en primeros principios de las propiedades estructurales y
electronicas de la aleacion YInN

Resumen

Hemos estudiado las propiedades estructurales y electronicas del YxInixN en las concentraciones x = 0, %, %, %, y 1 en las estructuras B1,
B2, B3 y B4. Los calculos mostraron que para el Yo.75Ino2sN en la estructura B1 el compuesto es energéticamente mas favorable. Se
determiné que entre 0 < x < ~0.12 en la supercelda de (1 X1 X 2) la estructura mas estable energéticamente es la fase B3.
Adicionalmente entre ~0.12 < x < ~0.6 concentraciones x de Ytrio el compuesto es mas favorable energéticamente en la fase B4 y
finalmente entre ~0.6< x < 1 la fase mas estable es la B1. Adicionlamente se hallo que no existe transiciones de fase en las cuatro
estructuras consideradas. La DOS y la estructura de bandas muestra que Yo.75Ino2sN en las fases B1 y B3 presentan un comportamiento
semiconductor con un gap de ~0.6 ¢V and ~0.7 eV, respectivamente mientras que Yo.75Ino2sN en la fase B4 tiene un gap indirecto de ~0.8
eV.

Palabras clave: DFT; YInN; supercelda; semiconductor; gap de energia.

1. Introduction that is potentially attractive for industry, because it is made
up of two materials, InN and YN, which exhibit very

In recent years, new materials that exhibit electronic and ~ different  behavioral characteristics under external
optical properties that are modulated by various parameters hydrostatic pressure: the optical gap of InN increases with
have been developed. In this context, YyIn;xN is a material increasing pressure, while that of YN decreases [1]. Thus, it
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is to be expected that for certain concentrations of yttrium,
the optical gap would be constant upon varying the pressure.
This behavior would be useful in devices that work under
highly variable pressure. The nitride group III-V is based on
the first transition metals, which possess physical properties
of a high degree of electron mobility, high degree of
hardness, low fragility, stability at high temperatures, high
melting point, and good thermal and electrical conductivity,
which implies a potential for use in the development of
optoelectronic devices, devices for magnetic storage, hard
coatings for cutting tools, and protection against corrosion
[1,7,8,17].

In a previous study, Abdel Rahim Garzon, G. P. [1,8]
found that in its ground state the crystallization and lattice
parameters for YN is B1, with ~4.91 A, and for InN it is B4,
with ~3.58 A. The bulk moduli are By, ~163 GPa and By, ~119
GPa, respectively, and the volume increases as the compound
has more d valence electrons and a greater presence of
electrons in the inner layers, so we can reasonably assume
that the natural crystallization phase for YyIn;«N will be
between these two phases. Abdel Rahim Garzén, G. P. and
Jairo Arbey Rodriguez Martinez [8,9], using DFT, studied
the structural and electronic properties of the compound
YInN in the B2 and B1 phases, with concentrations x of %,
Y5, and % of Y. It was found that in the B1 phase, at a
concentration of % yttrium (Y) the material behaves as a
semiconductor, while in the B2 phase it is metallic at the three
concentrations. The cohesion energy decreases with
increasing Y concentration, and this is observed for both
phases, and the gap energy depends on the yttrium
concentration.

They found that for the compound Y/ sIngsN, the ground
state is B4, with a difference of energies between the minima
of the structures B1 and B4 of ~0.025 eV/unit formula, with
a possible B4 to Bl phase transition of the structure at a
pressure of Pt ~1.36 GPa. In the band structure, it was
observed that at P=0 in the Bl phase there is a metallic
behavior, and in the B4 phase and in the phase transition from
the semiconductor to the metal phase an indirect
semiconductor behavior is exhibited [8,10]. Additionally,
they studied the compound YIn3Ny in the B1 and B4 phases
and found that the base state of the crystallization for this
compound is B4, with a possible phase transition of the
structure from B4 to B1 with a pressure of Pr~5.6 GPa. The
B1 phase exhibits metallic behavior, while the B4 phase is a
semiconductor with a gap energy of ~0.2 eV [8,11].

Zoita et al. [13] reported on the synthesis of YIn; <N with
low levels of Y (x < 0.1), experimentally determining that
the base state is WZ, and on increasing the melting point of
the material, the lattice constant increases and the bandwidth
increases linearly towards blue. Also, they determined that
the base state of YN is the B1 phase, with an indirect energy
gap of ~0.498eV. Tholander et al. [2] report that the
composition of thin films with Y (content up to x=0.5)
depends on the lattice parameters, and using ab initio
calculations they determined that the YyIn,..N wurtzite phase
is the lowest in energy among the relevant alloy structures for
0 < x <£0.5. Additionally, it was determined that this
compound used as films on AIN not only reduces surface
roughness but also improves the crystalline quality. Also, the
piezoelectric properties of YInN were improved, converting
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it into a possible candidate for future electroacoustic
applications. In addition, in a theoretical study by N.
Benyounes et al. [S], YN was suggested as a possible alloy
for tuning the direct and indirect bandgap in metastable
zincblende (B3) InN.

In the present paper, the NaCl-type (B1), CsCl-type (B2),
ZnS-type (B3), and WZ-type (B4) phases of Y,In;«N are
studied as first step for a later study in which it will be
determined in which phase the compound is energetically
more stable or metastable, and the potential changes of phase
will be investigated. Also, a detailed study of its structural
stability in the four phases is presented. Plots of energy vs.
volume at T = 0K are shown, and some thermodynamic and
structural properties are determined, such as the volume unit,
B =-V(0P/0V)r, its derivative, the cohesive energy, and the
unit cell volume. With respect to the electronic structure, a
detailed analysis is made of the densities of state (DOS), and
the band structure is plotted in order to determine the
behavior of the direct and indirect bandgap. This article is
organized as follows: First, the method that is used is
described; in the following section, a study of the stability
and the electronic properties is presented for YN, InN, and
YxIni«N; and last, a summary is presented, along with some
conclusions with respect to YyIn;«N.

2. Computational methods

The calculations were performed using density functional
theory (DFT), with the full potential linearized augmented
plane wave (FP-LAPW) method, as implemented in wien2k
code [14]. The exchange and correlation effects are dealt with
by using the generalized gradient approximation (GGA) with
Perdew—Burke—Ernzerhof parametrization [15]. For all
concentrations of x, the Y parameters are: Y: muffin-tin
radius = 1.8 u.a., In; muffin-tin radius = 1.85 u.a, and N:
muffin-tin radius = 1.6 u.a, in addition to other values used,
such as: /max= 10.0. /max is the factor that determines the
maximum value of /. Riax = 8.0, Rimax determines the size for
the base of @k functions and is equal to Rinax=Rm *Kmax,
where K. is the magnitude of the largest G vector, and R,
is the muffin-tin radius of the smallest sphere. The energy of
separation between the shell and the valence states is -8.0 Ry.
Total number of 0.25 vectors in the first Brillouin zone is k£ =
1000 for all phases. Convergence criterion in the energy of
the self-consistent cycles is 0.0001 Ry. For calculating the
structural, electronic, and magnetic properties of YN, InN,
and YyIn;xN,a (1 X 1 X 2) supercell with 8 atoms was used.
Furthermore, Wien2K revealed a tetragonal structure.

3. Results and discussion
3.1 Structural properties of InN, YN, and YInixN

In Tables 1 and 2, the optimized structural parameters are
shown, such as: lattice constant (a), ratio (c/a), bulk modulus
(B0), and cohesion energy minimum (EO), listed for the YN
and InN compounds in the NaCl, CsCl, zincblende, and
wurtzite structures, labeled B1, B2, B3, and B4, respectively.
Some values of the structural parameters obtained are
compared with theoretical and experimental data available in
the literature [16-21].
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Table 1 shows the calculations carried out in this
investigation and by other authors for YN in the four phases,
where the B1 (NaCl) phase and the B4 (WZ) phase are the most
energetically favorable structures in the 1 X 1 X 2 geometry of
YN. They fit well to the theoretical data reported by other
authors [16,17]. In Table 2, the data for InN can be seen in the
1 X 1 X 2 geometry, calculated in this investigation and by
other authors using the 1 X 1 X 1 geometry, where it can be
seen that the most stable phase is B3 (ZnS phase), with an energy
~0.24 eV higher than the metastable B4 phase (WZ phase) [18—
21]. Additionally, for InN in the B4 phase, the lattice parameter,
the ratio of c/a, and the modulus of volume are in excellent
agreement with the experimental data, ~1.69%, ~0.43 %, and
~3.27 %, respectively.

Table 1.

The structural parameters of YN in the B1, B2, B3, and B4 structures. Total
energies and volumes are given per unit cell (containing 8 atoms). The
parameter a, (A) in B1, B2, and B3 is taken as a(A) =aq, (A) /N2 where
a(A) is the lattice constant

c
alA] > V[A3] B[Gpa]  EmileV]
- 3.47 V2 29.61 156 -12.95
34918 V2 18l 131.918
B2 3.00 V2 27.04 141 -11.14
B3 3.73 V2 36.88 111 -12.46
3.75 1.602 36.74 114 -12.64
B4 3 g 1.57617) 110.3%7)

Source: The Authors

Table 2.

Structural parameters of InN in the B1, B2, B3, and B4 structures. Total
energies and volumes are given per unit cell (containing 8 atoms). The
parameter a, (A) in B1, B2, and B3 is taken as a(A) =a, (A) /N2, where
a, (A) is the lattice constant

. 50-57, April - June, 2021.
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Figure 2. Energy vs. concentrations x of yttrium
Source: The Authors

Fig. 1 shows the cohesion energy-volume curves
corresponding to the B1, B2, B3, and B4 structures for the
different concentrations x of Y atoms considered in this
paper. All total energy-volume curves have a parabola-like
behavior and were fit to the Murnaghan equation of state [22]
in order to determine their ground state properties. In Tables
3 and 4, the structural parameter of Y.In«N at the
concentrations x = Y, %, and % are listed for each of the B1,
B2, B3, and B4 structures. It can be seen in Fig. 1 and Table
3 that for the Yo.75Ino2sN compound, the B1 structure has a
minimum total energy value of ~ -11.16 eV /mol, so it can
be considered to be the most energetically stable, with
differences with respect to the B4, B3, and B2 structures. The
least energetically favorable one is the B2 structure, with the
highest energy difference with respect to the B1 structure.
For Y.75Ino2sN, the B4 structure is the most favorable, with

- c o L.
alA] 24 V[A*]  BIGpal  EmnleV] a minimum energy of ~ - 0.99eV /mol, followed by the Bl
B1 3.33 V2 26.11 153 -5.54 structure, with an energy difference of ~0.17eV /mol.
B2 2.98 V2 26.51 115 -3.68
B3 3.57 V2 3221 120 -5.94 Table 3.
3.59 1.62 The structural parameters of Y,In;..N in the B1, B2, B3, and B4 structures.
3 5.3 [18] 1.615 18] 122 Total energies and volumes are given per unit cell (containing 8 atoms). The
B4 3.52019] 161210 3213 ogiewan -5.70 parameter ao(A) in B1, B2, and B3 is taken as a(A&) = ao(&)/v2, where
3.53Exe-20] 1.6131Exe-200 a(A) is the lattice constant, c/2a = v2
Source: The Authors B1 [8,9]
amn [Al  V[A3]  B[Gpa]  EmuleV]
(Al V] P
YoasInossN [11] 3.38 27.26 145 -7.42
T T T T T T T T T Yos0lnosN [10] 342 28.16 147 -9.18
-5 —e— B1 Yo0uing 75N YosIno2sN 3.45 29 159 -11.16
= B1 Yg 5lng 50N B2 [8]
-61 B1 Y7510 25N -
6 . L 0.75/No.25 Amin [A] V[A3] B [Gpa] Emin[eV]
° B4 Y 551N 75N
S -7 e \. -« = B4 Y 50lno 5N § Yo.25Ino7sN 2.991 26.76 134 -5.55
o, .5"~..7-;§>~9.j el o [ B4 Yozing N Yo.s0Inos0N 2.994 26.84 128 -7.47
> _g8] B2 Yoaslnozs] YossInozsN 3.004  27.11 129 9.27
(@)) —e— B2 Y 5lng50N
QL) . B2 Yo75N.25N n = B3
g -91 e ot e, n | " B3 Youing N amin[A]  V[A*]  B[Gpa]  Emu[eV]
= B3 YosolnosoN Yo.25In0.7sN 3.62 33.44 118 -7.35
-101 o > B3 YorelnozsN YosolnosoN 3.66 34.63 109 -9.14
S tereseees YosIneasN 3.69 35.65 108 -10.79
-11 e b Source: The Authors
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Figure 1. Energy vs. volume for the compound YInN
Source: The Authors
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Table 4.

Structural parameters of YIn; N in the B4 structure. Total energies and
volumes are given per unit cell (containing 8 atoms), where ui(YN) = 0.396
and uz(InN)=0.389

B4 [8]
° (4 ?
anin [A] o V[A®] BIGpal  EmuleV]
YouslnossN [11]  3.65 156 3290 135 -7.60
YosolmosoN [10]  3.71 157 3453 121 929
YorsInosN 3.72 1.58 3520 123 -10.99

Source: The Authors

Finally, for the Y¢.75Ing2sN compound, the B3 structure is the
most favorable one, with a total energy minimum value of ~
-10.79 eV/mol, followed by the BI structure, with an
energy difference of ~0.37eV /mol. (Table 4).

Fig.2 shows the wvariation in total energy vs. the
concentration x of Y, and there it can be seen that for
concentrations from x = 0 to ~ 0.12, the B3 structure has the
lowest energy, and at this point B4 crosses its path, becoming
the most stable up to about ~ 0.6, where B1 becomes more
stable. These results are in good agreement with previously-
reported theoretical and experimental data [2]. They indicate
that the YInN compound, as it approaches both ends, adopts
the ground structures of the binary compounds B1-B4,
belonging to InN and YN.

In Fig. 3, we plot the lattice parameter versus x
concentration of Y atoms in the B1, B2, B3, and B4
structures considered in this study. This variation in the
four phases is significant and nonlinear, with a downward
bowing. The bowing parameters are negative and small:
bagz ~-0.01486 A, byz,~-0.084, byz;~-0.0344, and
baga~-0.125A, as can be seen in Table 5. These small
values are coherent with the usual assumption that there
should be a relative lattice matching in the four phases
between the YN and InN binary compounds that causes
some strain. This strain may be due to a decrease in the
ionic bond length between the cations and the anions as the
yttrium replaces indium on the cationic site. Indeed, the
cation-anion bond length decrease is usually attributed to
the smaller ionic yttrium radius. This suggests that there is
a kind of nonlinear charge distribution transferability as the
more covalent In-N bond is replaced by a Y-N bond with a
more ionic character.

30 ", ! . T -— 3

— / —— B2
<L, 3,19 atx)=3.00-001034x—0.01486x" e B1
o 3,21 —= B3| ]
% 3,31 B4
g 3.4 a(x) =347 —o_osx—o;oax’ ./_

"'d'//
8 357 ]
=
S 3,6 a-37-caz17x-oo3az® 3
3.7 '-———/”””"”/J'.'7///// a(x)=3.75—0.03x—0.125x*}
00 02 04 06 08 10

Concentrations x of Yttrium

Figure 3. Lattice parameter vs. concentrations x of yttrium
Source: The Authors
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Figure 4. Bulk modulus vs. concentrations x of yttrium
Source: The Authors

In Fig. 4, it is shown that the bulk modulus decreases in
the B1 and B4 phases for values x > ~0.5 of yttrium, and in
the B2 and B3 phases it increases for values x > ~0.5 of
yttrium. Furthermore, between 0 < x < ~0.25 of yttrium,
the bulk modulus decreases in the Bland B4 phases. Also,
there is an increase in the B4 and B2 phases, between ~0.5 <
x < 1 of yttrium.

3.2 Phase Transition

It can be seen in Fig.1 that for the Yo s50Ino.soN compound
there is an intersection between the energy-volume curves
between the most favorable state, B4, and the Bl state,
because there is a phase transition from B4 to B1 caused by
pressure [10]. In order to calculate the transition pressure at
the cutoff point of Fig. 5, the value of the derivative was
graphically calculated at the cutoff point in order to find the
value of the transition pressure.

Table 5.
Bowing parameters
Lattices parameter versus x concentration in
Phase
YxInixN

B2 a(x) =3 —0.01034x — 0.01486x2

B1 a(x) = 3.47 — 0.06x — 0.08x2

B3 a(x) =3.73 - 0.1217x — 0.034x?

B4 a(x) = 3.75 — 0.03x — 0.125x?

Source: The Authors

—=— B1 Yo.50lN0.50N

8,7} "
8.8 \ —=— B4 Yj50In0.50N
-8,8+} \ E

-8,9 \
-9,0} /
-9,1
-9,2
-9,3
-9,4
-9,5

Energy [eV]

27 30 33

Volume [A?]

Figure 5. Energy vs. volume for the compound YInN
Source: The Authors
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First, a straight line was drawn that passes through the cutoff
point, trying to make it pass through some points of the curves, as
shown in Fig. 5, where point (a) indicates YosolnosoN in the B1
phase in the conditions near and before the transition from
Yos0lngsoN in the B4 phase, P > Pr, and point (b) indicates
Yos0lnosoN in the B4 phase in conditions near and after the phase
transition to YosolnosoN in the B1 phase, P < Pr. The value of the
transition pressure also can be seen more precisely in Fig. 6, where
the transition Y s50lnosoN in the B1 phase to Yos0lnosoN in the B4
phase is shown. It is predicted that this transition occurs for
P;~0,64GPa; at this pressure, the enthalpies of the two structures
are the same.

In the next section, we study the electronic properties of
YosolngsoN at the points that are marked in Fig. 5. It is important
to determine the electronic properties of this material in its
different phases and different volumes in order to study the
response of the behavior under pressure. This response is
determined by the changes in the distances to first neighbors and
changes in symmetry, which are related to the band structure.

3.3 Electronic properties of YInN

In Figs. 7-12, the results are presented for the density of states
(DOS) (partial and total) and the band structures for the most stable
compound, Yo 7sIng2sN in the B1, B4, and B3 phases, respectively.
In all the figures, we take the Fermi level as the zero energy.

The DOS in Figs. 7-9 shows that the compound exhibits a
semiconductor behavior in all three phases. We note that in the
valence of the region under ~- 10 eV, there are two very high
peaks, where their greatest contribution is N-2s and In-4d, and
below the Fermi level there exists another peak, where the
greatest contribution is from the orbitals N-2p, with small
contributions from In-5s. Finally, an energy gap is found at
~0.6eV in the B1 phase and another at ~0.8eV in the B4 phase,
while for Yo75Ing2sN in the B3 phase, it can be seen that in the
valence region under ~- 10.84eV, there are two very high peaks
where the greatest contribution is from N-2s, and below the
Fermi level there are three peaks where the greatest contributions
are from orbitals N-2p, In-5s, and In-4d, and finally an energy
gap of ~0.7eV is noted.

Figs. 10-12 show the band structure of Y 75Ing2sN in the
B1, B4, and B3 phases, respectively. From the band
structures, Figs. 10—12, we found the same three regions
observed in the DOS; in all three, we found a semiconductor
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band gap. For the Bl phase, there is a direct gap at the
I point, the B4 has an indirect gap located between the
maximum point M in the valence band and the minimum
point I' in the conduction band, and finally the B3 phase has
a direct gap located at the I" point. Finally, Figs. 13—14 and
Figs. 15-16 show the DOS and band structure of Yo.soIno.soN
in the B1 and B4 phases, respectively. The DOS and the band
structure were calculated from points immediately before and
after the transition point. In these figures, it can be seen that
there are no changes in its structure compared with
Yo.751n925N in the B1 and B4 phases in Figs. 7-8 and Figs.
10-11. This is because the transition pressure is very small.

4. Conclusions

We have studied the structural and electronic properties
of the YiIn; N compound in the Bl, B2, B3, and B4
structures for concentrations of x = 0, Y4, 5, %, and 1 with a
1 x 1 x 2 geometry, where it was found that these compounds
can coexist at a temperature of T = 0K. The calculations
showed that the Yo7sIng2sN structure in the B1 phase is the
most energetically favorable. N. Benyounes et al. suggest that
the alloy YInN in the metastable B3 phase allows carrying
out the synchronization of the energy gap [5]. In the present
investigation, it was found that for the compound in the 1 X
1 X 2 geometrical structure between 0 < x < (~0.12) x of
yttrium, the most stable phase is B3, and a metastable phase
in the B4 phase was found with a maximum energy of
~0.24 eV. Furthermore, our calculations show that between
~0.12 < x < ~0.6 this compound is more energetically stable
in the B4 phase, which is in agreement with that reported by
other authors [2]. Finally, it was found that between ~0.6 <
x < 1, the compound is the most stable in the B1 structure,
as indicated in previous reports. For the Yg7sIng2sN
compound, there is no phase transition between the B2, B3,
and B4 structures. We studied the DOS and band structure
for the Yo75Ing2sN compound and found that it exhibits a
semiconductor behavior, an indirect band gap in the B4
structure, and a direct band gap in the B1 and B3 structures.
Finally, for the YosolngsoN compound there is a phase
transition from the B4 to the B1 structure, with a volume
reduction of ~21% at a transition pressure of ~0.64 GPa. The
study of the DOS and band structure for Y solng soN in the B4
and B1 structures around the points of transition shows no
change in the band gap width.

T T T
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325:'5 s|—DposY-5s 4
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7] e
% 6_ DOS In - 5p 3
r ——DOS In - 4d
o 57 N ]
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= 44 \
2, 3
S 2
a 1
O_ A

Energy [eV]

Figure 7. DOS partial and total for Y 75In»sN in the B1 structure at P=0
Source: The Authors
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